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Abstract

Energy conversion processinvolve lossesSpecificallycorelosses, whiclarea result of the
magnetization procese cored electrical energy conversion and storage devices. The a@e
made of soft ferromagnetimaterials thatare easily magnetized and demagnetiz€desesoft
magneticcores, allow a reduction in sizehigher energystorage densityand a redudion in

magnetizing currentyhencompared to nowcored devices

The characterization @oft ferromagnetic materials traditionally done underunidirectional
pulsating fieldswhich issufficient forsingle phasetransformes and inductas, wherethe cores
areundemulsatindfields. However,T-joints of three phastansformerand teetkroots ofrotating
machine stataroresareexposed tdwo-dimensional rotationdields of higher core los$Pulsating
measurements atieereforansufficient in thecharacterization of soft ferromagnetic materials used
in rotating electrical machines or in three phase transformers. hdimensional fields, the
magnetization direction changesith time, tracing aflux density locus This requires the

measurement of tangential magnetic field and flux density compoihemise the associated loss

This study proposes a twadimensionalrotational core losstester for high flux density
measuremds up to about ', at60 Hz. Itsfrequencymeasurememangeisfrom 60 Hz to 1kHz.
The initial sizing was done analyticallfhen implemented in thredimensional finite element

analysisprototyped aneéxperimens performed to verify its capability.

It was validatedy testingtwo 035 mm and 0.65nm thick sampls. Very high flux densities
in the range of 2 T at 688z were achieveth both samples. For the thinner sample, flux desssit
of 1.8 T and 1.6 T were measured at #20and 1kHz, respectivelywhile for thethickerone, the
range reduced to 117 and 1.4T, at 400Hz and 1kHz, respectively The magnetizer also
reproduced nosinusoidal flux density waveforms, for flux densities less thraequal tol.0T,

without any waveform control.

Theproposed rotational core loss setup will find applicatiothe characterization of electrical
steels,andgeneration of pulsating and rotational core ldat. This data can then be applied in
core loss modelsiprating of megwatt (MW) rated machines, tingient and hotspots analysasd

in thedesign of higkr power density machines, suchhagh-speednachines.
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Chapter 1. Introduction

Soft iron cored energy conversion devices such as transformers and rotating electrical
machines, transform electrical energy to more useable forms of electrioaicbanical energy.
Soft magnetic materials are easily magnetized and demagnetstegl a magnetizing current that
is significantly lower than the load currefithe energy conversion process is reversible and
involves device dependent losses, which ideltonductor friction, windage, vibrations, acoustic,
core and stray load loss€onnductolosses depend on the conductor dimensions, temperature and
frequency, while friction and windage losses depend on the machine rotor surface, rotational speed
and ype of bearingdJnbalanced magnetic and mechaniceitesand the control scheme results
in vibrations and acoustic noise. Core losses arise from the magnetization process of soft magnetic

materials, while stray load losses are the remainder of the wrdeddosses.

The typical loss distributioseeFig. 1.1) of induction machines, which are widely used in
many applications owing to theainggednesss 25- 40 % statorconductorlosses, 15 25 % rotor
conductorlosses, 15 25 % core losses, 515 % friction and windage losses and-120 % stray
load losse§l]. Therefore, core losses are a significant portion of the total loss. Moreover, they are
among the highesh largeMW rated machines, whicuse a large amount of electrical stg2]s
For instanceit is 45% of the total loss in larggynchronous motors useddement and mining
mills [3].

Stator conductor Rotor conductor
losses Losses Stray load
(25-40 %) (15-25 %) Losses
: (10-20 %)
g

Electrical
Power

Mechanical

Power

Core losses ’65 . Friction & Windage
(5-15 %) Losses
(5-15 %)
Fig. 1.1 Typical distribution of induction machine lossegadapted from[1])
One way of improvinghe energy conversion efficiency is by reducing the individual loss

components. The emphasis of this study is on the develupoi a measurementool for
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measuringcore losses of electrical steels used in rotating electrical machine cores. The measured
core loss dataan then beisedin the core selection for a specific application, resultimgnore
efficient use ofthe core material at a lower losshence improvinghe overallefficiency and

sustainability.

Core losses are frequency and flux density dependent. As a result, they are important in the
design of electrical machines for high frequency higth power density applations, such as in
the aerospace and defence industries, where the operating frequency is in the rand¢&zdab400
1.5kHz [4]. Other applications requiring high power density and variable operating points are in

transpotation applications, such aectric vehicles.

Soft magnetic materialeesults in a sizeeduction of energy conversion dewscé&his can be

explained by use dhesolenoid shown ifrig. 1.2 of Nm turns carryinga currentim.

Nf”i.'H
‘ ® N
ARARAARARAAM
‘—“_‘__—_—____——_—_—_—/
o]
2a
REE=R

4 l.’” >

vyl

Fig. 1.2 A solenoid ofNi turns, carrying im current

The core has a radiaslengthlyand itsrelative permeabilitys pir. For a long solenoid » a),
the axial magnetic flux densi{) is [5]:
Nmim
| ' (1)

m

B=mm

where /M is the permeability of free space. The energy stqk) by the solenoid is also

proportional to the relative permeability through the inductangcas:

W:%gﬁ, @)

where,
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N_Bpa’ N
L :m—pa:mnamz_m_

° I

(3)
m

Theserelationships show that in the design of energy conversion devices, the choice of the core
material will affect their size and the magnetizing curfex)tneeded to set up the working field.
To achiee the same flux density faron-magneticcore materialsy = 1), the number of turns
and currents have to be increased, wihiéehigh relative permeabilifyr » 1) of theferromagnetic
core,allow a reduction of the device siZéonsequently, significaly lower magnetizing currents

establishite samdlux density atlower canductorlosses.

The selection of a core material for a particular application is based BrHloeirve, which is
illustrated inFig. 1.3. The magnetic fieldH) is proportional to the magnetizing current. The
operating point of the core is usually selected below the knee of the Elur8g)( which is shown
in Fig. 1.3. Any increase inB beyond theknee towards saturatiorBd requires very high
magnetizing currentsThis is the casef transformers where the ba&MF (E) equation is

proportional to therosssectional area of the cor:fre) and peak flux densityBgeaka By) as:
E=4440 N, @B, 4)

The slope of th®-H curve at the operating point gives the operating permeability of the core.

B-H curve

>

% <—— Hysteresis

loop

Fig. 1.3 B-H curve and hysteresis loop

After determining the operating paiof the core, equivalent magnetic circuits are then used to

size the components and determine other parameters such as the airgap fluxBignsityed on
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the power requirements. The powBs) of a rotating conventional electrical machine is related

the core material viBg and frequency as:

RaB,& ®@;Q,, (5)

whereDy is the airgap diameteandtorque is produced over the effective lengtof the machine

B-H curves are derived from the peak of the hysteresis loops such as thewnerdFig. 1.3,
by applying ssinusoidaimagnetic field of variable amplitude to the test sample. The area enclosed
by the hysteresis loop gives the core loss. The cyclic field also induceswddgts in the e
that oppose the applied field, resultinghe eddycurrent core loss component that is reduced by

laminating the core. Therefore, the total core [633s [5], [6]:
P =k, fB*® + k. f 2B?, (6)

which is the classical core loss equation, whiereand ke are hysteresis andddycurrent
coefficients. The hysteresis term was proposed by Steinmetz and is valid for a maximum flux
densityrangeof 1.0T, at low frequenciesf less than or equal to & [5], [6].

The classical core loss equation is often modified to extend its validity to higher flux densities
and frequencies. IfY], an excestossterm is proposed tacaount for the difference between the

classical and the measured core losses such that:
P =k, fB? +k, f?B” + Kk, f¥B¥?, (7)

whereUis obtainedrom lossseparationandkexis the excess loss coefficiefitis models based
on the assumption @funiform field far thin laminations and low frequencies where skin effect i
negligible. Therefore, by incorporating skin effect in the determination of ediagnt losses, the

total core lossetains thdorm of the classical equatidf].

Variations to these two models have been proposed badedsoseparation ammirve fitting
determination of the coefficients functions oflux densiy and frequeng [8]. The models are
extensively used because of their lowngutational time and simplicity when compared to other
physics and mathematical based methadsh as JileAtherton, energetic and vector Preisach
modek [9], [10], [11], [12].
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In most casesptationalcorelossesProt) are accounted for by use of the aspatipb (r) and

additional factors in modifying pulsatirtata, as done if13] and[14], such that:
Por =1olk, 1B +k.f°B? + k., f ¥B%), (8)

where g is factor that depends on flux density and core matdnaithercasesit is assumed that

the core losses under rotational fields are the summation of the pulsating loskestwo
directiong15]. In[16], a model that interpolates for the aspatios between pulsating and purely
rotational fieldss suggestedvhile in[17], a rotational cee lossdiffusion model that accounts for
skin effect, and uses the classi@are loss separation methotb determire the complex
permeability is validated.

The previous analysis shows that the core material affects the size of the energy conversion
device, while the associated core ldepend®n the operating frequency and flux density. Hence,
for aerospace and defence applications where size, weight, safety and service life are critical, the
core is of higher saturation, permeability and low Jessh as irorcobalt alloyg18], [19]. These
alloys can reach very high flux densities at high frequencies, for examplea2.bkHz [17].

However, br general purposapplicationsglectrical silicon steels are widely used.

1.1 Pulsating and RotatingMagnetization

Soft magnetic materials are characterized by placing them in a magnetic field, where
characteristicsuch as relative permeability and core losses are deteratiaespecific frequency
and flux density. Magnetizer or testers are either pulsating or rotational. Pulsating magnetizers
(Epstein frame, single sheet and toroid testers) generate unidirectional pulsating fields, similar to
a transformer, and the sampdeor forms part of the core. The magnetic field and flux density are
then derived from the magnetizing current and the induced open circuit voltdgesecondary

The core loss is then determined by the wattmeter methénotheB-H loop area

In pulsating measurements, the direction of Breector is constant, but its magnitude is time
varying. In rotating twedimensional measurements, its magnitude remains constant, while its
direction changes with time. Practical flux density loci are not pyralating or purely rotating,
but are within these extremes. This is illustratedrig. 1.4, which shows th&-loci at the tooth,
toothroot, back of the slot, and back yoke of aM¥A hydro generatof8]. The figure also shows

that theB-waveforms are nonsinusoidal.
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Therefore, pulsating measurements may be sufficient for spiglse transformers and
inductors, where the core is exposed to pulsating fields. Rotationalitmensionafields exist in
the teethroots of rotating electrical machinesndT-joints of three phase transformer coeess
shown inFig. 1.4 andFig. 1.5, respectively Furthermore, their flux deity waveforms are nen
sinusoidal, and may even contain DC components. This makes pulsating magnetization

insufficient in the study of core losses undeal machine operating conditions.

-\
-

Bx(T}

a
s

Br(T)

|

By

Fig. 1.4 B-loci at the tooth, toothroot, back of the slot and back yokeof a 19MVA hydro
generator[8]

yoke R

R-limb S-limb T-limb

V-element
v

5
"

T-jeint region ™ ~~.____ el

Fig. 1.5 T-joint of a 3-phase transformer[20]
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An aspectatio of the minimum to maximum radii of B:locus, i.er = Bmin / Bmax Categorizes
aB-locusinto pulsating ¢ = 0), elliptical (0<r <1) orrotating (r =1) as depicted ifrig. 1.6. In

this study, apectratios greater than zere & 0) arereferred to as rotational.

(a) Pulsating /Alternating B-locus (b) Elliptical B-locus (c) Rotating B-locus

=B / Bmax

2-D or Rotational B-loci for 0.1 <r < 1.0

Fig. 1.6 Categorization of B-loci into pulsating, elliptical and rotating

This ratio maps the distribution of pulsating and rotational fields in a stator core as shown in
Fig. 1.7 (a) for the 19 MVA hydro generator &ig. 1.4. As seen irFig. 1.7 (b), rotational flux

represerd over 50% of the total flux in a typical machine stator core, hence the need fer two

dimensional rotational testers.

r = Buin / Brax

0.2 r=03 'f; ‘
= i 7.9% // ‘ =0.1
g y/ ?ﬁf | 15.7%
A 2~
(a) Aspectratio map (b) Aspectratio percentage distribution

Fig. 1.7 Distribution of pulsating and rotational zones in a 19MVA hydro generator [8]

Rotational core losses are higher than pulsating lossesdiffieience, which is independent

of frequency,ncreases with aspecatio, such that anity aspectatio, it is twice the pulsating
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loss in the linear region of tieH curve. This differencean beexplained byuse ofdomain theory
[51, [7], [21].

A magnetic domain is a region within a magnetic material where magnetic dipoles align
resulting in uniform saturated magnetizatdg[5]. A magnetic dipole is a pair of magnatiarth
and south poles. Magnetization is a result of the growth of domains in the linear region (weak

fields), and their rotation in the nonlinear region (very strong fields) of the magnetization curve.

Consider a sample of four crystals whose magnetizatoa aligned with their easyystal
axes as shown at poiain Fig. 1.8. Applying an external fieltHa favours the growth of domasn
aligned withit by wall movement, increasinfpe flux densityB. The growth ofdomains up to
pointa is reversible, since the walls have not encountered any pifBiing’]. Beyond point,
the walls will encounter imperfections where they are stuck, requiring an incregeapplied
field Ha to unpin them. This is irreversible, and it is the reason why core losses are influenced by
processingnd handling of core materials, that resulnicrostructure inhomogeneities (pinning

sites).

Domain
rotation

Irreversible
Domain <
growth

Reversible
Domain {

growth Oy\ H,

Fig. 1.8 Domain configurations during magnetization (adapted from[5])
As the applied fields increasedurther, the favoured domains continue to increase in volume

up to about the knee poiatAt this point,mog of thedomainswill have rotated to their preferred

orientation closest to the applied fields. IncreasingHa beyond theknee gradually rotates the
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domainsin the direction ofHa, annihilating all the domain wall§.he sample now acts like one
large dbmain except that its magnetizatibi ( 8s) is not fully aligned with the external figldt
point d. With further increase iHla, the internal magnetization aligns with the external field and
the material is fully saturated, with no hysteredipointe.

Above pointd, the process is revae and is completed at poiatwhere the sample is fully
saturated. IHa is reduced as in pulsating magnetization, the curve will be retraced up talpoint
After that, it will follow the hysteresis loop of the material forming reverse domains in tigéesi

large domain.

There is no loss in the reversible regions, but in the irreversible regions, energy is used to move
the walls beyond pinning sites, in annihilating and nucleating domain walls during field reversal.
The B-H hysteresis loop therefore rgsents this energy loss in pulsating magnetizations. The
energy used in domain rotation in the reversible region is returned to the external fieldleiring
field reversa[7], [20].

The previous mcess described pulsating magnetization, where the direction of the applied field
is fixed. However, lsanging the direction of the applied field in robatal magnetizationresults
in a combination of domain wall growth and rotation. This occurs ewerait fields in the linear
irreversible region. Rotation of the domains must overcome anisotropic energy, which is usually
higher than domain wall movementd, [22]. This results in &igher rotathg hysteresis loss in
comparison to pulsating as illustrated kig. 1.9. Anisotropic energyusually favours the
orientation of the magnetic vector along #asy axis of a cryst§21].

P h H a

y

Rotating

(r=1)

Pulsating
(r=0)

B-H curve

0 B

B, (M)

Fig. 1.9 Pulsating and rotating hysteresis loss
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After the knee point, further increaseHhi tends to align the domains with the rotating field
direction. With continued increasehf, the walls are gradhlly annihilated forming a single large
domain at full saturation, where the internal magnetization aligns with the externalffiiel.
applied fieldis strong enough tpreventthe nucleation of domains and overcome anisotropy, no
energy is expendednee there is no formation or annihilation of domains. In addition, the internal
magnetization is synchronized with the rotating extéyradpliedfield, hence, théysteresis loss

goes to zero

Therefore rotating magnetization resulis a steep increasin the hysteresis loss curve at the
knee point of thé-H curve, which then goes to a maximum and falls to a minimum as depicted

in Fig. 1.9. The minimum point is limited by edeturrent losses and the power slypp

The existing Halbach rotational core loss tester at Concordia Univeitgr engineering
laboratoryis limited to 1.4T at 60Hz. Hence, it was insufficient in analysing roteual

magnetization.

1.2 Problem Statement

The accurate estimation and modg]liof core lossesequire data atarious operating
conditions.The data should account for nemusoidal otationalflux zonesthatare present in
rotating machine stator corésdditionally, manufacturegrovide limited sinusoidal pulsating data
at spedic frequencies (mostly 5Bz and 6(Hz) and flux densities (1.0, 1.2T or 1.5T).
Furthermore, most of the wotkat has beedone in estimating core losses is based on pulsating
data, such as thmodels used in commercial finite element analysis (HiakkagesThis results
in underestimation of core losses, since rotational core losses are higher than pulsating ones.
Accurate estimation of core losses is important in the uprating of MWaatekigh power density
machinesvhere temperature distribati (hotspots) ikey. The estimation of core losses fibie
stator teeth and the analysis of rotational magnetizatamrequires higher flux densities beyond

the capability of the existing Halbach tester.

Therefore, his study proposes a compact rota#b tester that extends tHeix density
measurement range tol2at 60Hz, and maintains the same frequency range (60 Hz to 1 kHz) of
the Halbach testeMoreover, it reproduces nesinusoidalwaveforms forflux densitiesbelow
1.0T.

10
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1.3 Motivation

A rotational coreloss measurement setup with relatively wide flux density and frequency
measurement ranges, with provision\i@veform control, is important in the design of electrical
machines. It is from this premise that a rotational testeproposed for lgh flux density

measurement of core losses based on the following:

i.  Arotational core loss tester allswulsating measurements in any sample direction using
only one sample, which is cost effective and faster. Epstein and-shnggé testers require
the amples to be cut in different orientations. Hence, the samples hbedéoded onto
the testemn themeasuremerdf core losses foeach orientation.

ii.  Pulsating measurements are limited are used to estimate twre losses under rotational
flux, which resultsin under estimation of core losses. This error is exacerbated at higher
frequencies. For example, afflux density of 10T, the measured core loss difference
betweenan aspeetatio of 0.8 and zer¢pulsating)was0.65W/kg, 7W/kg and 39V/kg,
at 60Hz, 400Hz andl kHz, respectively. Hence, rotational core loss data is invaluable in
the design ohigh-speedmachines.

iii.  Although core losses are not the highest loss, they ar@eim@ormly distributed in the
stator core. Therefore, they are impoitin analyzing hotspots suchwken increasing
the mting of largeMW rated machines, predicting failure zones in high power density
machinesand machinesperatingunder transient and variatdpeedbperationsuch as in
electric vehicles.

iv.  The lack ofrotational core losstandards iterms of @&sign andneasuremesicauses poor
reproducibility of results. This study investigates the sources of measurement errors in
detail, and suggests how they can be mitigated at the design stage ofetlad
measuement system (tester, sensors and data acquisition).

v. To extend rotational core loss measurementstca? 60Hz, based on the available power
supplythat is limited to 1QA.

The developed setup will be used to cwteriz electrical steelsised inthedesign, upgrading
and uprating otoredelectric maching The use of lower loss cores based oraty@ication and
cost and uprating of MW rated machines saves on aogioves energy efficiency and reduces

emissions in the service life of a machine

11
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1.4 Review of Rotational Core Loss Measuremerst

Rotational core loss measurement methods and test benches that include sample shapes and
sensing systems are discussed in this section. A comparison of measurements using different
methods and in different laborais is also presented. In addition, the challenges involved in the
adoption of rotational core loss measurement standards are highlighted.

1.4.1 Measurement Methods

In rotationalcore loss measurementsther the sample or the field is rotated to generate a

rotatingflux density \ectorin the sample

In the torquemetric method, the sample is rotated mechanically. Its main advantage is the direct
reading of core loss from torque magnetometers, which measure torque or a change in angular
speedA uniform magnetidield H acting on a uniformly magnetized sample of magnetizdflon

and volumeéV/y induces a torqud,m as[22]:

T, =V, (H3M). (9)
If the magnetic field is neaniform, its gradient generates a foreg,as[22]:

F, =V, ([B(H an)). (10)

Therefore, to rotate a sample in a magnetic field requires energy ¢oatated to the core loss.
It is the first method that was used in the measurement of rotational hysteresis bynB8§6
[23]. Torque magnetometers are still used in the study of anisotropy, dipoles, coercivityrand
study ofthin films [24], [25], [26]. They arecomplex and sensitive to friction and vibrations, and

may require aacuum

Rotation of the field by use @ two or three phase winding eliminatmechanical rotation.
This permits the use of the wattmetric, thermometric, and fieldmetric measuremeod snédihe
wattmetric method is widely used in pulsating core loss measurements due to its repeatability,
simplicity and availability of measurement apparatus. It is also called the vohameteeter
wattmeter or the magnetizing current methddhe magneticfield is determined from the
magnetizing current, resulting to better repeatability and simplattybuted to the high signal

to-noise ratio ofthe magnetic fieldH [27]. However, this method is rarely used in rotational

12
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measurements, due to the difficulty in defining the magnetic flux paths in rotational magnetizers
[27].

The thermometric method is also called the initial rate of rise of temperature method. Core
losses are determined from ttage of the rise of the temperaturg28), [29]:
dT(t)
P=C —*, 11
P dt (11)
whereC, andT(t) are the specific heat and temperature of the sample, respectively. It has higher
accuracy at high fludensitieg20], [28]. The disadvantages of this method include the installation,
calibration and insulation of thermal sensors, a wide measurement window, low sensitivity at very

low flux densites and the need for fagsponséhermal sensors.

The fieldmetric measurementethodrequires the measurement®findH by sensors, such

that the core loss per cycle atafrequeficys gi ven by Po[B0ti ngbdés theor

f & dB dB, §
P=— —X+H,—dit, 12
r@x dt y dtgj (12)

where} is the mass density of the sample. It is difficult to calibrate and align these sensors, which
results to misalignment that contributesctockwise (CW) and countedlockwise (CCW) ore

loss asymmetrj20], [31]. This asymmetry occurs when tiflex densityvector rotation direction

is changed from either direction, and the resulting coree¢od® not match, butivergewith

increasinglux densify.

At high flux densities, the fieldmetric method is susceptible to errors becausdlaktdensity
variation caused by the magnetizer, @idlux leakage and-componentmagnetic fields, in
addition to sensor errof20], [28], [32]. Thezcomponenimakes the magnetic field to nen
tangentialin the measurement area, ilehthe airflux leakage fielcbiases theneasurd magnetic

field in terms of shape, magnitude and phase.

Regardess of these challenges, the fieldmetric method is versatile and can yield more
information onthe magnetic fieldH, such asheH locus It is also relatively simpleo implement

compared to torquemetric and thermometric methods, hence, used in this stud

13
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1.4.2 Measurement Setups and Sample Shapes

Single sheet samples are often employed in the wattmetric, thermometric and fieldmetric
methods. Their shapes range from cross, strip, square to round samples. Cross and strip samples
are directly wound with the magtizing coils, which allow the attainment of higher flux densities
due to the absence of airgaps. They are simple and versatile. For instance, the cross sample shown
in Fig. 1.10 (a) was used to measure ratgtcore losses under stress, whilg33] a strip sample
was used in the measurement of DC biased magnetic properties. The single strip setup shown in

Fig. 1.10 (b) can be easily adapted featchrotationalcore lossneasurements.

y-1
recorder

nanovolt
amnplifier

cold junction

search coils

thermocouple
LN :
A [ NN L o mﬂ Hy sansing coil
O] L] ‘ \ "/"/"‘//’
2 v L7
\ Vo 7
—X s I‘}_ 3, windinge
‘- OA /‘-’l ¥lndaing
. wave > : - = }
leed:?(\:fck ; //// ﬁ’*—}/ 4’5 .
amplifier 7_/,./ : specimen
T / THTIHHTTR X-exciting coil
///// ij\ B, ¥inding
oscillator -

(a) Cross sample apparatus for measuring
rotational losses under stres§34]

Fig. 1.10Cross and strip samples

AT T \} ,\
%’
boanf

“Hy sensing coil

Y-exciting coil

(b) Configuration of a single strip setup[35]

Square testers such as the one showkignl.11 (a) are simple, can accommodate a high

number of turns, and can achieve moderately high flux densitissalso easier to incorporate

DC biased magnetic measurements and domain observations in this[36jup®wever, t is

difficult to achieve uniform and high flux densities at the centre of the sample in the interpolar

directions, owing to flux leakage. Consequentlys mneasurement area is reduced to squares of

107 20mm which may affect the measurement of core losses in highly-griemed steels

(HGOS) with large grains of about 10 nig®]. Their sample sizes are in the range of BO mm.

14
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A

(a) A square testef37] (b) A hexagonal testef20] (c) 3-D tester model[38]
Fig. 1.11 Square, hexagonal and D single sheet testers

Varieties of the square tester have been proposed to overcome some of these problems. For
example, a vertical magnetizer with slits on its ydi8&g, atriple-yoke/hexagonal setughown in
Fig. 1.11 (b) that provides magnetization support in the hard dire¢#6h and an eightoothed

tester with octagonal samplet].

A threedimensional 8-D) measurement setup was proposed4h] to characterize soft
magnetic composites (SMC) that hav® 3sotropic magnetic properties. SMC materials are well
suited for 3D electric machias(e.g. clawpole and axiaflux), and high frequency applications
[42]. Threedimensional magnetizers, such as the one propod4&8linvhose model is shown in
Fig.1.11(c), can be used to investigate laminating effects, and the impact of neglectirigske

in 2-D fieldmetric core loss measurements.

Round single sheet testeessultin magnetization support in most magnetization directions.
This is acheved by distributing the windings and equalizing the reluctance along the airgap.
Consequently, they have more sinusoidal magneto motive force (MMF) in comparison to square
testerswhich redu@snon-uniformity and magnetization asymmetiyence the variagion of the
flux density in themeasurement area with magnetization direction is minimized, and improvement
in the homogeneityresultin a larger measurement region. Therefore, these magnetizers can
achieve higher flux densitied about 2T with better miformities[43], [44].

The electromagnetic Halbach round tester showignl.12 (a) was proposed 5], whilea
stator core based round tessdown inFig. 1.12 (b) was used for comparative studie428]. In
[43], a stator core based round testeith sinusoidally distributed windingsshowed better
performancehana square tester. foroidaly wound ound tester was proposed[#6] for high
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frequency measurements of SM@sto 4kHz. Moreover, it has been used to charactesitzeon-
iron and ironcobalt samplegap to1.6 T and 2.1, at 5kHz, respectively17]. The toroidal coils

that arevisiblein Fig. 1.12 (c) reduce thend windindength lowering resstance and inductance

(a) Halbach round tester[45] (b) Machine stator core round testerf28]

Cooling holes and teeth FeSi laminated
s stator

i SMC =sample
Three phase toroidal Mechanical centering
winding system

(c) Toroidal wound round tester [46]
Fig. 1.12 Round single sheet testers

Based on the advantages of round single sheet tebieyare considered in this study how

they meet the flux density requirements, aedie@ themagnetizer induced neumiformities.

1.4.3 Measurementof the Magnetic Field

The determination othe magnetic fieldH depends on the measurement metHbds not
measured in the torquemetric and thermometric msthmat t is an important parameter in the
wattmetric and fieldmetric methods. Imet wattmetric method, its determined from the
magnetizingcurrentand in the fieldmetric method by usetdb&ensors.

The continuity of the tangential magnetic field in thesaimple interfacgs], allows the usef
H sensorén the fieldmetric methadn other words, the tangential magnetic field inside the sample
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is the same as the tangential field in the air close to the saméee Typical magnetic field
sensors areH inductive coils (search coils), Hall sensors, netgresistive sensors and Rogowski
Chattock coll.

In themagnetizing current methpli s det er mi ned from Ampereds |

lem(t)

H(t) = |

(13)
m
whereNn, im andlm are thenumber ofturns magnetizingcurrent, and thenagnetic circuit mean

pathlength respectively

This method requires the evaluation of thagnetic circuitthe consideration of atkesistive
losses and theMMF drop of the magnetizinggoke should be neggible [47]. It is rarely used in

rotational measuremésbecause of thdifficulty in defining the magnetic circuit and MMF drops.

The resistance of magnetoresistive sensors change when exposed to a magnetic field. They have
higher sensitivity than Hall and inductive sensors, hence applicable in the stochl ahisotropic
effects[48], [49]. However, they require an auxiliary stabilizing fiéhet imits their measurement

range to about & kA/m [50]. Hence, they are rarelised in core loss measurements.

Hall sensors have a higher measurement range than magnetoresistive sensors. They use the Hall
effect which induces a volta@e-) that is proportional to the appliedagnetidield [48]. Thefield
H acting orthogonal to the element as showRim 1.13, induces a potential difference between

pointsa andb, that is proportional tb+ andH, as[47].
Vh (t) =Ky (I wiH (t)) (14)

In is a DC current supplied externally aKd is the sensor sensitivity, wdhi is available in data

sheets.

Hall sensors are cost effective, readily available and well suited for local magektic
measurement3.he only setback is that they require an exdesapply and it is difficult to install

them on the sample surface.
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Fig. 1.13 Hall element positioned to measu the magnetic fieldH
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Fig. 1.14 RogowskiChattock coll
A RogowskiChattock coil is a helical coil that is uniformly wound on a-neegnetic and nen
conductive flexible core bent in such a way that it ends contact the sample as skogvi.id

[51]. Its main advantage is the capability to measudirectly on the sample surface.

Theinducedoutputvoltage(er) is proportional to the rate of change-bbetween points A and
B in Fig. 1.14, such thaf51]:

— dHAB(t)
&(t) = Ke = (15)

whereKRris the coil constant determined by calibration.

H-coils are made of thin wires with a thickness of aboutrirbor morg52]. To increaseher
sensitivity, thicker cores, doubké-coils and multicoil sensors have been propo$g?]. Double
and multicoil have an added advantagiemproving the accuracpf measuringd. They are rade
of a high number of turns wourmh a thin normagnetic and neconductive core, resulting &

linear relationship between the induced voltéegg and the rate of change dfas:
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dH(t
e ()=K, # (16)

whereKH is the coil constant that requires calibration.

The location of inductivél-coils on the sample surface is showrrig. 1.15.

Hx coil H: coil
Hy coil H-coil
[ = / 1
\ Sample

Fig. 1.15Inductive H-coils

The advantages of RogowsRhattock andH-coils is linearity. The latter occupies larger
measurement arggiving better representation of material properties. Their main setback is
decreas in sensitivityat lowerfrequences of less than 6Bz, thus the need for amplification
They are also difficult to windwingto the high numbesf turns made of thin wireslence, their

accuracy depends on location amadibration.

RogowskiChattock andH-coils areprone to noruniformly woundturns, airflux leakage fields
and misalignmest They should be carefully made, calibrated, and pladeerevthe field is

uniform on the sample.

H-coils were selected based on the ease of fabricatioma,larglr measurement argldowever,
Hall sensors were used as a cost effective way of probingn@agaietidields, for supplemeting

numerical design.

1.4.4 Measurement ofthe Flux Density

The flux density in the sample is usually measured by inductive coils Bsiogs orB-tips, as
illustrated inFig. 1.16.
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(a) B-call (b) B-tips
Fig. 1.16 Inductive B-coils andB-tips

The induced-coil voltage is proportional to the rate of change of the flux density as:

EEQ)

eB(t): Kg at

(17)

whereKsg is the coil constant.

TheB-tips methodalso called the needle probe methatasures the induced voltage between
a pair of needles. It is well suited for measurign uninsulated sampledatchand local
measurement$-coils require to be wound ansample, and can be usidboth uninsulated and
insulated samples.

A combinedB andH sensing system wggproposed ifi38] and in[53], for testing laminated
electrical steel and SMC samples, respectively. Blowils are placed on theamplesurface
normal to theB field being measured as shownhig. 1.17 (a).

The performance of the surfaBecoils has not yet been fully validated in termgheffrequency
range and the reproduction of nesinusoidaflux densitywaveforms. Howevethey can be used

for low frequency measurements, and Idtat densitymeasurements.

Wrapping B Coil

||I||| 3 ] . <
urface founding B Coil

]l |I Cubic Specimen

(!

I | W
ll |.« B B

-- e . .
e e e e e B | ] o Cubic Specimen
Cd S

(a) Conventional and sirface B-coils (b) Assembkd B-H sensing system

Fig. 1.17 Surface B-H sensing systenfi38], [53]
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Tablel.1 summarises the advantages and disadvantages of the reviewed core loss measurement

methods, and their associated setups.

Table 1.1 A summary of the reviewed core loss measurement methods

Method Apparatus Advantages Disadvantages
Wattmetric 1 Epstein frames, 1 His determined from 9 Assumes the distribution
N | single sheet and the magnetizing of H in the sample is

H=—mm toroid testers current uniform
. 1 Voltmeters, 9 Betterrepeatability 1 Not applicable in the
ammeters and and simplicity measirement ofotational
B=Kg[¥s wattmeters 1 Available equipment corelosses
1 Epstein and toroid  § Standardized 1 Difficult to define
samples 1 Cost effective magnetic flux paths in-B
{ Easy to implement rotational magnetizers
Application: Pulsating core loss measurements
Torguemetric 1 Rotating orvibrating 1 Accurate avery high  § Complex mechanisms
T =v (H 3 M) sample flux densities 1 Sensitive to friction and
m ~ Yol magnetometers 9 Direct measurement o  vibrations
Fov.plion)  Thmnsedornon  colosses Tyl smal sample
B=K. & samples required 1 May require a vacuum
slfe 1 B sensors chamber

1 Difficult to implement
Application: Rotational core loss measuremerstsidy of material anisotropy
dipolesand thin films

Thermometric

9 Pulsating and 9 Accurate at very high 9 Installation and calibration

dT(t) rotational setups flux densities of thermal sensors
P= C"T 9 Therma sensors 9 H measuremeris not  { Needs a vacuum chambel
9 B sensors required 9 Low sensitivity at very
~ low flux densities
B=Kerfs 1 Wide measurement
window
9 Thermal sensors with fast
respnse
1 Difficult to implement
Application: Pulsating, rotational and localised core loss measurements
Fieldmetric 9 Squarehexagonal,  H andB loci 1 Requires the measuremer
. and ound 1 Relatively easier to of H
p:i @Jr t magnetizing yokes implement than 9 Difficult to manufacture,
Tr ¢ *dt 1 Cross, #ip, square, torquemetric and calibrate and instal and
hexagonal and-ound thermometric method B sensors
B=Kg[¥s samples 1 Prone to misalignmeruf
1 H andB sensors sensors$ contributes to
H =K, FFH CW-CCW loss asymmetry

9 Prone to systematic error
at very high inductions
Application: Pulsating, rotational and localised core loss measurements
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1.4.5 Standards and Comparison of Rotational Core Loss Measurements

Core loss measurement standadefine the test procedures for different frequency and flux
density ranges, test temperature and type of application. They also define the tester and sample
sizes. These standards are well defined for Epsteiip, atrd toroid testers. Howevethe
measwement difficulties associated with rotational setopasesincertainty, resultingn alack
of standardg54]. This has prevented the characterization, adoption and standardisation of
rotational measurement setypg]. Hence, comparative results of timeasurement methods and

testeran thesame andin different laboratories, is the only available information.

In [54] and [55], the thermomieic and the fieldmetric methods were compared with good
agreement. An intercomparison of rotational core losses of samples cut from the same parent
material in six European laboratories was presentdfiGh There was poor repdacibility of
results attributed to measurement methods, sample and magnetizer sizes, sensors, control of the
waveforns and precision in setting tle@ntrol variablesHowever, theeport fails to standardize
some of these parameters such as the sampigeatizer, measurement area and sensor sizes. This
would have effectively reduced some measurement errors, which would have improved the

repeatability of rotational core losses.

In spite of thisthe comparison of rotationalorelosses between methods daboratories is
still ongoing, with positive results. [28], the sameamplewas testedh two laboratories, and the
results matched up to 114 In [32], there is excellent agreement betweenttig@mometric and

fieldmetric methods, as a result of waveform control and the use of round [28}ers

Therefore, lhe trend in rotational core loss measurements is to generate more practical based
flux densitypatterns, perfan measurementsat high flux densities, high frequencies amtter
distorted flux densitiesThere is alsoa need toimprove the measurement setups, reduce
transformer noise, development of models and domain studies to describe the rotation process and
expdanation of the C\WCCW rotational core loss asymmef@p], [57], [58].

This study will focus on the improvement of measurement setups by reducing systematic errors
at the design stage. Additionally, an error analysis will be done to show the impact of various

sources of errors, as a functionflofk density under rotatig magnetization.
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1.5 Objective

The main aim of this study is to design a magnetizer for high flux dem&surements of
rotational core losses oalectrical steelsfor a flux density range of abo@T a 60Hz. This
requires a reduction of the magnetizer size, which increéasasnuniformity of the flux density
and measurement errors. Beyond the knébeoiagnetization curve, amcreasen flux density
introduces additional energy requirements, which limits the achievable flux density dedels
aspectratios, introduces systematic errors and stresses the supply. Therefore, the specific

objectives mant to mitigate these effects are:

I. Propose a magnetizer that not only minimizes the variation in flux density in the
measurement area, but also meets the flux density requirements withinAhariOof
the available power amplifiers.

ii.  Minimize systematicerrors associated with the magnetizer design and the sizing and
location ofB andH sensors.

iii. Investigate theeffectivenes®f electromagnetic shielding in improving the measurement
of the magnetic fieldH.

iv.  Evaluate the performance of theposedneasurerant setup in terms dheflux density
frequency range, sample thicknessd norsinusoidal excitatiorhased on standards.

v. Evaluate the measurement errors and the uncsriafithe developed rotational core loss

setup.

1.6 Methodology

The procedure thatvas followed in the design dhe proposed setup is shownFig. 1.18. A
review was done resulting in the selection of the round tester topology, sensors and fieldmetric

measurement method, for further analysis.

A parametric numecal analysis in terms of the diametrical size, airgap, yoke depth and number
of turns per phaseasdone to ensure the proposed magnetizarld generate anagnetic field of
30kA/m, to achieve2 T at 60Hz. The flux densityvariationwas also investigateds it was
affected bythe parametric analysi. magnetizer with the least variation in flux density, that met

the design criteria, was proposed and prototyped.
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The prototypeallowed experimental probing @irflux leakage and-component magnetic
fields. Ideally, these components should be neglectable in the measurement area, whizbdvas
by considering the length and sizeB&ndH coils. The uncertainty of the measurement system

was then determined, before using the setup for core loss measurements

@

Review magnetizers

"}

Select/Propose
magnetizer(s)

QD "

Parametric analysis

Variation in B 11HI & 11BI

NO Acceptable IH1, 1B
& variation in &

YES

Minimize H,

| Size measurement area ‘
Acmptab]c
uniformity in

H,,.B, &:H
' YES

v v

| Calibrate | Uncertainty Compare
N i 7
/ Core losses /

<»

Fig. 1.18 Magnetizer design procedure
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1.7 Contribution

This thesis proposes a magnetizer design procedure for high flux dertattgnal core loss

measuremest whichresulted inthe following contributions:

I.  Recommendation of longeffective axial lengtl{deeper yokes) of greater thanréé in
magnetizers to improve the homogeneity of the flux density, lower yoke losses and
increases the sample magnetic loading.

ii.  B-coil lengthsshould begreater than 4hm in core loss measurement of unannealed
samples, to minimize the effect of local degradation caused by holes, which are used to
locateB-coills.

iii.  Shielding at less thanf®m should not be used in core loss measurements as it increases
the magnetic field-compament as a result of magnetic interaction between the sample and
the shields.

iv.  The need to extrapolate the measured field, as this study will experimentally show that the
airflux leakage field above the sample alters the shape, magnitude and phase of the

measured field, and is one of the most domirnsources ofneasurement error.
These contributions result@athe following publications:

Journals

1. J. Wanjiku, P. Pillay,i Desi gn Cons-Dd&danghebongens Ror High Flux De
IEEE Trarsactions on Industry Applicationgol. 51, no. 5, pp. 3629638,2015

2. J.Wanjiku, P.Pillayfil nvesti gat i ng-Urifdreityi®2Du rCoerse olfo sNso nMeasur emen
International Journal of Applied Electromagnetics & Mechaniad. 48, pp. 258262, 2015

Conferences

1. J.Wanjiku, P.Pillayi De s i g-b Maghetizar wizh the Consideration of thR€omponent of the magnetic
F i e IEBE HCCE 2015, Montreal, Canada

2. J. Wanjiku, P. Pillay,i Sh i e | d iz@Gompooent ofttie &agnetic Field in E2Magnetizer withaDeep
Y o k ¢EEBIEMDC 2015, Idaho, USA

3. J.Wanjiku,P.Pillayfil nvest i gat i n g-Urifdrneity iS®»Du rQCoerse olfo sNso nMeasur emen
13" International Workshop on-&2-D Magnetic Measurement and Testing 20Tdrino, Italy

4. J. Wanjiku, P. PilayiDesi gn Cons-DddMarghebhnhgens Ror High Flux De
IEEE ECCE2014, Pittsburgh, USA

5. J. Wanjiku, N. Alatawneh, P. Pillayi Th e Ef f e-width onfthe Distribtitibn of Rotational Core
L o s sIEEE,|IEIDC2013 Chicago, USA
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1.8 Limitation

A number of factors such as manufacturing, cutting method, stress, pressing, and handling
among others, affect core losses. These factors will not be considered although they have a
significant impact on the total core less Core loss modelling€W-CCW rotationalcore loss
asymmetry mechanismand waveform contrare also beyond the scope of this study.

1.9 Thesis Organisation

This thesis is organized as follows:

Chapter 1 contextualizes the research area, shawselevanceand the objectives to be
achieved, and theontributions of this study. A review of core loss measurement methods, test
bench setups and their sensing systems is also presented, resulting to the selection of round single

sheet setups for further analysischapter 2.

Chapter 2 numerically investigates four round single sheet testers usindirdite element
analysis FEA) on how they meet the flux density requirements, with minimal induced magnetizer
nortuniformity. The outcome of this chapter is a magestthat extend the measurement range
beyond that of the benchmark Halbach testem 1.4 T to 2T, at 60Hz.

Chapter 3analyses the systematic errors associated with uniformity in the measurement region,
sizing ofH andB sensors and location of thensers. The impact of the airflux leakage field on

the measured colessess also experimentally investigated.

Chapter 4 numerically and experimentglinvestigates the impact of shielding in mitigating
the magnetic fieldz-component. Moreover, the impagt design parameters such magnetizer

diametrical size and yoke depth on the magnetic #&ldmponentarealsodiscussed.

Chapter 5 assesses the flux density and frequency measurement range of the proposed tester
using two samples, with diffentthickness. Moreoveit shows that rotational measurements are
importantin the design ohigh-speedmachines, where the difference between rotational and
pulsating core losses is substantially higher in terms of magnitudes. The ability of the proposed
magnetier to reproduce numericd-waveforms, without anyB-waveform control, is also

demonstrated. The magnetizer limits are also discussed.

Chapter 6 describes a quantitative based procedure for estimating the uncertainty of the

developed measurement setupnirelementary errors & andH. Additionally, it is shown that
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the highest component of uncertainty in fieldmetric measurement of core losses is systematic. In
particular, theH-coil airflux leakage field error, which contributes about 70 % to the total

uncertainty.

Chapter 7 concludes the thesis by showing the relevance of the study in the design and analysis

of rotational core loss testers, and recommends improvemadhts developed test bench.

1.10 Conclusion

The importance of soft magnetic materials irduging the size and core losses was
demonstrated. The selection of these materials is based on the application, which defines the
frequency and flux density. The inadequacy of pulsating tests in the measurement of rotational
core losses, and flux densitynit of the existingHalbachtesterwashighlighted. This resulteoh
the motivation of the needf a rotational magnetizer that can allow the characterization of

electrical steelsip toabout 2T or higher at 60 Hz.

The research area was scoped baseth®mbjectives and limitations, and the cdmitions
were highlighted. This lead toraview of rotational measurement methods, test bencheB and
andH sensors led to the selection of the fieldmetric measurement method, round Bestdss,

Hall sensos for local magnetic field probing amttcoils for large measurement areas.

The next chapter analyses testers for high flux density measurement of rotational core losses,

and how they affect the uniformity of the flux density in the sample.
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Chapter 2. Design Consierations of Rotational Magnetizers for High Flux
Density Measurements

The main objective of this chapter is pooposea magnetizer that extends the current flux
density B) measurement range of a 16 pole Halbach magnetizer, from 1.4 T to 2 T, at 6@sHz. Th
Halbach magnetizer was proposed4b], and is available at the power engineering laboratory,
Concordia University. It has very high uniformity owing to its large sample size, wide airgap and
moderate yoke depth. Hawer, its large size and wide airgap reducefuiksdensity neasurement

range.

Achieving highe flux density loadings requira reduction of the magnetizer diametrical size
whichreduces the magnetic flux path,thatis proportional to the sampsgze. The amperd¢urns
(Nmlm) should be kept constant, and if possible increasadcteasehe magnetic fieldH), since:

NI

Ha ==, (18)

m

The impedance of the magnetizer limits the current, while reducing the yoke and increasing the
number of tuns increases the inductar(te) as:
N2
La-—m, (19)
Im
Which reduces thigequency measurement range. In addition, reducing the sample size requires a
reduction in the measurement region. Therefore, the proposed magnetizer should meet the

following requirements:

1. Minimal variation inB andH in the measurement region, as a result of the magnetizer
design.

2. A large uniform measurement regjobetter representation of material properties
independent of grain siz§s6], and oher inhomogeneities.

3. Magnetize the sample to very high flux densiteeabout 2 T at 60 Hz, within the limits of
the available power supp(gt0 A).

4. Meet and/or extend the current frequency measurement range of 60 Hz to 1 kHz.
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A reduction in magnetizer z increases thitux densityvariation across the sample, with
change in magnetization directiom addition, it results in a higher airflux leakage and
component magnetic fieldslnder rotathg magnetization assuming isotropic conditions, the flux
dersity vector magnitude is supposed to be constant, but magnetizers introduce directional
dependenflux density variation. Furthermore, magnetizers also induce-un@formity in the
distribution of the flux density in the sample, ilgi@en magnetization dection. Therefore, the
mitigation ofmagnetizer inducefiux densityvariationand noruniformity, should bedone at the

design stage.

This variation at higHlux densitiesrequireadditional MMF, limiting the attainable aspect
ratios, flux density leveland stresses the supply. For instance, numerical results will show that a
3 %flux densityvariationresulted in a 36 %magnetic fieldvariationin a square tester at 1.8 T.

A numerical methodology that accounts for the flux leakage and theoedidntsis therefore

proposed to analyse uniformity afidx densityvariation in rotational magnetizers.

Four magnetizers were numerically designed and analysed; a square single sheet tester (SSST),
Halbach round single sheet tester (HaRSST), conventionally dvougtuction machine round
single sheet tester (CAIWIRSST) and sinusoidally wound induction machine round single sheet
tester (SWIMRSST). The magnetizers are showrFig. 2.1. The analysis was done beyond the
kneeof the magnetization curve, where any variatiofilir densityrequires a significant increase

in the MMF that isproportional to the magnetic field.

(a) SquareSST (b) Halbach-RSST (c) CW-IMRSST (d) SW-IMRSST
Fig. 2.1 The analysed four rotational magnetizer topologies

Numerical results will also show that round magnetizersedncethe flux density variation
which is over 924 for a square magnetizer, by making the MiMére sinusoidal, and eglization

of the reluctance along the airgd3]. In addition, deeper yokes (longer axial effective length) are
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also shown to minimize thigux densiy variation, increase the magnetic loading (by increasing

H) andenlaging the measurement region. For example, doubling the yoke depth of a square and
Halbach magnetizers reduced tHkix densiy variationby 50 %, while the magnetic field were
increased by about 3@ and 7%, respectively.

The result of this numeritanalysis is a design that minimized thex densiy variationby a
combination of sinusoidally distributed windings, and a deep yoke. The proposed magnetizer
achieved very high flux densities over a relatively wide frequency range, i.e. 2.04 T aifidat.69
60 Hz and 1 kHz, respectively. It extended thex densiy measurement range by 43 % and
magnetic field fom around 1.1 kA/m to about 40 kA/m, with reference to the benchmark 16 pole
Halbach model. In addition, the proposed magnetizer is experityestaiwn to have a high

circularity of B, which is an indicator of minimdllux densiy variation

2.1 Numerical Analysis Methodology

Numerical analysis allowed the investigatiomoftmagneticcontributions to nomuniformity
that are superposed on magneties. For instance, isotrofeH curves eliminate any anisotropic
effects, but practically, it is difficult to isolate the contributions from anisotrBgyples and the
magnetizer itselfThreedimensionalFEA models were used as they account for thekitgss
between the sample and yoke, which contributes teumiformity, higherz-component and
airflux leakagemagneticfields. A transient (TR) solver was selected as it is accurate in the
computation oB andH, at saturated conditiof§9]. The steady ate frequency (FQ) solver of
the usechumerical packagesssumes that the magnetic field changes sinusaoiddlig requires
the linearization of th&-H curve whichresults in the underestimation ftiix densityvalues in
saturated condition®9].

The benchmark 16 pole Halbach testexrs used to calibrate thelBFEA model (meshing,
solver settings et}; whose settings were then atid for the other cases. Nonlinear isotrdpic
H curves at 60 Hz were assigned to magnetic parts. The samplenWwés0G24 non-oriented
electrical steel, that i8.635mm thick. Half of the model was analysed due to symmetry, which
reduced the sample thickness to 0.3@ifB. A very fine mesh of 0.4 mm wassigned to the
sample for high elemental aspect ratio. This resuttégo layers oimeshelements in the sample
thicknesdor the whole model. The airgap wkisely meshed since it is a transition regioiithe

flux density from high (sample) to low (ge), in addition to high dimensional changes. The teeth
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edges near the sample were sa taesh size dd.5 mm, while the teeth face and the rest of the
stator were assigned gomesh size & mm and 10 mm respectively. Theesh size of theoils
wassetto a range of 2 mm to 4 mm depending on the model size. The air box was 2.5 times the
model dimensions, to ensure the field lines do not influence the magnetic loading of the sample.
Eddy-currents, which affect the permeation of flux into the sampbre only enabled in the

sample to lower computation timieig. 2.2 shows the mesh developed for-® 3nodel.

Fig. 2.2 Meshing of a 3D model

The analyses were doneybad the knee of thB-H curve under a clockwise rotatimgvector
in steps of 18 from 0° to 45°. The 0° position was aligned with thgaxis. TheB andH data
points were determined from 20 mm and 60 measurement linefr the square and the round
testers, respectively. The lines were shortened to reduce the bias of the edge effects. These
measurements lines were evenly spaced at the center of the sample, and were rotated with the
magnetization direction. The measurement linesHand B plots wee located on the sample
surface £=0.3176mm), and the migection of the sample € 0 mm), respectively. The same
current of 10 A at 60 Hz, was used in all the models. The placement of these lines for the normal
and parallel component8| and Bp|) with respect to the magnetization directimshown inFig.
2.3.

The figure als@hows the measurement line for heomponent of the magnetic field4), and
the placement of the Hall sensors, for experimanedsurement of the same.addition, italso

shows the nowniform distribution of the flux density inraundsample.
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Fig. 2.3 Locations of lines for measuringH,, Hy and By for numerical analysis, and Hallsensors
for experimental measurements oH,, and the noruniform distribution of | B| in tesla [T]

Parallel plots 8| andHy|) had higher deviations than normal pldBs|(&nd Ha|) at 0° (aligned
with they-axis). Hence, they were used for analyasshey represented the worst case scenario.
This was confirmed by comparing their average absolute deviattws dey for |Bn| and Byl

expressed in equatiq@0). Uniformity was quantized bgbs_de(x) as:
1.} -
abs_dey(x) =-a X - Xq| . (20)
k=1

and deviationgde\<x>) as:

de< x>) = max({x,})- min({)_(d})1

(21)

m

wheren is the number of data points derived frad or B plot. The instantaneous average value

in a given magnetization direction wa§. The absolute devi@n, abs_de(x) was used to

determine uniformity in a given magnetization direction, wtég<x>) determined the deviation

in a set{)_(d}, whose elements corresponded to the number of magnetization directions. The

average of the set was:
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a{x}, (22)

for n magnetization directions. The deviatiote<x>) was therefore used to quantize the

variation inB andH caused by the magnetizer, with changing magnetization direction.

Eddy-currents introducenonruniformity in flux densily distribution, which can affect the
computation of uniformity at frequencies higher than 60 Hz. The opposing spurious fields lower
the magnetic loading and uniformity in the samemerical analsis at 20(Hz, 400Hz and
1 kHz, resulted in more spuriguistribution of the flux density in the sample, as compar#thto
at60Hz. These fields depend on the frequency and the magnitude of the applied field. Therefore,
to analyse the contribution ¢ie magnetizers tdlux densityvariationand uniformity,it was
necessary to reduce the impacteafdycurrens. This was achieved by using quaststatic
frequency of 60 Hza fine sample mesh (mesh size of @), andreducing the solver tolerance
to 10% from 10°. These measuramproved the distributiorof the flux density at 6(Hz, and
significantly reduced the noise in thelots.

Therefore, analysing magnetizers at higher frequencies requires a modification of tife.giesh
increasing the number of mesh layasyl solver settings. Such measuresaessary to ensure
that dynamic effects do not bias the resudtsjare accounted for in the analysis. These model
settings together with analyses at the nonlinear region of the magnetization curve, and the high
dimensional and flux density differencestlveen the yoke and the sample, will significantly

increaseghe computation time.

The next sections determine the parameters of the four magnetigaeseSST, Halbach
RSST, conventionally woundMRSST, sinusoidally woundMRSST), whose 3D FEA models
are shown inFig. 2.1 The parameters of the square tester were assumed from literature, while the

rest ofthe magnetizers wesgzed analytically

2.2 Square Magnetizer (SSST)

A square tester with an 80 mm by 80 mm skempith ameasurement area of 20 mm2gymm,
and an airgap of 2 mm frof87], was considered. Its magnetizing poles were chamfered to
smoothen the concentration of the field into the sample. The SSST allowed thesanfatis

effect of the sample shape and the concentrated winding desitiux densityvariation

33



Chagper 2. Design Consideratiorsd Rotational Magnetizer®r High Flux Density Measurements

2.3 Halbach Magnetizers (HaRSST)

A 2-phase electromagnetic Halbach magnetizer allows the control of the magnitude, frequency
and relative phase of the two exag fields. The poles are arrangadguch a way a® concentrate
the flux in the interior of the yoke, while cancelling it on the outside. The geometric formulations
used in[60], to size magnetic poles and position thene, modified to account for interpolar
clearance dint), sample radiusrg and the airgapg) between the sample and the poles. The
parameters are illustrated fing. 2.4, wherer, is the pole radiugpcqdis the ralius to the centre of
the polecP: , Uis the angle between the poles @nis the magnetization direction of tiiépole
with respect to thg-axis.

P
Fig. 2.4 Schematic of a quarter of a 12 pole Halbach magnetizer

The pole radius is therefogiven as:

. aa i
r, smaz-yg— Gine

SESLE S (23)

1- singgg

c2-
wherer; is the inner radius of the Halbach ring, given by the sum of the sample rajliasd
airgap lengthd). The slot sizes can then be determined based on the wire gauge andilie slot
factor. To increase themagnetic loading with acceptable uniformity, the number of poles, the
sample diameter and the yoke depth were varied, at a fixed airgap of 2 mm. The first two cases are

presented first, and the yoke depth is discussed later isestiion2.5.2
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2.3.1 Number of Poles

Increasing the number of Halbach poles improves uniformity at the expense of lower flux
densitied45]. To achieve sample saturation, the magnetizer size was redsaadple diameter
of about 100 mm, which reduced the sample and pole diameters as expressed in &f)ation
This increased the polesd6d magnetic | oading wh
It was also difficult to maitain the same number of turns for the same wire gauge. Consequently,
the number of poles had to be reduced, in order to increase the pole diameter, and accommodate

the same number of turns per phase.

Two-dimensional FEA static analysis was used undexis excitation, as the study was
comparative. HaRSST models with 8, 12 and 16 poles of 100 mm sample diameter, and 2 mm
airgap were compared with respect to the 16 pole mwilela 100 mm samp]dor the same
number of turns per phase. The resshiswn n Fig. 2.5 (a), ae from the normal components of
B (Bn) normal to the magnetization directidrom the center to the edge of the sample.

0.6 | =8 poles
0 5 ------- 12 poles 0015
| ==e==16 poles —_
K =
0.4F =
Eol e @
P PP T T L < 0.01-
l:% 0.3 ceennnnusnnnnsnannasmnnmnnnne® | é
4 [
02+ _Ah 8
""""""""""""""" 0.005F
0.1+
0 r r r r C r r r
0 10 20 30 40 50 8 10 12 14 16
Measurement length, [mm] Poles

(a) Dependency of th (b) Improving uniformity with increasing
loading on the number of Hallach poles number of Halbach poles

Fig. 2.5 Effect of the number of poles orflux density and uniformity , for HaRSSTs

Reducing the number of poles increased the diemxsity significantly as shown Fig. 2.5 (a).
The 8 and 12 poles roughly tripled and doubled the flux density of the 16 pole case. This is because
of the increase in the number of turns per pole for the sameenuwhlburns per phase, which
resulted in theoncentrabn of theMMF. The increase in neaniformity followed the decrease
in the number of poles. It was about eight and three times that of 16 poles, for 8 and 12 poles as
shown inFig. 2.5 (b). This is because the MMF becomes more-siansoidal with a reducing

number of poles, which increased thex density variation
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Therefore, to allow for a reduction in magnetizer size to achieve higher flux densitiesjnrmainta
acceptable uniformities, and have woundable poles for the same number of turns, the number of
poles was selected as 12. It doubled the flux density of the 16 pole case, at an acceptable

uniformity.

Significant increase in the flux density, with bettaifarmity by changing the pole shape from
circular to square or octagon is reportedd@]. However, it is applicable to larger poles where

magnetic saturation and slot dimensions are not constrained, such as 4 or 8 poles.

2.3.2 Sanple Diameter

The four diameters that were compared usifij BEA TR analysis are 106 mm, 120 mm,
140mm and 200 mm. The first three cases had 12 poles, 2 mm airgap and 40 mm yoke depth,
while the last one was the benchmark model with 16 poles, 10 mm aimge20 mm yoke depth.

The effect of the sample diameter is presented®an@gnetization direction. This direction has
the highest nomniformity for Halbach testers as it is aligned walot-openings of the gles.

Reluctance is also highedong the ample diameter.

A decrease in the sample diameter by reducing the magnetizer size increases both the flux
density and the neaniformity. InFig. 2.6 (a) and (b), the 106 mm to 140 mm cases doubled the

flux density of the 200 mm case.

0.03 =
“ —6—106mm
. 1L 4l B =€--120mm
B B Liee ] 2002 s 140mm
E E 15 i il = - —6—200mm
— — 1 =
@ B 14) ' T
= 106mm 1 — 106mm i 2001
===+120mm 3 ====120mm i| 34
050 wannes 140mm .| 130 ceenes 140mm i 1 @ <
===+200% of 200 mm ! =+=22200 % of 200mm| |
: = | . | 1.2 r r —= £ [ § 0 c .
0 20 40 60 80 100 0 20 40 60 80 100 0 15 30 45
Measurement length, [mm] Measurement length, [mm] Magn. direction, [degs]
(a) Parallel components (b) Normal components (c) Uniformity

Note: The HaRSST200 mm case was multiplied by &actor of two (200 %) to be at the sam#ux
density level as the other cases

Fig. 2.6 Effect of sample diameter on flux density and uniformity for HaRSSTs
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This significant increase in magnetic loading sacrificed uniformity as skayvR.6 (c), where
the 106 mm and 200 mm cadwave the least and highest uniformitrespectivelyThis is because
the measurement area includes more-maiform regions, which are brought closer together with

a reduction in sample diameter.

The disadvantage of increasing the diameter is thaattagmable flux density decreases. For
example, the benchmark model (200 roas¢ had 50 % less magnetic loading compared to all
the other cases, under the same excitation. Hendkyitdensitywaveforms were multiplied by
a factor of twoto be at thsame flux density levébr comparison purpose as showiig. 2.6 (a)
and (b). Its lower flux density was alsaused byts larger 10 mm airgap. From this analysis,
12 pole HaRSST of 120 mm sample diameted 2mm airgap was selected as a trafidetween

magnetic loading and uniformity.

2.4 Induction Machine Stator Yoke Magnetizers (IMRSST)

A conventionally andginusoidally woundMRSSTs are considered in this section. They are
based on the use of an inductimachine stator yokéience the term induction magnetizérke
designs were based on the availability of a 36 slot stator yoke whose inner diameter was 109 mm.
The IMRSSTs are wound such that two poles are generated in their interior. As a result, the
possble number of poles is 2 and 4; with the latter being selected to reduce the length of the end

windings.

2.4.1 Conventionally Wound-IMRSST (CW-IMRSST)

The number of slots was made an even multiple of three, giving the possible number of slot as
12,18, 24 and@ This allowed the use of the inbuipBase coiling tool of the FEA packa@®].
To improve uniformity, the quotient of the number of slots and the 4 poles must be an iféger
split the phase winding into a mudke of twq eliminaing 18 slots, while 12 slots were excluded
by the need of more sinusoidal MMF. The conventionally weliSST was tkreforea 36 slot

2-phase magnetizer with douHkeyer fully pitched windings.

2.4.2 Sinusoidally Wound-IMRSST (SW-IMRSST)

In [43], it is shown that sinusoidally distributing the windings makes the resultant MMF
sinusoidal in every magnetization direction. This significantly reducefukeensityvariation,

as compared to other magnetizgrdimgies.
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The number of turns per phase is usually high in magnetizers to achieve higher magnetizing

fields. Assuming a slfll factor of 40 % and a current density of 3 A/frthe maximum number
of turns per slotNimax was found to be 70 turns. Henglke conventional doublayer winding
had 35 turns per coil. The turns per coil for the sinusoidal winding are expressed as:

N, = AyrsSind;, and: (24)
Ny = Aurnscogjs ’ (25)

whereNyy are the turns per slot for tlxey phases dependent on thetslagle,ds. The amplitude,

Awmsis determined fronNimax at 45 © or 225 © slaingle, for a doublayer winding as:

Ntmax
|2cosd|

Aums -

(26)

d,=45 or 225

The distribution of turns in slots for the two types of winding is shawhig. 2.7, which
resulted in thevinding diagram®f Fig. 2.8. The only setback in sinusoidally distributed winding
is the longer enavindings

The sinusoidal winding generates a travelling sinusoidal MMF alongrtegadependent on

the instantaneous current amplitudes of the two phases. That of the conventional winding is

dependent on the winding harmonics and instantaneous current amplitudes. This is evidenced in

Fig. 2.9 for the two winding at twotime instances. The difference in tflex densityvariation for

the IMRSSTs will becausel by the two winding configurations.
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(a) Sinusoidal distribution (b) Conventional distribution

Fig. 2.7 Distribution of turns in slots
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Fig. 2.8 Half of the winding diagrams
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Fig. 2.9 MMF waveforms at different instantaneous currents at 60 Hz andlmx=lmy=1 A

2.5 Analysis of Numerical Results
The parameters of the four topologies are giveFainle2.1. They wee numericallysimulated
under the same current of 10 A, with freurrent shifted by 90, to generate a CW rotatirigy
vector. The 16 pole HaRSST tester was used as a benchmark model, whose achievable flux density

needed to be increased beyond 1.4 TTo & 60 Hz.

Table 2.1 Parameters of the four rotational magnetizer topologies

Magnetizer Sample size (mm) Airgap (mm)  Yoke depth (mm) Winding
SquareSST 80 by 80 2 40 concentrated
12 pole HaRSST 120 2 40 distributed
16 pole HaRSST 200 10 20 distributed
36 slot CWIMRSST 105 2 40 distributed
36 slot SWIMRSST 105 2 40 distributed
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2.5.1 Flux Density Variation with Magnetization Direction

Ideally, the rotatingB-vector should not vary in magnitude with changemagnetization
direction, except as a result of magnetic properties. It will be shown that the selectiorDof a 2

magnetizer and winding design in case of IMRSSTS, is important in reducing this variation.

The flux density distribution patterns in the sdenghould be repetitive with change in
magnetization directianrHowever,as seen irfFig. 2.10 (a) to (d), magnetizers induce direction
dependent magnetization asymmetry. These results are independkatsampleanisotropy,
since isotropidB-H curves were used in the numerical analysis. Consequentlyfluangensity

variation(henceH) with direction is attributed to the magnetizéesign

l 2.00

1.50

l 2.00

I 0.50
2 0.00
(c) Conventionally wound-l MRSST (d) Sinusoidally woundIMRSST

Fig. 2.10 Variation in | B| patterns intesla [T] of the four models at 0 Qy-axis) and 45 °
magnetization directionsasindicated by the arrows

The distribution ofB| in the yokes oFig. 2.10 shows low operating yoke flux densitiefless
than0.5T, in the linear region of thB-H curve. This lowers the magnetizing energy drop in the
yoke, while operating beyond the knee ingsicurrent harmonics, which affethe appliedand

measured magnetic fieldsg. yoke effects.

The flux density is lowest in the magnetization direction at the sample edges as [&en in
patterns ofFig. 2.10. This is because the eddurrents that generate opposing fields are highest

along the magnetization direction as showrfig. 2.11(a). The magnetization direction is as
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indicated by the vector plot fig. 2.11 (b). Moreover, the highest reluctance (longest path length)
is along the sample diameter, which further lowersnhgnetidoading along the magnetization
direction. Hence, flux will recirculate through tleast paths of reluctance, elevating tiegnetic

loading towards the sample edgpsrpendicular to the magnetization direction.

80000 2.00
71111 a
62222 150
53333

44444 s
35556

26667

17778 0.50
8889

0 0.00

(a) Eddy-current, J distribution in A/m? (b) Vector plot of |B| in tesla, [T]

Fig. 2.11 Distribution of | B| and eddy-currents in the SWIMRSST, at 0 °(y-axis) magnetization
direction

The variations shown iRig. 2.10 are further represented as plotsByf |n Fig. 2.12. The plos
further confirm a decrease in thax densityvariation with a change of magnetizer design from
square to round testers, i@B>@pR>@pB>@H, in Fig. 212 Nonuniformity (abs_dey
decreased from 0.0226td 0.0019 T corresponding to the square andHdlbachRSST120 mm
testers as seen kg. 2.12 (a) and (b). The use of IMRSSTs further decreased the variation, since
theirabs_de(<|Bp|>) was about 0.0001 T, malidated inFig. 2.12 (c) and (d). This is over 92 %
reduction influx densityvariation by RSSTs over the SSST. The measurement area also increased

following a decrease in tHix densityvariation, i.ex1 <x2 <x3 <x4, inFig. 2.12.

The reduction in th8ux densityvariation is attributed to more sinusoidal magnetizing MMF
and equalization of the reluctance in most directions for the RSSTs, as compared to tHE8SST.
was achieved by transitioning from the concentrated winding of the square tester to its distribution
in the Halbach and conventionally wound IM testers, and finally to sinusoidally distributing it in
a sinusoidally wound IM tester. Additionally, theagnetizer yoke design in terms of the number

of teeth in IMRSSTs and number of poles in HaRSSTs, contritotediower flux density
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variation by increasing the airgap reluctance frequency. This is analogous to decreasing the

pulsating torque frequency mtating machines, by increasing the number of poles and slots.
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Fig. 2.12 Variation of the instantaneous|B,| with magnetization directions

Uniformity in flux densityis twofold - within each magnetization direction (raniform
distribution of B| in a sample for a given direction), and from one direction to an@heariation
with direction). Thee correspond tbig. 2.13 (a) and (b), respectivelyig. 2.13 (a) shows the
variation in uniformity within each magnetization direction for the four topologies, whica wer
also compared with the HaRSIS&ZD0 mm model. The IMRSSTs had the best uniformities, while
the HaRSST120 mm had the highest namiformity in each direction.

The variation of the instantaneous average flux densiBs|eJ|from one direction to another
is shown inFig. 2.13 (b). The square tester has the highest variation, with the values increasing
linearly from (13,052 A/m, 1.83 T) to (18,950 A/m, 1.89 T), corresponding to thaend 43

directions, i.e., a mer3% deviation in Bp|> resulted in a 3&o variation in <dHp|>, according to
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Table2.2. This is an additional energy requirement on the power supply to meet the magnetic field
asymmetry introduced by the magnetizThis high variation inHp| is pronounced beyond the
knee of the magnetizing curve. In the linear part of the curve, the variation will not be as magnified

as in saturated conditionswing to the lowH values. This argument is supported by examining
the Halbach testers.

0.02 E
0.018 .., SSST |
ol — & HaRSST-200mm ||
el N x =+ % HaRSST-120mm
£ 0014 =49 CW-IMRSST
= 0012 . | == SW-IMRSST =
a N
= o
> o 17 = £+ 240 % of (HaRSST-200 mm)
° v ) =% HARSST-120 mm
165 -2-- CW-IMRSST
' SW-IMRSST
16 ----------------- > ) |
r, .......... % ................. X
0 15 30 45
Magn. direction, [degs] Magnetization direction, [degs]
(a) Change in B,| uniformity with direction (b) Average By| vs. magnetization direction

Note: The HaRSST200 mm was amplified by 240 % to be at the saniglevel as the other cases
Fig. 2.13Variation in | Bp| uniformity and average B,| with change in magnetization direction

The nonruniformity of HaRSST120 mm was the highest in every directionsasnin Fig.
2.13(a). However, irFig. 2.13 (b), the deviationdev (<[Bp|>) of the SSST was about 9 and 2.5
times higher, than that of the HaRS300 mm and HaRSST20 mm respectively. This is because
the HaRSST models had more sinusoidal MMF, and wel@aaer B-H curve operating points.

That is (74 A/m, 0.74 T) and (2,874 A/m, 1.58 T), respectjwelyich were calculated from the
average othe four directions.

Analysing the SSST and the HaRS$EJ0 mm cases hafiown that high flux density variation
is more dominant, than nemniformity in flux densityin a specific direction.Reducing the
benchmark 16 pole HaRSSD0 mm model by about a half, and the airgap from 10 mm to 2 mm
doubled the achievable magnetic loadasgrepresented by the 12 pole HaRS2T mm model.

The f ofluxdensitgvalues were multiplied by a factor of 240 %Hig. 2.13 (b) to be at the
same flux density level, as the rest of the magnetizers.
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In conclusion, uniformity and thitux densty variationdepends on the magnetizer design, the
B-H curve operating point and the sample anisotropy. A summéiywotiensityvariation with
direction is given inrable2.2, generated from the instantaned®$ 4nd Hp| average values in the

four directions.

Table 2.2 Variation of |Hp| due to changes inHp|, and the impact ofthe yoke depth on

uniformity
SSST HaRSST CW-IMRSST SW-IMRSST
Yoke dept{mm] 40 80 20 40 80 20 80 80
Sample diametepmm] 80 by 80 200 120 120 105 105 105
*abs_deyBp|) [T] 0.0226 0.0111| 0.0019 0.0080 0.0045| 0.0025 0.0001 <0.0001
*abs_de({Hp|) [A/m] 2,202 2662| O 169 166 238 169 35
“de\(|Bp |) [%] 3.28 1.72 0.37 1.33 0.70 0.35 0.02 0.01
“dey(|Hp |) [%6] 36.29 3342 | 042 1569 8.73 3.72 2.32 0.45
<|Bp|> [T] 1.86 1.89 0.74 1.58 1.66 1.87 1.90 191
<|Hp|> [A/m] 16,250 21,431 71 2,874 4,938 | 17,297 22,051 24,866

*abs_de(x) anddev(x) were determined using equatid28) and(21), respectively.
It is interesting to note the deviatiowng\W<x>) of By| and Hp| for the SSST, HaRSST20 mm
and CWIMRSST cases, decreastat a yoke depth of 80 mm. Theffect of deeper yokes in

reducingflux densityvariations is analysed next.

2.5.2 Impact of a Deep Yoke on thd-lux Density Variation

Increasing the yoke depth of[2 magnetizers with neeinusoidal magnetizing fields such as
the square tester, reduces tlileix densityvariation The yoke depth of the HaRS9P0 mm and
the CWIMRSST, were varied in steps of 20 mfrom 20 mm to 80 mm, while 40 and 80 mm
depths were analysed for the SSST. The turns per phase and the excitation currents were held
constant. Th results of the CWMRSST were extended to the S\MMRSST. The impact of

having a deep yoke is well represented using thelRIRSST, which had favourable results.

A longer effectiveaxiallength (deep yoke) generates a more homogeneDuseBl over largr
volumes in the interior of the yoke where the sample is placed. This improves uniformity and the
magnetic loading in the measurement region as showigi.14 (b) vis-a-vis Fig. 2.14 (a). This

is in agreement witf60] where Halbach magnetic rings were stacked to improve homogeneity.
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The improvement in uniformity in each directionsuted to a minimization in the flux density
variation wth a change in magnetization direction. This is represented by the gradual convergence
of the instantaneousBg|> values with increasing yoke depths as showrign2.14 (c) and (d).

It also results to a largereasurement region.
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Fig. 2.14 Improvement of uniformity and magnetic loading with increasing yoke depth

Similarly, the HaRSSTL20 mm and SSST performed better with degp&es. For instance,
increasing the yoke depth from 40 mm to 80 mm reduced the deviation in the instantaBgbus <|
from 3.28% to 1.72% for the SSST. For the HaRSRP0 mm case, the deviation in
<|Bp|> and<|Hp|> were reduced from 1.38 to 0.70% and15.69% to 8.73%, respectivelyFor

the CWIMRSST, abs_de\<|Hp|>) was reduced by about 38 by increasing the yoke depth
from 20mm to 80 mm.
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Another contribution of a deep yoke is the increase in the magnetic loading, which is presented
usingH, which showsa significant increase, as opposedltx densityvalues which are beyond
the knee of thd&-H curve. For the SSST,Bg> and <fip|> increased by 1.6 % and about 32 %,
respectively. For the HaRSSIRPO mm, <Bp|> and <Hp|> increased by about% ard 72 %,
respectively, and the CMWMRSST, <Bp|> and <Hp|> increased by about 1% and 27 %,

respectively. These results are summarisekhinie2.2.

Therefore, deeper yokes improve uniformity, lowerfthe densityvariation, and increases the
measurement area and the magnetic loading of the santpdg.alsomitigate yoke effects by
allowing the yoke to operate in the linear region ofBHé curve. However, it depends on the type
of magnetizer as shown Fig. 2.14 (c), where it was more effective for the GNMRSST case,
rather than the 12 pole HaRSST case. The major setback with deep yokes is the increase in the
component and airflux leakage fields. Based on thégaraages, the recommended yoke depths

for the given magnetizer parameters should be greater or equal to 60 mm.

2.6 The Proposed Rotational Magnetizer

The previous numerical analyses affirmed the advantages of a sinusoidally wound tester, over
other magnetias. Therefore, the 36 skdiD5 mm sample diameie&d mm airgag80 mm yoke
depth magnetizer was selected. The number of turns per phase and the sample size were varied to
increase its frequency range and to ensure it can saturate the sample, by geneledisty at
30kA/m. The number of turns per phase analysed were 386, 460, 562 and 802, while the sample
sizes considered were 70, 80, 90 and 105 mm. The magnetizer size was varied proportionately to

the sample size, while maintaining a 2 mm airgap.

As expectedincreasing the number of turns and decreagiegample size, increadéd as
seen irFig. 2.15. As a result, inductanceill increase; reducing the frequency range. The number
of turns was selected as 460, whgave 25 kA/m, for a 105 mm sample diameterisTiumber

of turnswas used in the subsequent sample diameter analysis.

Reducing the magnetizer size decreased the stator teeth width; increasing their magnetic
loading. It forced some of the flux to recircidahrough the back yoke, instead of going through
the sample resulting into magnetization asymmetry. As a result, the number of slots was decreased
to 24 to widen the tootvidth in the analysis of sample diameters of less than 105 mm. This

ensured thergvas no magnetization asymmetry introduced by tooth design. A 90 mm sample
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diameter could achieve a field of 30 kA/m. THEA package extrapolated tBevalues using the

permeability of free space, resulting in the flattening ofBhé curves after 2 kA/nin Fig. 2.15.

2 o BeNN—O

Increasing turns
/ >

E15
m_ ( Decreasing sample and
2 magnetizer size
g 1
o
;—i Sample B-H curve
“ 05 —O— Turns/phase
- 9€:* Sample diameter
0 ! ! ! L
0 1 2 3 4 5

Magnetic field, H, [A/m] x 10*
Fig. 2.15IncreasingH range by varying the number of turns and sample/magnetizer size

The proposed magnetizer was therefore a sinusoidally woyhds2 24 slgt90 mm sample

diameter 2 mm airgap80 mm yoke depth tester, which is showrrig. 2.16.

Fig. 2.16 The proposed24-slot-SW-IMRSST magnetizer

It was validagd by testing an M19G29, 0.356 mm thick-orientedsample at 60 Hz, 400 Hz
and 1 kHz, under rotaitg magnetization. The respective peak flux densities were 2.04 T, 1.72 T
and 1.69 T, respectively, whose loci are showkim 2.17 (a). The aspeatatios were 0.9863,
0.9809 and 0.9797, respectively.

The numericaB-locus had a magnitude of 1.93 T and an asp of 0.9795, and was

generated in steps of 10 °. The numerical and experini&idal at 60 Hz comparwell, although
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the numerical value was underestimated by the extrapolatiBnTdfese results also confirm the
relatively wide frequency measurement range of the proposed magnetizer at very high flux

densities, which can be explored beyond 1 kHz.
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Fig. 2.17 Experimental validation of the proposed rotational magnetizer

The magnetizer was designed to achieve 30 kA/m which would ensure defisity loading
of about 2 T at 10 A, at 60 Hz. The experimental flux density was 2 T at 40 kA/m with a supply
of 8 A, at the same frequency. The difference in the magnetic field results can be attributed to the
difference in sample thickness, i.e., immarical analysis 0.635 mm sample was used while in the
experimental setup, it was 0.356 mm thick. Furthermore, it is difficult to fully represent the
magnetic properties of a sample numerically. The ability of the magnetizer to generate very high
magneticfields; about 40 kA/m as shown kig. 2.17 (b) for the 60 Hz case, can be exploited in

the study of lamination stacking.

The circularity ofB-loci from two pairs of orthogond-coils, which were rotated by #5nith
respect to each othds, used toinvestigate he flux densityvariation of the proposed tester. An
M19G29 nororiented sample was used due to its low anisotropy. Two pairs of tandeentids
were wound at 0 Biodegy and 90 © Byodegd, for the 0 degspair, and 45 °Bxasdeg) and 135 °
(Byasdegy, for thed5 deggair, as shown ifrig. 2.18 (a). As seen iifrig. 2.18 (b), there was good
agreement in thB-loci of the two pairs oB-coils, such that thd5 deggair lowered the aspect
ratios by 0.6 %, 1.06, 0.7 % and 1.4 %, at 0.9 T, 1.2 T, 1.5 T and 1.8 T, respectively. This was
with respect to th® degspair at 200 Hz, and ea@icoil had five turns.
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S| T 45degs
- E E
-2 -1 0 1 2
) L BX, [T]
(a) Location of B-coils with respect to the
rolling direction aligned with the x-axis (b) B-lociat 0.9, 1.2, 1.5and 1.8 T, at 200 Hz

Fig. 2.18 Circularity of B-loci with respect to theB-coil locations

2.7 Conclusion

A numerical methodology that accounts for flux leakage and-eddgnts was proposed to
analyze uniformity anflux densityvariation, at high flux densities for2 rotational magnetizers.
The sinusoidally wound tester reduced filn& densityvariationof the square tester by 92 %, by
having a more sinusoidal MMF and equalizing the reluctance along the airgap. In addition, this

tester had the highest uniformity and flux density level, and wider measurement area.

Increasing the yoke depth improved unifagnin the distribution oflux densityin the sample,
lowered theflux densityvariation inmagnetizes with nonsinusoidal MMF, and increased the
magnetic loading. It also mitigategbke effects, which influences the magnetic field applied to the

sampleHence, a yoke deptjual or greater tha80 mm is recommendefdr round testers

The experimental results at 60 ld£2 T at 40 kA/m of the proposesinusoidally woune
IMRSST, validated the numerical results of 1.93 T at 30 kA/m, at the same frequETEy.
discrepancy was attribute to the difference in sample thickoaegerestimation oflux density
values in numericahnalysis, and limitations in modelling all magnetic properfiealso had a
relatively wide frequency measurement range at highdensities oR T at 60 Hz, and 1.7 T at
1 kHz. Moreover, it was shown to haaigh circularity ofB, which was validated experimentally
by using two pairs of tangentialyoundB-coils, where the highest differencktheiraspectratio
was 1.4 %.
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Finally, the proposed magnetizer extendedftive densitymeasurement randey 43 % and
the magnetic fieldd increased from around 1.1 kA/m to about 40 KA/m aH&Qin comparison

to the benchmark 1gole Halbach magnetizer.

TheH andB sensors of the propaseetup are sized, and their locations are determined in the

next chapter.
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The fieldmetric measurement of core losses depends on the measureniBerandfH.
Consequently, the accuracy of the measurements is subject to the uniformityni@atherement
region, sie andocation of the sensors, acquisition and processing of the signals. Therefore, it is

important to consider these factors, in determining the size and locafoanofH sensors.

The location ofB-coils on a sample results wverestimabn or underestiman of the
measurd flux densityvalues, which directly affects the measured core loss. Experimental results
will show a 14% (at 0.8T) and 6% (at 1.6T) difference between two locations Bfcoils. B-
holes, which are usea tlocate and aligmB-coils, introduce additional nemniformity in the
measurement region, and locally increBsendH. However, it will benumericallyshown thaB-
holes have a minimal effect on the averBgalue; less than 1%, but the local increamsH is in
the order of 1HA/m, at saturation. Therefore, averaging over a larger measurement area by use of

longerB-coils, will be shown to minimize the impact of magnetic degradation owirjholes.

The use of Helmholtz coils to calibratecoils will be discussed, ville the impact of the size
of the sample measurement area will be analysed usinglteml sizes. The vertical location of
the H-coils relative to the sample surface will be shown to influence the amount of the airflux

leakage field inclded in the measuredagnetic fieldH.

The main contribution of this chapter is to show experimentally that the airflux leakage field
biases the shape, amplitude and phase of the measaggeeticfield. The effect of thideakage
field on core losses, attloci will be analyse@xperimentallyusing threemagnetizers. They are
the benchmark diametrically larger 16 pole Halbach tegt®}, and the proposed compact
sinusoidally wound tester with 88m, and 1Gnm yoke depts.

The compact sinusoidally wound tester with am@8 deep yokeyas proposed to improve the
homogeneity of the fields in the measurement region, and redudknithgensity variation in
Chapter 2Thiswasat the expense ofdgherairflux leakage and-componenmagnetidields. The
larger Halbachesterand reducing the yoke depth of the proposed magnetizer to 10 mm allowed
the analysis of the effect of the magnetizer parameters on these fields. The airfluxheatpagic
field is discussed at the end of this chapter, whiledt@mponenmagneticfield is presented in
Chapter 4
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3.1 Measurement of Flux Density

The flux densitys determined from the induced voltages 0Of theB-coils as:

k
B(t) = = s (t)et, (27)
Ng Ay
where Ng is the number of turnsis is the crossectional area of thB-coils andkea is the
calibration constant. ThB-coil methodwas preferred as it is applicable to both insulated and

uninsulated samples, and has higher seitsitiv

B-coils can be wound around the sample, or threaded through holes made on theBample.
holes affect the uniformity of the field, increase the magnetizing energy requirement and degrades
local magnetic properties, which require annealing. Therefweesftect oB-holes on uniformity,
the location ofB-coils, sample anisotropy, circularity tiie B-locus and length oB-coils, are

investigated using FEA and experiments.

3.1.1 Location of B-Coils

The various ways of locating-coils on a samplare shown irfFig. 3.1 (a) and (b)as $ed in
literature[35], [45], [61], [62].

Wrapped
B-coils
‘Wrapped

B—cloils | :
___ ' Pl /1—
B-coils threaded °

threaded
through holes

through holes

(a) Centrally placedB-coils (b) B-coils positioned besidesi-coils
Fig. 3.1 The possible locations oB-coils on a square sample

In numerical analysis, th&-vector was rotated clockwise in steps oPXfbm they-axis. The
regions around thB-holes werdinely meshedoy assigning a mesh size of @rn to the hole
edges, whose diameter was 1. The magnitude of tHg-vector and its angle from theaxis

(the 0 ° position), are used to present the results. Only the sqardesinusoidally wound testers
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were considered, since the square tdstdthe highestlux densityvariation while the latter had

the least.

The labelling of centered coils wrapped around and threaded through hGlestes\Wrap.
andCenterB-Holes respectively as shown by the numeriBaloci of Fig. 3.2. Sde-Wrap. and
SideB-HolesareB-coils wrapped and threaded besittesoils. Thetype of the magnetizer and
thelocation ofB-coils determines the amourftreon-uniformity included in the measur&alues,
owing to the noruniform magnetization of the sample. This results to the deviation Bftakies
from those at the center of the sample (origin) as show#ngirB.2, for different magnetization
directions.

E 25\ E
-1 - S - 1 -
= O Origin Z O Origin
—+8— Center-Wrap. —&— Center-Wrap.
05k —— Side-Wrap. 0.5 ====nee Side-Wrap. )
-=---- Center-B-Holes —— Center-B-Holes
Side-B-Holes Side-B-Holes .
0 : : 0 E F
0 0.5 1 15 0 0.5 1 15 2
Bx, [T] Bx, [T]
(a) Square tester (b) Sinusoidally wound tester

Fig. 3.2 Numerical results on the effect of the location athe B-coils, and the type of magnetizer,
on B-loci

The wrapped coils in both magnetizers had the highest differencB.vEthaes for the wrapped
coils were lower by about 1% at 40° than at the origin for the square tester, as shoviigin
3.2 (a). For the musoidally wound magnetizer, the certarapped coil value was higher by about
6 % at 30°, while that of the sidevrapped coil was lower by abou®2 at 50°, with the origin as
the reference.

Threaded coils had the least difference, because they exickudenuniformities at the sample
edges. For the square tester,Bhalues were higher by% at 30° and 2% at 0° for the side and
centerthreaded coils, respectively. For the sinusoidally wound magnetizer, the values were higher

by 3% at 50°, andless than 26 for the centered and sitlereaded coils, respectively.
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Although, the sidghreaded coil had a lower difference than the cethieaded coil for the
sinusoidally wound magnetizer, their accuracy is dependent on the location, uniforntigy of t
sample and type of magnetizer. Therefore, cethteraded coils, which are located on the most

uniform central area of the sample, are recommended.

Experiments verified the numerical resulising the sinusoidally wound testat the same
current, at 6(Hz. TheB-coils locations on an M19G29 namiented sample are shown Hig.
3.3 (a) and (b) for the center and sideappedB-coils, and centethreaded-coils, respectively.
The numerical and experimental Idgave similar trendf sandwiching the cent¢éhreadedB-

locus by the wrappednes,as seen iifrig. 3.2 (b), andFig. 3.4 (b).

(a) Center and sidewrapped B-coils (b) Center-threaded B-coils

Fig. 3.3 B-coilswound on samples foranalysingthe effect of B-coil location
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Fig. 3.4 Experimental results basedon thetype and location ofB-coils, at 60 Hz

The difference due to tH&-coil location was more pronounced at lower flux densitfdess

thanl.0T, as genin Fig. 3.4 (a). In this casdhe difference between the sideapped and center
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threaded coils was about %4 At high flux densities beyond the knee of 8wl curve, this
difference decreased to abou¥as shown irfFig. 3.4 (b). This discepancy is attributed to the
uniformity of B in the samplewhere itwas more uniform at higher flux densities than at lower
flux densities. This is confirmed by the higher difference oBheci below 1.0T shown inFig.

3.4 (a). Above 1.5T, the loci approached the same value as seEmgi3.4 (b). Therefore, at low
flux densities, the centéhreadedB-coils will give higherB values, than wrappe®-coils which

enclog sample edges that are at a loier

Therefore, the location oB-coils and the uniformity ofB in a sample will result to
overestimation or underestimation of the meastiteddensityB, hence the measured core loss.

Centerthreaded-coils are preferm, as wrappe@-coils enclose more nemniform regions.

3.1.2 Size of theB-holes

A B-hole increases the local reluctance, which forces the flux to recirculate to its sides,
increasing notuniformity. B-holes also increase the magnetizing energy requiremeantsed by
the formation of complex domain pattef22], and magnetic degradation. All these factors are
dependent on the size of the hole. This effect is maximum when the magnetization direction (in

this case thg-axis) is algned with the hole, as shownhiyg. 3.5.

BIY - 2.00
1.50
1.00

0.50
I I 0.0
Fig. 3.5 Distribution of | B| in tesla [T] around a B-hole
Hence, numerical analysis was done alongytagis magnetizatin direction.Hy andBy were
measured normal to threagnetizatiordirection using lines at the surface and in the-ggdtion
of the sample, respectively. The analysis considereshth&nd 0.8nm centrally locate8-holes,

which are used if31], [61] and[62]. The hole edges were assigned a mesh size of. And
0.2mm, respectively. The analysis was done at high flux densities where a slight ch@hge in
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resultsin alarge variation irH. As seen irFig. 3.6 (a) to (b),B-holes resulin thelocal spiking of

B andH, which depends on magnetic loadifige plots are from the center of a square sample, to

the edge of 8-hde.
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Fig. 3.6 Local increase inB and H caused bya B-hole
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Fig. 3.7 Decrease irH, deviation from the sample surface

The increase in the instantaneous aveBagalues relative to the origin is less tha#oXor the
two hole sizes. The instantaneous aveigalues were averaged from tBevaveformsobtained
using ameasurement linbetweerntwo B-holes The slight incease in the averagemight seem
insignificant, but it results in very higH values at the hole edges where it is in the order of
10* A/m. This is an over 30% increase i relative tothe center of the samplas shown irFig.
3.6 (b). This will contribute toH sensing noise, that decreases with distance from the sample

surface as shown irig. 3.7, for the 0.8nm hole diameter.
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Non-uniformity caused byB-holes will have a greater effem the testing of grakoriented
electrical steels, under rotational fields. Higher fields are needed to overcome their high
anisotropy, resulting to higher deviation kth Fortunately,sincethe effect ofB-holes on the
instantaneous avera@evalues idow, B-coils can be made lorgin order to have an allowance
in the placement dfl-coils. In addition, small diaeter holes (©.8 mm) reduce thisi-noise, and
the regionsaffected bymagnetic degradation. However, larger holes may be preferred because
they can accommodate more turns, which reduces the misalignni&cbd$ (by averaging the

misalignments in individual turns) and incredseir sensitivity.

3.1.3 Sample Anisotropy

The sample introduces inherent ramformity caused by anisotropynisotropy results in
direction dependent magnetic propertias opposed to isotropimagneticproperties It was
modelled by scaling isotropid values by 0.45 and 1.55 to get the eagya(d hardy) direction
fields. These scaling factors were assumed {d@8h for nonoriented electrical steel. The square
and sinusoidally wound testers were used in this analysis, but the results can be generalized to any

magnetizer.

The progression of neaniformity with the introduction oB-holes,and anisotropy is depicted
in Fig. 3.8, and inFig. 3.9, for the square and sinusoidally wound testers, respectivethe
instance shown in the figures, the hard dititoincides with the magnetization directign (
axis) and with the axis of tH&-holes, which results to the highest aamformity. The first cases
to the left(i.e. (a)) of Fig. 3.8 and Fig. 3.9 show the contribution of the magnetizer to fion
uniformity, since theirB-H curves were isotropic. The middle cages. (b)) are due to the
combination ofB-holes and isotropiB-H curves, while those to the rigfite. (c))areas a result
of the combination oB-holes and anisotropy.

High reluctance causes the flux to recirculate through theaas k-axis) for the combined
cases oB-holes and anisotropy, as showrHg. 3.8 (¢) andFig. 3.9 (c). This lowers the aspect
ratio caused by the changing reluctance under rotational magnetization as sheogu8ib0 (a).

In addition, theB-waveforms becommore norsinusoidal as seen kig. 3.10 (b). The isotropic
loci had higher aspecatios of greater than 0.98, when compared to the anisotropic loci of less

than 0.71. As expected, the sinusoidally wound testdr gher circularity ofB, which is
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attributed to more sinusoidal MMF, and equalization of reluct§®tk than the square tester,
besides having a larger measurement area.

: = _— e - __dﬂli,,,;l"'j—,-&kj I 0.00
(a) Isotropic (b) Isotropic and B-holes (c) Anisotropic and B-holes

Fig. 3.8 Increasing norruniformity with the introduction of B-holes and sample anisotropyin a
square sample of an SSST

(a) Isotropic (b) Isotropic and B-holes (c) Anisotropic and B-holes
Fig. 3.9 Increasing norruniformity with the introduction of B-holes and sample anisotropyin a

round sample of a sinusoidally woundMRSST
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Fig. 3.10 Numerical results on the effect of anisotropy on the circularity oB-loci, and B
waveforms
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TheB-loci are therefore a function of the magnetizing energy (limitation of the power supply),

anisotropy and type of rgaetizer.

3.1.4 Length of B-coils

Single sheet testing is predisposed to any magnetic imperfections that might arise in the sample,
in addition to magnetic degradation frddrholes.These errors can be minimized by averaging
over larger sample areas, hence thedhto investigate the length of tBecoils. This was done
experimentallyby using fourB-coil lengths of 90 mm, 60 mm, 40 mm and 20 passhown in
Fig.3.11

(b) 60 mm | (c) 40 mm (d) 20 mm

Fig. 3.11 AnalysedB-coil lengths

The Bx-coils were aligned with the rolling directigRRD), and theBy-coil with the transverse
direction (TD). EachB-coil had ten turns threaded through 1 mm diameter holeswibe
dependent on the laser kerf. The M19G29-ndanted samples were laser cut from the same
parent material, and there was no subsequent annealing. Hence, it was possible to investigate the
degradation caused Byholes, and show that it can be minind4®y averaging over long&coil

lengths.

Pulsating and rotating core losses determined uiageB-coil lengthsare shown irrig. 3.12.

Below 1.0 T under both pulsating € 0) and rotatingr(= 1) fields, tke core losses are independent

of theB-coil lengths. Beyond 1.0 T, the pulsating core losses gradually diverge and at about 1.8 T,
the 90 mm length has the highest loss, followethey0 mm, therthe40 mm and the least ke

20 mm. The pulsating coreds difference between the 90 mm &mel20 mmB-coil lengths is

about 18%, with respect to the average of the four cases. This is because averaging over longer
lengths includes more namiform regionswhich reducel the resultanB value. This requirga

higher magnetizing field, hence a higher core loss value. Adlgs Dr rotating core losses
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between 1.0 T and 1.5 T. Above 1.5 T, the rotating core losses peak and gradually fall to a
minimum. In comparison to the pulsating plots, there was a rexadrda plotsbeyondl.5T, i.e.

the 20mm andthe 90 mm lengths had the highest and the least core losses, respectively.

14
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Fig. 3.12 Effect of B-coil lengths on themeasured core losses, at 60 Hz

0.06r —— 20 mm (THD = 14.9 %) ||
——— 40 mm (THD = 4.8 %)

0.04- —— 60 mm (THD = 2.5 %) ||
— 90 mm (THD = 1.7 %)

0.02
=
“>< 0
o
>

L. Increasing B-coil length

©

o

N
T

0 0.005 0.01 0.015
t, [secs]

Fig. 3.13 B-coil voltages at 0.5 T and 60 Hz
At low frequencies under rotatj magnetization, the core loss falls to a minimum as the flux
density tends to saturation, asrseerig. 3.12(b). Hence, the core loss component of the magnetic
deterioration around thB-holes becomes significant, resulting to the higher\ats decreasing
B-coil lengths, beyond 1.5. However, in pulsaitig measurements, this component is insignificant
when compared to the material loss that increases exponentialli agtishown irFFig. 3.12 (a).

Consequently, its influence on pulsating core losses is negligible
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The impact of magnetic degradation as a result of laser cuttBipoles was determined using
harmonic distortion of thB-colil voltages, as shown Fig. 3.13, where the 20 mriengthhad the
highest voltageidtortion of 14.9 %, and the 90 measehad the least (1.7 %).

These results afeom themagnetic linear region of the sample, i.e. atlQ.where the voltages
are expected to be sinusoidal. Hence, for unannealed samplBs;dhdéength should be gresr
than 40mm.

In spite of this magnetic degradation Byholes, they are important in ensuriBecoils are
orthogonal. The misalignment Bfcoils cannot be minimized by averaging of CW and CCW core
losses, which is very effective in minimizing the migament inH-coils[31]. Centrethreaded-
coils were shown to have the least deviatiorBpfrom the values at the origin of a sample.

Consequently, a center&dcoil arrangement of 60 mm length was selected for th{ye.

3.2 Measurement of Magnetic Field

The magnetic fields were measured using calibrétexbils before being used for core loss
measurements, while linear Hall sensors were used to map Helmholtz coils fields, measure the
component and the airflux leag@ fields. The outputoltageof the Hall sensors is scaled by its
sensitivity andnediumpermeability to get the measured local field, whereas the measured field

from theH-coils, is determined from the induced voltagét) as:

k
H(t)=—=— g, (t)dt, (28)
MmN, A,
whereNy is the number of turng\y is the crossectional area enclosed by the coils kads the
calibration constantt is difficult to wind thehigh number of turns uniformly out of fine wire on

thin formersand henceH-coils require calibration.

3.2.1 H-coil Calibration

Calibration was done using a known magnetic field generated by a Helmholtz coils setup. The
calibration field should be of high homogeneity, and cover the dttteil volume. The desired
volume was 60 mm by 60 mm by 2 mm, whose Helitzhconditions as peffig. 3.14 (a) are a
coil radius R) of 80 mm, which is equal to the distance between the two egilsielmholtz

conditions are met when the separation distance of two identical coils is@de coil radius,
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i.e.R=2zas inFig.3.14(a). The realizable coil radius was 69.25 mm based on an available hollow
cylinder, which affected the homogeneity of the calibrating field. The cylinder was wotm&4
turns per coil Kcoi), and the final coil separation distarzegvas 80 mm. The fabricated Helmholtz

coils setup is shown iRig. 3.14 (c).

—3 @ o

Helmholtz
coils
R
T ——
|
I > Z]
i | I
- ' 12
(a) Parameters (b) 3-D FEA model (c) Fabricated setup

Fig. 3.14 The Helmholtz coils setup used to verify Hall sensors and calibraté-coils

The fabricated Helmholtz coils setup lowered the homogeneity which was evaluated using
standard deviation]. For the desiredetup withR =z3 =80 mm, (i = 5.03x10° A/m. For a setup
based on the available cylinder and meeting Helmholtz conditionsR Fezz = 69.25mm,
0=9.88x10° A/m, and for the fabricated setup whése 69.25mm, andcoil separation distance,

73 was80 mm, 0 = 6.30x10° A/m. These standard deviations were analytically determined using

equation(29) along the axis of the setup on a 60 mm measurement line.

Five sensors were randomly selected from twéoity EQ-730L Hall sensors of 128V / mT
sensitivity, with a linear measurement range a3#mT (about A0 kA/m)[63]. The twentyfour
sensors were compared in terms of magnitude and sh#sewhere one sensor was used as a

referance at the same current. Their standard deviations in terms of fundamental magnitude
( Au/Aer1 ) and phasshift ( £y - fre1 ) were 4.00x18 and 0.0296 ©, respectively. The five Hall

sensors were then aligned with the aziaxs in Fig. 3.14 (c)) of the Helmholtz coils to measure
the mainaxial component. The spacing between them was 10 mm. A comparison was then done
with numerical Hrea) and analytical Hlanay) results at the centaf the setup. The numerical
results were generated using thB FEA model shown ifrig. 3.14(b) of the fabricated Helmholtz

coilsandH-coils, while the analytic value was expresse{bds

62



Chapter3. Instrumentation

o}

. g G

B:n8 Ncoill% R2 + Rz 8 1
2 2 2\% 2 2 %0 %

|

21:z+5,z2 =z- ﬁande,y:E 1
2 2 m| 7

The results of the verification of the Hall sensors are givéirabile3.1, where the third Hall
sensorHalls located at the center of the Helmholtz coils was used for calibrédisocalibration

factor was assumed for the rest of the Hall sensors, based on the low variance

(Shn, 1603107 ands; , =876°10") of the 24 Hall sensors. The average of the Hall

sensor calibration factokqar was 0.996543, at 60 Hz hich was assumed to be unity. Hence, the

sensitivity of Hall sensors was verified as 188 / mT.

Table 3.1 Verification of the Hall sensors using Helmholtz coils, at 60 Hz

|rms, HFEA, Hanaly., Hall 1, Hallz, Halls, HaII4, HaII5, k =H / Hall
A (Am) (A/m) (A/m) (A/m) (A/m) (A/m) (A/m) Hall = TIREA :

0.50 557 561 564 561 558 559 563 0.999573
1.00 1113 1120 1128 1,121 1,115 1117 1124 0.998579
150 1670 1680 1696 1686 1676 1680 1,691 0.996126
200 2227 2241 2265 2254 2240 2,247 2,259 0.994239
250 2,783 2800 2830 2817 2800 2806 2824 0.994197

The field map of the fabricated Helmholtz coils setup was then generatedfata®&60 Hz

570
2P R

570 g 3 ~ T T

265 ~ / [ 560

560 ‘ ! ‘ :}

asshown inFig. 3.15.

555

550

20

545
X, [mm] 00 z, [mm]

Fig. 3.15Helmholtz coils field map generated at 0.5 A and 60 Hz
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Its standard deviation is 6.972@m, which is higher than that along the main aziaXis) of
the coils setup. It was a result ofing shorter coil radius than the desired, and not meeting
Helmholtz condition. However, it was minimized by numerically modelling the actual fabricated
Helmholtz setup, and the actudicoil core sizes, which were then used as the reference in the
calibraton processThe normal component of the magnetic field to the enclaseaivas averaged
over the entire volume of the core to gkta, while the analytical field flanay) was evaluated at

the center of the setup.

Two H-coil sizes were made, and eackeshad a pair of coils for measurikigin thex andy
directions. The first set of coils had 220 turns wound on a 53 mm x 43 mm x 1.6 mm core, and the
second had 180 turns wound on a 30 mm x 30 mm x 1.4 mm core. The cores waiggnetic
and norconductve, while thediameter of theopper conductarfor bothB andH coils wasabout
0.2mm (AWG 34). The calibration results of the fodrcoils are tabulated ifable3.2, at 60 Hz
for the two sets of coils.

Table 3.2 Calibration of H-coils, at 60 Hz

(a) 220 turns; 53 mm x 43 mm % 1.6 mm core

I rms Hrea Hanaly. Hcoil1 Hcoil>

A ) (A/m) (Alm) (A/m) Keals Keal2
0.50 559 561 669 645 0.835623 0.867087
1.00 1,117 1,120 1,342 1,302 0.832902 0.858185
1.50 1,676 1,679 2,019 1,946 0.830238 0.860849
2.00 2,235 2,240 2,681 2,592 0.834024 0.861970
2.50 2,794 2,800 3,354 3,235 0.833039 0.863730
Average of the calibration constant 0.833165 0.862364

(b) 180 turns; 30 mmx 30 mm x 1.4 mm core

I rms Hrea Hanaly. Hcoilz Hcoils

) (AJm) (A/m) (A/m) (AJm) a3 Keare
0.50 550 552 601 588 0.914619 0.936076
1.00 1,102 1,106 1,207 1,203 0.912856 0.915856
1.50 1,656 1,662 1,838 1,825 0.901404 0.907440
2.00 2,213 2,221 2,467 2,439 0.898580 0.905441
2.50 2,765 2,775 3,092 3,062 0.895257 0.902109
Average of the calibration constant 0.904543 0.913384
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3.2.2 Size ofH-coils

The flux density distribution in a sample is usually fumiform. Hence, the area occupied by
H-coils shoutl influence the measured core losses. Therefore, the two sizes of the already
calibratedH-coils were used in the measurement of pulsatirrg @) and rotang (r = 1) core

losses. The coils are shownFiy. 3.16.

Fig. 3.16 Two H-coail sizes of 30 mm by 30 mm by 1.4 mm of 180 turns, and 53 mm by 44 mm |
1.6 mm of 220 turns

The smalleH-coil resulted in lgher core losses after 1.4 T, under both pulsating andngtati
magnetizatioras seen iffrig. 3.17. The highest differences with respect to the average of the two
core losses at both pulsating and rotating conditions:\8e8e€% at 1.85 T, and 6.2 % at 1.60 T,

respectively.

F F
7 | ====30 mm by 30 mm by 1.4 mm //
6 "t 53 mm by 44 mm by 1.6 mm /
5 /
e ;
é .‘.
E 4 r= 1 "“‘: '...'0
o 3 N i »
2 ~
..«/ r=0
1 ‘é:/
0
0 05 1 15 2

B, [T]
Fig. 3.17 Pulsating ( = 0) and rotating (r = 1) experimental core lossesat 60 Hz
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The smalletH-coils were in a more uniform region, and were exposed to lasgemponent
and airflux fields. The larger de averagedH overalarga measurement regiowhich wasmore
nonuniform, hence loweH. Furthermore, the sensitivitiNgAr) difference of the two coll sizes
wasabout 6%, which was also equal to the difference in their measurement area. However, the
near agreement of core losses from theaoil sizes is attributed to the airflux leakage field in
the measureH. This is related to thinickness of thenclosed area of thé-coils, which captured
more airflux fielded thamecessarymaking the losseindependent of the measurement area. The
largerH-coils had higher sensitivity, and less scatter, hence were selected for the setup.

3.2.3 Location of H-coils

Ideally, the measurdd should beheinaccessible sample field. The continuity of the tangential
fields inside the sample, and in @ieflux near the sample, allows the measurememaxjnetic
field H usingH-coils, as long as there are no surface currents along the intg@gfadéerefore,
H-coils $ould be very thin anglaced directly onto the sample surface. Howekeand/orB-
turns displace the effective area of tHecoils from the sample surfacehi§ area isalso
deliberately madtargerto inarease sensitivity. This result in tmelusion of more airflux leakage

field than necessary in the measureds illustrated irfrig. 3.18.

Hairflux ~ H-coil sensor ~ B-coil sensor

&:vA# N,

A

Hsample Hdemag

Fig. 3.18 The location ofH-coil with respect toB-coil and the sample, and the associated fiedd

Hence, the measurétlis the superposition of the airfluk4imiux) and thesamplg(Hsampig fields.
It will be shown that with increasing distance from the sample surface, the airflux fields approach
the applied field, which is an indicator of tdeninishing influence of theampledemagnetizing
field (Hdemag-

To investigate the airflux leakage field above the sample, five Hall sensots @8) were

positioned to measure the tangential componrgngbove the sample as shownFig. 3.19. H1
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was closest to the sample surface at aBdbitnm, and placed on top @&-coils. The distance
between the Hall sensor centres was about 8.0 mm for a total height of 34 mm. Pulsating
measurements whose sample effactsembedded on tikewaveforms were used, since rotational
magnetization results to more sinusoidafields at high flux densities, for nesriented samples.

Hz. H ®§ — ]
sample H4 ®
i H3 é Hall sensors
y H2
Hr :Hsensmts H m ___|

Fig. 3.19 Hall sensor locationsfor measuring the tangential component of the air fluxHx

The measured airflux leakage fields as a function of magnetic loading for the sinusoidally
wound tester with a 10 mm yoke depth are showrign3.20. A yoke depth ofil0 mm was used

to evaluate its impact in minimizing this leakage field.

Before saturation, the magnitude and the pishsie of the airflux field increases away from
the sample surface as showrrig. 3.20(a) and(b). This is caused by the opposing demagnetizing
fields of the sample on the applied field. Hence, H1 has more information about the magnetization
state of the sample. Further, away from the sample, the waveforms approach the airflux fields as
representa by H3 to H5, in addition to the weakening of the demagnetizing fields of the sample.

The need to locatid-coils as close as possible to the sample surface is verified.

500 1000f, x10°
—H3-H5 ﬁ R /f <

250 \\ 5 o 500 \\‘\ /
SN e AT N
250 ‘\\&%/ / 500 ‘\@ '/
\wj \3, kHs-HF
-500 -1000 3

RN
™

Hx, [A/m]
Hx, [A/m]

Hx, [A/m]

=P<—H1

0 0.005 0.01 0.015 0 0005  0.01 0.615 0 0.005 0.01 0.015
Time, [secs] Time, [secs] Time, [secs]
(@10T (b)1.5T (c)1.8T

Fig. 3.20 Measured airflux leakage field above the sample of the SWMRSST with a 10 mm
yoke depth, under pulsating magnetizationsat 60 Hz
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As the sample goes into saturat{oty - 1), the field decreases away from the sample surface
as shan in Fig. 3.20 (c). This case is similar to a magnetizer without a sample, where the field
concentrates in the mid part of the yoke depth. The trend is the same for all magnetizers, as long
as the yoke is thickehan the sample thickness.

The amplitudes and the fundamental phase angles of the airflux fields were used to extrapolate
the peak sample fielés and its phase angle at the sample surfaeed). The peak of thel-coil
field (Hc) was then interpolatedt 4.5 mm; the probable location éf-coils. The phasshifts
between the field waveforms and the sample field were then determined as

qfaf:fH-fs- (30)

These results are tabulated Table 3.3 and Table 3.4 for the amplitudes and phashuift

differences, respectively.

The lag in the Hall fields with distance from the sample surface as s€ehl@8.4, is because
of magnett fields propagating faster in the sample, which is highly permeable in comparison to

air. The propagatiofv) of an electromagnetic wave in a medium of relative permealsility[5]:

V=

C
o (31)

wherec (3 x 10° m/s) is the speed of light. Therefore,saspproaches that of air, the lag angle
tends to zero as shownTiable3.4 at 1.8T and2 T.

Table 3.3 Airflux magneticfields under pulsating measurementsat 60 Hz

z Tangential magnetic fieldsHx
(mm) 02T 05T 08T 09T 10T 12T 14T 15T 16T 18T 2T
Hs, (A/m) 0 31 32 54 82 84 142 325 560 996 2,534 5773

He, (A/m) 15 43 61 98 137 139 207 391 612 1019 2532 5715
H1, (A/m) 2.5 50 79 125 170 172 247 432 645 1,029 2524 5,664
H2, (A/m) 10.5 95 188 300 387 388 496 678 844 1154 2489 5328
H3, (A/m) 18.5 116 243 385 492 492 618 802 954 1222 2373 4871
H4, (A/m)  26.5 122 260 414 525 524 652 827 962 1,188 2,153 4,264
H5, (A/m) 345 114 248 394 501 503 619 782 898 1,090 1,895 3,671

Hs = extrapolated sample fielth. = extrapolatedd-coil field; H# = Hall sensor fieldsbmve the sample, where # = 1.5;
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Table 3.4 Phase differenceunder pulsating measurementsat 60 Hz

z Fundamental phaseshift difference,qd as= (L H-L s

® of (mm) 02T 05T 08T 09T 1.0T 12T 14T 15T 16T 18T 2T

Hs® 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Hc© 15 -3.26 -5.77 -4.99 -4.58 -3.60 -3.56 -284 -170 -1.00 -0.23 -0.03
H1° 2.5 -4.92 -9.59 -8.01 -7.51 -5.54 -5.84 -489 -2.88 -1.73 -0.37 -0.04
H2° 105 -16.97 -2457 -22.61 -19.82 -17.64 -1565 -1145 -7.32 -420 -0.95 -0.20
H3° 185 -19.54 -27.36 -25.04 -21.83 -19.78 -17.45 -13.07 -880 -522 -133 -0.34
H4° 265 -2099 -2841 -26.18 -22.78 -20.57 -1834 -13.89 -939 -579 -1.62 -0.44
H5° 345 -21.35 -2886 -26.71 -23.33 -21.15 -18.70 -1427 -9.82 -6.12 -1.77 -0.52

This lag reduces the loss angle betwkkeandB, sinceH leadsB; reducing the coréoss as

shown inFig. 3.21, where the core loss of H2 was lower byh2as compared to that of H1.

This analysis has shown that the airflux leakage field will influence the amplitude, shape and
phaseshift of themeasured, which depends in the location of thesensors from the sample
surface. In addition, the phashift error directly affects the loss angle betwd¢rand B
waveforms as shown ffig. 3.21, and contribugs to CWCCW core loss asymmetry. This requires

calibration with a different measurement meth&uch as thermometric or torquemetric

Alternatively, doubleH-coils [52], [65] can be used to extralpte the sample field and correct
the phaseshift, at the expense of increasing the cost of the setup, as additional simultaneously
sampled acquisition ports are needed. However, sidgbeils with relatively thick cores of
1.4mm to 1.6mm were usedince the prototype was not configured to hold douibleoils.

P, [Wikg]

B, [T]

Fig. 3.21 Pulsating core losses at different Hall sensor locations above the sample, ati0
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3.3 Comparison of Magnetizers in Core Loss Measurements

After determining the sizes BfandH-coils, pulsating and rotating core losses were determined
at 60 Hz using the three magnetizers, showrign3.22. The 80 mm deep yoke of the proposed
magnetizer increased tezeeomponent and airflux leakageagnetidields. Hence, it was reduced
to 10 mm to study its impact in minimizing the airflux leakage and-tteanponent fields, yielding

the third tester. Thecomponent will be analysed the next chapter.

-,

(a) HaRSST-200 mm sample (b) SW-IMRSST-90 mm (c) SW-IMRSST-90 mm
20 mm airgap-20 mm yoke sample-2 mm airgap-80 mm sample2 mm airgap-10 mm
depth, proposed in[45] yoke depth yoke depth

Fig. 3.22 Magnetizers used in the analysis of thecomponent and airflux leakage fields, and in
the comparison of pulsating and rotating core losses, at 60 Hz

The larger Halbach magnetizer was equipped Wtoils of 240 turns wound on 50 mm by

50mm by 1.6 mm formers, ari@tcoils of 180 mm length wrapped besidtsoils (sidewrapped)

on a 200 mm diameter M19G29 sample. A 90 mm diameter M19G29 sample derived from the

same parent material as the 200 mm sample was tested using the two compactensgitsit
coils were centethreaded and 60 mm long, while tHecoils had 220 turns wound on 53 mm by

44 mm by 1.6 mm formers. Therefore, any difference in the measured core losses can be attributed

to the magnetizer design and airflux leakage field essult of thed-coil sizes and location.

There is good agreement in the measured core losses of the two compact magnetizers as shown

in Fig. 3.23, which shows the independence of the results on the yoke deptivelo the larger
HaRSST magnetizer results are lower than those of the compact magnetizers bé&ldy 8%

for pulsatingat 0.5 T, and by 9 % faotatingat 0.6 T. Above 1.0 T, they are slightly higher by
4 % for pulsatingat 1.2 T, and 3 % faotatingat 1.3 T.
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al —e— HaRSST ) 4| —®—HaRrssT
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(a) Pulsating ¢ = 0) core losses at 60 Hz (b) Rotating (r = 1) core losses at 60 Hz

Fig. 3.23 Measured core lossessing thethree magnetizers

The larger airgap, diametrical size and moderaike depthof the HaRSST, led to higher
reluctance, which reduced the airflux leakage field in the meastirad most of the flux was
channelled through its sample. Besides thal-it®ils were mounted on top of the sample, unlike
in the compact teste, where they were on top thie B-coils. As a result, it had lower core losses
below 1.0 T, as well as lower measuk¢dhan the compact magnetizers as confirmed bythe
loci at 0.6 T inFig. 3.24 (a).
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T s TRt 10mm-SW-IMRSST
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-60 -40 -20 0 20 40 60 -500 0 500
Hx, [A/m] Hx, [A/m]
(@ 06T (b)1.4T

Fig. 3.24 Counter-clockwiseH-loci under rotating fields, at 60 Hz

Above 1.0 T, the sample goes to higher flux densities, which recuhggherapplied field
especially for te larger HaRSSTThis explains the highét (hence higher core loss) of the larger
HaRSST, as compared to the compact testéfg)ir8.24 (b), since the airflux field is highefhe
influence of the airflux field, which is mosenusoidaljs alsoseen inFig. 3.24 (b), where theH-

loci of the compact magnetizers anerecircular.
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In the analysed compact setups,dbeter of the enclosed area of Hreoilswas about 1.5 mm
above the ample, which is close to H1 at 1.2 mm. For the HaRSST, it was about 0.8 mm.
Therefore, theH-loci of the latter had more sample information embedded in the measured
waveforms as shown ifkig. 3.24 (b). The locabn of H-sensors from the sample surface is
therefore important, as it determines the amount of airflux leakagerf@idied in the measured

magnetic fieldH, and its content in terms of sample information.

3.4 Conclusion

TheB andH sensor locations andzeis were determined, and their implications on the measured
core losses were discussed. Cettieeaded-coils were preferred, althou@hholes increase nen
uniformity and H-noise. Magnetic degradatiocaused byB-holes should be mitigated by
annealing, Wich will increase the time and ¢ax testing. Averaging the flux densivyer longer
| e n g t40 snm)( Was recommended to minimize this effect on the measured core loss.
Moreover, the loss component due to magnetic deterioration was shown to aHtog cuire
losses more than pulsating core losses. A voltage harmonic distortion technique of analysing
magnetic degradatiotiueto B-holes was discussed. It is simple and cost effective, compared to

microstructure imaging.

The use of a Helmholtz coilstsg in calibratingH-coils was described in detail. Thise of
Hall sensors iocal magnetic field measuremenssipplemented the numerical analysis of the

magnetizers, and it is a cost effective alternative to magnetic imaging.

The airflux leakage fieldibove the sample was shown to influence the shape, magnitude and
phase of the measured field, which contributes to loss angle error b&waedH, and CWCCW
core loss asymmetry. This field is dependent on the magnetizer design, and it affects compact
magnetizers more than larger ones. Its influence on the accuracy of the méhaunckdore losses
was shown to depend on the displacement ofHkmils relative to the sample surface, and
magnetizer diametrical size. Furthermore, for compact magnetizemsgthsured core losses were
independent of thel-coil size (sample area occupied Hycoil) andthe yoke depthbecause of
the relatively thickH-coil core(1.47 1.6 mm). The zcomponent magnetic field is analysed next.
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Chapter 4. Mitigation of the Magnetic Field Z-component

The proposed sinusoidally woumdtational tester achieved very high flux density &f, At
60 Hz, due to a combination of sinusoidal distribution of the MFeduction inits diametrical
size and a deep yokeg], [43], [60], [66]. However, these measuriesreasdhe volumetric region

under 3D fields. Furthermore,lie sample has higher permeability than the surrogralimand it

is also thin relative to the yoke depth. Hence, the flux will concentrate into it from the thicker yoke

All these factors will contribute to trecomponent of thenagnetidield (H), whichis highest at
the sample edges, and falls to zatathe center of the sampl€herefore H; is a function of

magnetic loading and magnetizer design parameters.

This component makes the resultant airflux field (from witdls determined) notangential
in the measurement region. As a result, the fieldmetethod should include tlzoss as:

o

f a dB dB dB, §
P=— —*+H,—Y+H,—zdit.
r r? dt Y odt ©odt §j (32)

It is difficult to measure the-components oa single sheet electrical stedth athicknessof
less thanl mm. Hence, it is usually neglecteHowever, 3D testers used to characterigeft
magnetic compositef38], [41], [42], [67], can be used to investigate tkeomponents in
laminated electrical steelandthe impact ofnegating thez-loss in 2D fieldmetric core loss

measurements.

From the numerical results &ig. 4.1, H; in the sample can be assunmo (justifying the
negation of the-loss) but it is significant in the aiegion where thél-sensors are placed. THe

plots were determined on the sampleboundary along the magnetization direction, wiiyies

maximum. Towards the sample eddesis very high; even greater than the tangential components

especially at lowllux densitiedess tharl.0T. Therefore, the-component negation error affects

compact magnetizers more than larger ones.

From these numerical plots, we can conclude that only tangerdgieticfields exists inside

the samplewithin the measuremerggion As a result, the tangential measured field is not equal

to the sample field, since the applied figitk) is the same dioththe coil and sample locations,

as:
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Ha = fcoiI(HcX’Hcy’Hz): fsample(HsX’Hsy)- (33)

H; therefore contributes téd measurement errors that do ndfeet the torquemetric and

thermometric methods.

3000 "'- ....... H_-air 1
2000 - "'... —— H,-sample | |
E 1000~ '.,-.“... ,
$ 0 ML =
N vn......
T 1000 4
Hz-sample ‘o,
-2000 / *, y
Hz-air s,
-3000 - ' 1
-40 -20 0 20 40

Measurement length, [mm]

Fig. 4.1 Numerical H; at the boundary of the sample and the air, at 0.54 T and 60 Hz, under
rotating flux, for the unshielded SWAIMRSST

The magnetic field-component may also contribute to @@CW core loss asymmetry under
rotational magnetizatiof68]. This is significant towards saturation where the phase shift (loss
angle) betweei andH, goes to zerolherefore, ay unaccouted z-loss will contribute to this
asymmetry.

The suppression dfl; using opposing fieldsunder rotational magnetization is challenging.
Electromagnetic shielding is therefore a practical option that mininkizegs well as improves
the homogeneity of thfield[69], [70], [71]. The shields are of the same material, orientation and

diameter as the sample and placed at a disthfroen the sample as shownHkig. 4.2.

Shields Sample

Fig. 4.2 Location of the shields, sample anéi-coils

Skin effect, which is dependent on permeabilifygnd electrical conductivitylf of the shield,

minimizes the effective yoke depth seen by the sample. At low frequencies, the shields permeate
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the field above and below the sample, whereas at high frequencies the skifs@sptfiven in

equation(34) attenuates the field.

ds:m- (34)

The resultis a reduction of the field from the end sections of the y@dricingH,. Shielding also
increases the flux leakage at the sample and shield etg#dsewoke that is dependent on the

shield distance.

Shielding was proposed 9], to improve homogeneity in a square tester; minimizatid,of
was a secondary effect, which was further reduced by use of chamfered polespatteonH;
was not explicitly presented, and thé>2analysis used may overestimate the effectiveness of
shielding; particularly if a static solver was used without considering-edatgnts. If70], 3-D
numerical analysiaccounting for eddgurrents was used to determine an optimal shield distance
of 9 mm. Similarly, the effect oi, was not explicitly presented. In these two cases, the
effectiveness of the shield distance was not evaluated for the entire flux dengéy man the

explicit effect onH; presented.

Magnetic interactioralso contributes significantly toH; as was experimentally validated in
[71], where two grairoriented samples were analysed at a separation distance ah®.15
ConsequentlyH; increases with reducing shield distance. This interaction togetherHyith

contributes to CACCW core loss asymmetry, according a].

This chapter will show numerically and validate experimentally, that tamalshield distance,
at a given flux density, does not mitigate evenly for the entire flux density range. Therefore,
shield distances of ®m to 10mm and 18nm to 22mm are effective at lowB<1.0T) and
higher 8>1.0T) flux densities, respeci@y. The impact of shielding on the tangential
components is also numerically investigatesl,weell as thedependency oH; on magnetizer
diametrical size and yoke depth. Finally, magnetic properties and interaction of the sample and
shields are shown teeduce the effectiveness of shielding in deep saturation at 2 T and 60 Hz,
supporting the findings ifv1].
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4.1 Numerical Analysis Methodology

Threedimensional FEA and local magnetic field measurements were used to analysesthe thre
magnetizers shown iRig. 3.22. They are thdargerHalbach tester with a 200 mm sample, the
proposed sinusoidally wound tester with a 90 mm sample, whose yoke depth was reduced from 80
mm to 10 mm, yielding théhird magnetizer. Hence, waspossible to investigate the impact of

the diametrical size and yoke depthtbn

In numerical modelling, the mesh design as described in s@clisrmsadapted for the shields.
Anisotropic contibutions toH; were negated by assigning isotropiti curvesto magnetic parts.
Moreover, B-holes were not included in numerical analysis. These assumptions rasu#ted
difference in numerical and experimental results. Numerical analysis was donearbitray
magnetization direction aligned with theaxis, as shownn Fig. 2.3. The figureshows the
measurement line df; aligned with the magnetization direction, whétewas obtained on the
sample surface. de that the pealis in the direction of magnetization that lies in #agplane,

and it decreases away from it.

4.2 Numerical Analysis of the Magnetic FieldZ-component

Deep yokes will result to very higH; as shown inFig. 4.3 for the four modelghat were
analysed inChapter 2 The models ara squaretester,12 pole Halbach tester with a 180n
sample conventionally and sinusoidally wound testefith a 105 mm saple. An 80 mm yoke

depthand 10 A phase currentas assumed for all the models.
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Fig. 4.3 Numerical H; of the four models, at 10 A and 60 Hz
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FromFig. 4.3, the squag tester has the highest, irrespective of its chamfered poles owing to
its small size which magnified the impact of the yoke depth. The differende between the
conventionally and sinusoidally wound tester, is that the former generated a highgulana
MMF (seeFig. 2.9 (a)) in this particular magnetization direction, hence hidtheBut itsH; is
still lower than that of the square tester. The Halbach tester had théljeasing to its large
sample sie, as well as higher reluctance because of thepknings in the poles, which lowered

the field seen by the sample, as welHas

These numerical results show a reductiorHinin the measurement region with increasing
diametrical size of the magnetiz They also show the need to select the yoke depth based on the
magnetizer size, in the mitigation bit. Therefore, the impact of the yoke depthtnfor the

proposed sinusoidally wound tester with 24 slots, 90 mm sample was explored further.

As shownin Fig. 4.4, decreasing the yoke depth minimizég whichmotivated the reduction

of the yoke depth of the proposed magnetimen 80 mm tal0 mm
2000 “ \ Increasing‘E —— . S mm r-
yoke 10 mm
/ depth ;g mm
mm
1000 '\

| N
-2000 - o \‘\\\
1D

80 mm
-40 -20 0 20 40
Measurement length, [mm]

Hz, [A/m]
o

Fig. 4.4 The impact of the yoke depth on numericaH,, at 10 A and 60 Hz

The next suksections examines the impact of the shield distancelmand shielding on

tangential fields of the proposed magnetizer with am80yoke depth.

4.2.1 Shielding Distance

The shield distancel shownin Fig. 4.2 was varied. The analysis was done at®&hd 10A.

Hence, the effectiveness of a given shield distance at both low and high flux densities was
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analysed. A number of shield distances were analysed; buttwal/¢ases of 2f5m, 9mm and

18 mm are presentedwing to their practicality and effectiveness. The & shield distance
was determined based on sandwichitigoils between the shields and the sample. TimerGand

18 mm cases were more effective inmmizing H; at different magnetic loadings. Therefore, the
number of cases used to discuss the numerical results are basedemitld distances, with

reference to the unshielded sinusoidally wound tester wi0Dammdeep yoke.

A. Low flux densities

At lower excitations of 0.2 (~0.33T), H; was higher thatdy towards the outlying areas of
the measurement region. For exampeg. 4.5 (a) shows the plot oHy for the 2.5mm case
(Hyd=2.5mm), whoseH; was higher.This was similarly reflected in the unshielded, &% and
18 mm cases. At low flux densities, shielding at too clake 2.5mm) or too far ¢ = 18 mm)

from the sample was not effective as moderate spacings of aranmg @hich agreed wit[r0].

H ! i - g H . g ;
P L \ = unshielded | 2000 =3 unshielded |
e b \ ===-d=25mm P
100 :: ‘~;‘ \_\ ....... d=9mm || s =Z.omMm
L "‘,m l -----a: 18 mm 1000 B INC N T d=9mm
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g AT w— <0 .
. ) \ B - ‘q%,_ .
I 50 d=9mm \‘\ * T ..‘ ».,‘..:\‘
togl. | Mepsm 9225 mr” "\:\ -1000 N,
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R w9 -2000 ‘?\ kY
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1 PR 1 1
40 20 0 20 40 30 20 -10 0 10 20 30
Measurement length, [mm] Measurement length, [mm]
(a)ImX:Imy=O.45A,B=~0.33T (b) lmx=Imy=13A,B=~2T

Fig. 4.5 Numerical H; at different shield distances, at 64z

B. High flux densities

The effect of the shield desnce,d onH; at very high flux densities of about 2 T is seeFRim
4.5 (b). The choice ofl is important, as it may even exacerbate the problem if the shield is closer
to the sampleas illustrated byhe 2.5mm caseThis iscaused by seduction of the magnetic path
length ofH; between the shields and the samplkich redu@sthereluctance in the-direction,
resulting in the& magnetic interaction. This interaction excludes anisotropic effects, sinagisot

B-H curves were assumed for numerical analysis. As the shield distance increased té19 mm,
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decreased significantly compared to the unshielded c&3g.#.5 (b). Further increase thto 18
mm reducedH,, but beyond it, the decrease weadassignificant,andit approached the unshielded

case.

The differences in the effectiveness of a given shield distance can be elaborated further by using
Fig. 4.6, at both low ad high flux densities. It shows the distributionHfon a half section with

of the model with a8 mm shield distance.

e ?777’7” -
(a) Hz distribution in A/m at low flux density of  (b) H, distribution in A/m at high flux density
0.35 T;lmxmy= 045A 0f 1.98 T; Imxmy= 13 A

Fig. 4.6 Half sectionnumerical distribution of H,, at 60 Hz

At low flux densities, the permeability of the sample is higher thahofair. Hence, most of
the flux will concentrate ito the sample and shields as shown byHkReectors inFig. 4.6 (a),
resulting in very highH; in the regions close to the yoke. That is vidywas more dominant in
the unshielded case than in the rest of the csiges there was no sharing of the field. He

distribution of the unshielded case is similathtat ofFig. 4.6 (a), above the shield.

Shields reduce the yoke depth by sharing it (hence the field) with thdesdinig lowers the
regions under the influence B, as shown irFig. 4.6 (a) between the sample and the shield, as
compared to that above the shield. Reducing the shield distance, reduces both the volume of the
regions under the influence if, and the reluctance between the shields and the sample. The latter
results to magnetic interaction, which is more dominant than the yoke depth in contribititing to
for lower shield distances of less thamfh. This wasvalidated by the 2.5 mm casehig. 4.5 (a)
and (b), which had the higheldt. For that reason, smaller shield distances of less than 9 mm
should be avoided, though they improve homogeneity of the tangential camgpandow flux

densities, as discussed in the nextsettion.

At high flux densities, the permeability of the sample tends to that of air. Therefore, the field
becomes more tangential as indicated byHhe=ctors inFig. 4.6 (b), which significantly reduces
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the regions under the influencetéf as shown irFig. 4.6 (b) in comparison tdig. 4.6 (a). The

effect of reducing the shiid distance is similar to that under low flux densities.

Thereforean effective shield distance is a balance between minimizing the effective yoke depth
seen by the sample, and magnetic interaction. Larger shield distances may be preferred since they
not only reduce magnetic interaction of the shields and sample, but the sample can reach higher

magnetic loadings. The shortcoming of larger spacings is that their effectiveness is mostly at higher

magnetic loadings.

C. Impact of shielding on tangential componé&n
The tangential components used to generate the numerical regtitis4¥ andFig. 4.8 were
Hy andBy. The measurement lines traversed the sample diameter and igyeed &lith thex-axis,
and were normal to the magnetization directpaXis). The plots are from the center of the sample

to its edge, whose flatness is a rough indicator of uniformity.

At low flux densities, the uniformity of botkly and By improved with decreasing shield
distance, as seen kig. 4.7 (a) andFig. 4.8 (a). The counter holds for higher magnetic loadings,
as seen ifrig. 4.7 (b) andFig. 4.8 (b). This shows that shielding at the optimum distanceswih9
and 18mm minimizesH;, and improves homogeneity fihux densiteslessthan, and greater than
1.0T, respectively. Howewe lower shield distances of less than 9 mm are more effective in

improving homogeneity, at lower flux densities as represented by the 2.5 mm E&gelini (a)

andFig. 4.8 (a).
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Fig. 4.7 Instantaneous numericalHy, at different shield distances, at 60 Hz
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Fig. 4.8 Instantaneous numericalBy at different shield distancesat 60 Hz

The impact of the magnetizer diametrical size and yoke deptd;avas alluded to at the
beginning of sectiod.2 The availability of the thremagnetizer prototypes allowed the

investigation of these two parameters.

4.2.2 Impact of Magnetizer Size and Yoke Depth oi;

The effect of the diametrical size and the yoke depthitigatingH- is analysed, and compared
with shielding, where 81m and 18nm shield distanceare considered fdtux density kss than,
and greater tha.0OT, respectively. The curves of the unshielded-B¥RSST with a 10 mm
yoke depth are representegtheunshld-10mm while those of the shielded and unshielded SW
IMRSSTSs with a yoke depth of 80 mm, are representedbhyor 1smnshld-80 mmandunshld-
80mm respectively. Tbse of the larger@lpoleHalbach tester with a 200 mm sampaee labelled
as HaRSST200mm The results are with reference to the unshielded sinusoidally wound tester

with an 80 mm yoke depth.

A. Low flux densities

The larger HaRSST magnetizer had the leestomponent as shown Fig. 4.9 (a). Its larger
200 mm sample, 10 mm airgap and moderate yoke depth of 20 mm, significantly increased its
reluctance. Consequently, ks is very low in the measurement region (less théf) 2Shielding
at moderate spacings of 9 mafrshld-80mn) is similarly effective in the measurement region
at low flux density of 0.5 T, as shown in the same figure. The unshieldetMRSST with a

yoke depth of 10 mnugfshld-10 mm) was expected to significantly mitigatie to the same levels
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as the shielded cases,tlas seen irFig. 4.9 (a), its reduction is not as significant. This was
attributed to its small diametrical size.
B. High flux densities

At higher flux densities, the numerical resultsHag. 4.9 (b) show that the larger magnetizer

was still effective, followed by minimizing the yoke depth ahilsling at a spacing of 18 mm.
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Fig. 4.9 Impact of diametrical size and yoke depth on americal H, at 60 Hz

4.3 Experimental Analysis of the Magnetic FieldZ-component
Local magnetic field measurements of th& component were done under ratati
magnetisatiorat 60 H using the EQ¥30L® Hall sensor§63]. The sensors were attached on the
sample as shown fig. 4.10, to measuréhe H, component.
H.= Hepsors
Hall sensors sample

H, | |
H, H5 H4 H3 H2 HI

Fig. 4.10 Location of Hall sensors for measuringH,

Shielding distances of 10 mm and 22.5 mm were considered for the sinusoidally wound tester
with an 80 mm yoke depth, based on the availability of spacers. One side shield was used since
the setup was not designed to accomatedhe lower shield. Additionallyy-coils could not be
positioned on the shielded side. As a result, core losses could not be analysed as a function of

shield distance. However, the tangential fidlj)(was measured usingHcoil placed on the
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unshieled sideThe shield was 0.71 mm thick, and of the same material, diameter and orientation
as the M19G29 nenriented sampleThe experimental results dfi, were determined from the

peak of the Hall sensors for one cycle, derived from the average of Glescy

The Hall sensors were omgmensional and were uncompensated for off the plane fields, which
are tangential and higher thefields, especially at high flux densities, &,y > H.. Hence, there
was need to estimate the effect of these fieldsttmy with noiseThe results of these tests are

shown inFig.4.11at0.5 T, 1.5 T and 2.0 T, measured on the unshielded sinusoidally wound tester
with a yoke depth of 80 mm.
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Fig. 4.11 Induced H; by stray fields at 0.5 T, 1.5 Tand 2.0 T, at 60 Hz
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Fig. 4.12 Experimental H,, at 60 Hz

The curves do no go to zero because of the effatieastray fields. Comparirigig. 4.11 with
Fig. 4.12 (a) and (b) at 0.5 and 1.5T, show that the stray fields are neglectable. At 2.0 T, the
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stray fields are significariiut they will not affect the discussion of the results, since the analysis

is comparative and they will shift the plots with the same margin.

The measureH; of thefive analysed cases are showrkig. 4.12, whee diomnrshid80mmand
d22.smmshld-80mm represents shielding at ifim and 22.5nm shield distances of the sinusoidally
wound tester with an 80 mm yoke depth. The results at h¥ig. 4.12 (a) validate the nunmal
results at low flux densities=(g. 4.5 (a) andFig. 4.9 (a)) where thdarger HaRSST magnetizer
and a shield distance of 10 mm effectively minimikrdfollowed bythe 22.5mm case. However,
a yoke depth of 10 mmufshld-10 mn) was not as effective. This is similarly attributed to its

small diametrical size in relation to the larger HaRSST.

At 1.5 T inFig. 4.12(b), the lager diametrical size and shielding at 22.5 mm agreed with
numerical results ofig. 4.5 (b) andFig. 4.9 (b) at around 4, whereas th&0 mm case qiomnr
shld80mn) had hidner H; than the unshielded reference case. This shows that magnetic
contributions can even exceed those of the magnetizer design for shaltiag than 10nm,
which resulted ira difference witmumerical results. Reducing the yoke depthsfld-10 mmn)

was still not as effective as expected., a30 % reductionn H..

Hence, for the unshielded magnetizers, a ladgemetrical size will mitigatél; at the expense
of sample magnetic loading. Moreover, for compact magne(gansple diamete® 100 mm an d

ai r g amns),thérH2and airflux leakage fields are independent of the yoke depth.

In deep saturation (2 at 60 H2 shown inFig. 4.12(c), the effectiveness of shielding at
22.5mm and reducinghe yoke depthwere diminished to 27 % and 4 %, respectively. This is
attributed to magnetization press,and themagneticinteraction of the sample and shields. They
contribute significantly té, as the material goes into higher flux density, suchftirahe 10 mm
case, itH; increases steeply after 20 mm to very high values. The results of the larger HaRSST
are not shown ifrig. 4.12 (c), as it was limited t@about 1.4 1.5T, at 60 Hz.

4.4 Contribution of Mag netic Properties to the Magnetic FieldZ-component

The contribution of sample magnetic propertiesitavas analysed using the larger HaRSST
since it was least affected Ibfz. Three Hall sensors are used to show the results for clarity. As
seen inFig. 4.13 (a) to (c), the magnitude dfi; increases with increasing flux density and

tangential fields. Below 1.0 T, the results agreed with numerical analysis, i.e., the outer most
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regions towards the sample edges haghdriH,. These regions were also at higher magnetic
loadings than the interior of the sample. At 1.5 T,Hhevaveforms became nesinusoidal and

approached the same magnitude, as seEigid.13(c).
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Fig. 4.13 Experimental H; of the 200 mm sample HaRSST magnetizeat 60 Hz

The increase in the magnitude lgf in the inner regions of the sample at higher magnetic
loadings correggnded to a more homogeneous distributiothef flux densityin the sampleAt
these densities, the material can be said to induce it$de@a@mponent in addition to that arising
from the magnetizer design. This can also explain the reasoHlyitgreasd towards the sample
edges which are at a higher flux density than the interior. Therefore, at saturatidt the
component due to magnetic properties and interaction of the sample and the shield become
dominant, which explains the diminished effectivenafsshielding and yoke depth at 2 T and
60 Hz.

The numeical results are summarised Table 4.1, whereHzmax is the maximum ofH; on a
40 mm measurement linepH is evaluated with respect to the unshielded sinusoidally wound
tester, with an 80 mm yoke depty andBy were averaged over a 60 mm measurement line. The
measurement lines for all these cases were centred with respect to the diameter of the sample, to
exclude the bias from the sample edges. Uniformélys dev (Hy) was calculated from
equation(20) as the absolute deviation ldf from the average value. The experimental results are

similarly summarised i able4.2.

Shielding at 9 mmeducedH; to the same levels as the larger HaRSST b%9&hich was
validated experimentally as 88, for a shield distance of Xm, at 0.5 T. At high flux densities,
shielding at 18 mm reducdd, by 71 %, which was validated experimentally as%,2by a

22.5mm shield distance at 115 Magnetic contributions redud¢he effectiveness of shielding
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after 1.5T. For example, the magnetic interaction of the shield and sample inctédse&8%
for a shield distance of 1@m. Finally, theH, component is mre dominanthan the tangential

componenty atflux densitiedess than 1.0, as indicated by their ratios Fable4.2.

Table 4.1 Summary of numericalH,, at 60 Hz

() Imemy= 0.45A, B= 0.33 T *dy #2rs Hzmax pH Hy *abs_de(Hy) By
(mm) (mm) (A/m) (%) (A/m) (A/m) M
SW-IMRSST Unshielded 80 90 958 - 51 1.47 0.54
d=2.5mm 80 90 92 -90 15 0.17 0.16
d=9 mm 80 90 18 -98 25 0.15 0.26
d=18 mm 80 90 172 -82 34 1.13 0.35
SW-IMRSST Unshielded 10 90 161 -83 33 1.37 0.35
HaRSST Unshielded 20 200 18 -98 17 0.06 0.18
*a #2rs H z-max H H *abs de B
O) Tmm= 134, B=2T o) o6 Gy
SW-IMRSST Unshielded 80 90 1,230 - 29,871 188.06 2.00
d=2.5mm 80 90 1,839 +50 25501 269.27 1.96
d=9mm 80 90 663 -46 27,352 169.55 1.97
d=18 mm 80 90 354 -71 28,401 65.29 1.98
SW-IMRSST Unshielded 10 90 148 -88 28,367 18.63 1.98
HaRSST Unshielded 20 200 18 -99 103 0.45 0.97
*dy = yoke depth#2rs = Sample diametefabs_de(Hy) calculated from equatiof20)
Table 4.2 Summary of experimentalH_, at 60 Hz
*a #r Hzmax H H
Byy=05T mm mm ( A/ryn) Hzmax / Hy g’/o)
SW-IMRSST  Unshielded 80 90 458 110 4.16 -
d=10 mm 80 90 78 120 0.65 -83
d=22.5mm 80 90 176 96 1.83 -62
SW-IMRSST  Unshielded 10 90 357 96 3.72 -22
HaRSST Unshielded 20 200 63 116 0.54 -86
* #2r Hzmax, H H
Bx,y =10T (mdr:]) (mrri) (A/m) (A/é]) Hzmax/ Hy 2;))
SW-IMRSST  Unshielded 80 90 1,021 229 4.46 -
d=10 mm 80 90 156 263 0.59 -85
d=22.5mm 80 90 350 238 1.47 -66
SW-IMRSST  Unshielded 10 90 566 182 3.85 -31
HaRSST Unshielded 20 200 102 241 0.42 -90
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* #2rs H
Biy=15T (m‘:]yq) (mm) ( Az/mma)x ( A%) Hamax / Hy ?&)’;ﬂ
SW-IMRSST  Unshielded 80 90 998 1,619 0.62 -
d=10 mm 80 90 1,579 2,241 0.70 +58
d=225mm 80 90 276 1,910 0.14 72
SW-IMRSST  Unshielded 10 90 701 1,866 0.03 -12
HaRSST Unshielded 20 200 245 2,602 0.09 -75
* #2rs H zmax
Buy=20T (mcrj]{]) mm) ( A/x‘) ( A'jr;) Hzmax / Hy ?;)')d
SW-IMRSST  Unshielded 80 90 818 38,676 0.03 -
d=10 mm 80 90 851 39,339 0.02 +4
d=225mm 80 90 554 39,430 0.02 -32
SW-IMRSST  Unshielded 10 90 720 45,656 0.03 -12

HaRSST Unshielded 20 200 - - - -
*dy = yoke depth¥2rs = Sample diameter

45 Conclusion

A diametrically large magnetizer is the only way to significantly redtiest the expense of
the attainable flux density. Shielding is a balance betweducing the effective yoke depth seen
by the sample, and minimizing the magnetic interaction of the shields and the sample, which
increase H,. Therefore, shielding at 18m to 22.5mm is recommended, although for a
measurement range of less than T,.Ghielding at 9nm to 10mm is as effective as larger
magnetizers. Beyond 11 using a shielding distance of less thami increasesl; because of

magnetic interaction, which surpassestkheontribution from a deep yoke and compact size.

Magnetic cotributions toH; were shown to increase with decreasing shielding distances, and
increasing magnetic loading of the sample. Additionally, unshielded compact magnetizers are
inherently predisposed to highkk components, irrespective of their yoke depthiserefore,
mitigating H; by reducing the yoke depth in compact magnetizers is not effective (ab&waB0
1.0T at 60 H3 in unshielded compact magnetizers with sample diameters of less them,00

and 2mm airgap.

The complications of holding the shisldmultiple effective shielding distances and the
associated cost, @nibited the shielding of the proposed setup, whose performance is assessed

next.
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Chapter 5. Core Loss Measurement Analysis

In this chapter, the flux density and frequency core loss measureangasrare assessed using
0.35 mmO0.65mm thick nonoriented electrical steedlamples. First, its shown that rotational
measurements are invaluable in the desigmgitspeedmachines, where the difference between
rotational and pulsating core lossesigher. Secong, the ability of the proposed magnetizer to
reproduce numericaonsinusoidaWwaveformdor flux densities equal or less tha® T, without
any waveform controls demonstrated. Lastly, the magnetizer linsitediscussed.

In Chapter 3andChapter 4the airflux leakage and tlrecomponent fields were shown to be
independent of the yoke depibr the proposed sinusoidally wound testéowever, thelO mm
yoke depth had slightly lower Hz, while the 80mm yoke depth reduces the yolkex density
operatingpoint; hence yoke effect¥hese two magnetizers relativélgve the sameerformance,
asvalidatedn Fig. 3.23for both pulsating and rotational measurements, ai6Gubsequent core
losses were measured using the proposed sinusoidally wound tester witimayidke depth, as
it was already assembled in the core loss measurement test Beant H-coils sizes were
detemined inChapter 3resulting in 10 turn centéhreaded-coils, whose length is Gdm. The
selectedH-coils had 220 turns wound on a 53 mm x 43 mm x 1.6mammagneticcore, and

were calibrated using Helmhwlcoils, as described in secti8rR.1

The magnetizer can generate a rotating, elliptical or pulsating flux by controlling the magnitude
(Vxy) and phasegh ) of the input voltageto its two phaseas:

v, =V, sin(ut)

v, =V, cofut - q) (35)

<\C o

This indirectly controls the current, hence the magnetic fi¢ld,

The associatedoltagesignals aregeneratedn a Simulink® model that is then built into C
code and loaded in@dSPACE® DSP platfornfpr usein reattime control ofthe B-locus. The
dSPACE® signals are then converted into power voltage signdlebgpltage controlledinear
power amplifiers. The induced voltagesthe B andH-coil sensors are then acquired using four
simultaneously sampled ADCs, after which thedamentaflux densitytangenial components

and their phases are computedeattime,and used by the operator to control Bacus.TheB
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andH-coils induced voltage signals are ttsatvegdand used in the pegrocessing of theore bss
per cycle.The schematic of the measurement setup is showigirb.1, asimplemented irFig.

5.2.

SW-IMRSST

Power Amplifier >
(Phase x) / %%i!fi’ »
[ & o\
. ) [ e v
E dSPACE® | oo oo
= -
1 Power Amplifier ‘,‘?F i B‘)\;
Host PC (Phase y)

€Hx| €Hy| €Bx| €By
4 4 4

Fig. 5.1 Schematic of the rotational core loss measurement system

Sample temperature

. FE G @ Cis
- dSPACE® rcadou{ —

SW-IMRSST
magnelizer

Power

= | Amplifiers

' Control GUI a \ S

Fig. 5.2 The developed rotational core loss measurement test bench at Concordia University
power engineering laboratory

5.1 Measurement Methodology

The core losses were measured under pulsatm@); elliptical (0<r < 1), and rotatingr(= 1)
sinusoidal magnetizations, at B2, 400Hz and 1kHz. The samples are insulated M19G29 and
M19G24non-oriented electrical steelsoreover, norsinusoidal measurements were done for the

M19G29 sample at 60z for seletflux densityvalues, to evaluate the magnetizer performance.

The following procedure, which was partly adapted from ASTM standagjsnd[73], was
followed for core loss measurementgach frequency, for a given aspeatio (r):

I.  The sample gauge and density were determined from several sample thickness and mass

measurements.
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Chapter5. Core Loss Measurement Analysis

ii.  The sample was prepared by locating BReand By-coils and ensuring equal number of
turns (10 turns) for bothods.

iii.  HxandHy-coils were attached to fixtusesuch that the sampleas sandwiched between
them in a samplesensor assembly thaduld be rotated with respect to the magnetizer.

iv.  The sample was then placed in the fixture, and the rolling diremagaligned with thex-
axis of the magnetizer field. At this point, tkendy sensors were assumed orthogonal
with respect to each other.

v. The sensors leads were then connected to the ADC ports, and the magnetizing circuit
checked for continuity.

vi.  The magnetizewasthenenergized to very low current values to ascertain the phases of
the sensor signals.

vii.  The coupling betweeBy and By was minimized by energizing only one phase of the
magnetizer, and rotating the samptnsor assembly until the unexcited compohemre
as minimum as possible.

viii.  The sample was then demagnetized by incred3iagthe highest achievabsampleflux
density(depend on frequency and sample thickness) for the desired asgextand then
decreasdto zero.

ix.  Core losses were then measistarting from 0.T to the highest value in steps of 0.1
After each stepB was reduced to zero, and then incremented to theBnheadue.
X.  Foraspectratio greater than zer€W and CCW rotational core losses were measured, and

averaged to get thental core loss. Temperature was also monitored.

The parameters of the two samples are givarabie5.1, whose results at different frequencies

are presented next.

Table 5.1 Parameta's of the two nonoriented electrical steels

Sample  Thickness (mm) Mass (g)  Volume (mm®  Density (kg/nv)
M19G29 0.35 17.29 2162 7998
M19G24 0.65 31.27 4133 7566

5.2 Core Losses under Sinusoidal Excitation

The measurements were doioe aspectratios of 0 © 1.0 in steps of 0.2t thethreetest

frequencies.
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The 60Hz resultsshown inFig. 5.3 for the two samples are very similandtheir pulsating
core lossesr(= 0) increases exponentially wigh For rotationatore lossesr(> 0), the losplots
start to decrease at very high flux densifre&.5 T), but the drop is more pronounced éspect

ratiosO  0Theloss gesto aminimum for rotating fluxr = 1).

Gﬁ
— = — =
5+ ====r=0.2 ===-r=0.2
_ 15+ '
—r=04 —r=04
= 4| mmmmunn r=0.6 = | r=0.6
g =08 i~ - =0.8
S || e S 10+ -
23 r=1.0 = —r=10 ..
a o
2 T /
&‘&/ 5 4
1 / ] / ‘
" = Increasing r ____;--
0 g N - v O - r r r
0 0.5 1 15 2 0 0.5 1 15 2
B, [T] B, [T]
(a) M19G29 (b) M19G24

Fig. 5.3 Measured core losses at 60z

The thicker M19G24 sample (0.63m) had higher losses because of a higher-eddgnt core
loss component, when compared to the M19G29 samplerfthh85by comparingrig. 5.3 (a) and
(b). This difference owing to sample thickness will increase with frequency.

The eddycurrent component, and other magnetic-naiformities such as anisotropy, litsi
the minimum core loss vala high flux densities undeotating ¢ = 1) magnetization. At 40Biz
and 1kHz, the trend of the core loss plotsisilar to thabf 60 Hz, butthepeaking and decreasing
of rotatingcore lossess not as distinciThis is evident by comparirthe core loss results at 61z,
400 Hz and 1kHz, inFig.5.3, Fig. 5.4 andFig. 5.5, respectivelyThe highfrequencyesults shown
thatwith a highercapacitypower supply,andgood thermamanagement, their loss plots will be

similar to thoseof 60 Hz.Hence, this rotational phenomenon is independent of frequency.
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Fig. 5.4 Measured core lossg at 400Hz
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Fig. 5.5 Measured core losses at kHz

The rotational core loss ratios with respect to pulsating core losses are sliogub@for the
two samplesat 1.0T. The ratios are derived frofrable5.2. The ratios seem to be independent of
frequency and sample gauge. At this flux denfityrotating flux ¢ = 1), the loss is twice the
pulsating core loss, and for a more realistic aspsad of 0.7, it is 1.5 times the pulsating core
loss. This is significant considering the localised distribution of the aspigetin a stator core.
Consequently, it will result to local heating of th@ater and hence the need to consider the

distribution of rotational core losses in the designianckasing theating of machinegs].
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Fig. 5.6 Core loss ratios with respect to the pulsating core losst 1.0 T

Table 5.2 Measured core lossesit 1.0T

(a) M19G29
Aspectratio, r 0 0.2 0.4 0.6 0.8 1
Peo Hz, (W/kg) 0.96 1.06 1.20 1.38 1.61 1.94
Paoo 1z, (W/kQ) 15.16 17.66 20.02 22.37 24.45 29.19
P1 krz, (W/kg) 63.02 63.64 73.41 81.43 101.87 125.68
(b) M19G24
Aspectratio, r 0 0.2 0.4 0.6 0.8 1
Pso Hz, (W/kQ) 1.66 1.91 2.16 2.36 2.55 3
Paoo 1z, (W/KQ) 36.17 39.42 41.44 49.38 58.08 74

Pi1 khz, (W/kg) 19277  208.63 217.92 26195  318.66 418.85

The impact of rotational core losses in the distribution of core losses is signifibagttspeed
machines that operate htgher frequencies such as400Hz or 1.5kHz [4]. As previously
mentioned rotational core loss ratios with respect to pulsating core losses are independent of
frequency.Hence, i is by direct comparison of the core losses at a dgivendensityoperating
point and frequency, that the significance of rotadl core losses is appreciat€dr example,
consider the M19G29 material of thinner gauge and lower loss, which is fit for high frequency
applications as opposed to the M19GR41.0T and60Hz, the core loss differendeetweeran
aspectratio of 0.8 ad zero pulsating is 0.65W/kg, 7.21 W/kg and 39 W/kg, at @9z, 400Hz

and 1 kHz, respectivelyas determined fronfable 5.2. However, thecore loss ratiogor each
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aspectratio to pulsatingare the samérespective of thefrequeng, but the magnitudes are

different,besideghe under estimation of core losses by using only pulsating data.

It is important to note that the core losses for the M19G29 satiple thredestfrequencies,
and 60Hz for the M19G24sample, were done within°® () from the room temperature
according to ASTM standasd72]. For the M19G24 sample at 482, pTO5°C forB>1.0T,
andpTO10°C forB>1.5T. At 1kHz, TO5°C forB>0.5T, ard qpTO10°C forB>1.0T.
This implies the challenges of measuring core losses at higher frequencies for thicker samples,
which requires cooling of both the sample and the yoke.

Besides that, it was difficult to control the elliptical aspetitos(0.2to 0.8, for flux densities
greater than 1.9, for all thetestfrequenciesin bothsamples. For examplEig. 5.7 (a) shows the
aspectratiosof the M19G29 sample at 60 Hz. This is becauseBtherus was contited using
the fundamental componentsB®&nd their phases. This can be corrected by desigmigeform
controller (which is beyond the scope of this thesis) to makB8-ttwl voltages sinusoidal. This
will result to better control of the aspeetio and keep thd3-coil voltage signaform-factors
within 1.1107+ 1 % according to ASTM standar&3].

1r =0
18F | ===-r=02
0.8+ R —— =04
= “‘0' || e r=06
% 0.6 evevasessarannnnnsanas J | §16~ o8
g 04r £ r=10 Increasing r
0. ® 91_4 - Increasingr ¥ ... -
« g
02F mmmm——————————————— -
12~
0 .
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B, [T] B, [T]
(a) Aspectratio, r (b) Form-factor of esx (1)

Fig. 5.7 Measured aspectratios and form-factors of the M19G29 sampleat 60 Hz

The formfactors were similarly affected as seefrig. 5.7 (b) for the M19G29 sample at 64z
for the Bx-coil. This factor was determined as a ratio ofie 0i | s®6 r ms vol tage
mean voltage. The forsfactor for Bx-coil was higher since the sammaturate earlier along the

rolling direction k-axis), tharonthe transverse directiog-éxis).
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5.3 Core Losses under Nossinusoidal Excitation

Chapter5. Core Loss Measurement Analysis

The B-loci at the toothroot of the stator core of the hydro generator showhign 1.4, at

different field currents, were used to evaluate the effectiveness of the proposed rangoetiz

reproducenonsinusoidal flux densy waveforms obtained from FEA. The analysis was done at

60 Hz using the M19G29 sample. The loci are showign5.8 (a) to (c) for a field currentd of
560A and 109QA at no load, and 1054 at full load.

By, [T]

measured

By, [T]

(a) I+ = 560A; no load

>

Bx, [T]

(b) 1t = 1090A; no load

By, [T]

measured

Bx, [T]

(c) I+ = 1055A,; full load

Fig. 5.8 Measured and numericalB-loci, at 60 Hz

There is good agreement of the locHig. 5.8 (a), but there is some differencedHig. 5.8 (b)

and (c), which is because of the open loop control ofltixedensity nagnitudes and their phase

difference,but not their waveforms. However, fdilux densities equal or greater tha® T, the

magnetizer can still reproduce the waveforms as demonstratad.8 (a).

These results are tabulatedTiable 5.3, which shows a difference between the loss obtained

using rotational magnetizatiom ¥ 0), and that of pulsating magnetizatian=0). In the latter

Table 5.3 Non-sinusoidal measured core losseat 60 Hz

I+, (A) Aspectratio, r

Bx, (T) By, (T) P, (W/kg)

0.7 112 0.82 1.87

560
0 111 0.81 1.18
0.5 1.50 0.98 2.83

1090
0 151 091 3.78
0.7 1.17  0.97 2.24

1055
1.17 094 2.83
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case, thex andy core losses were measured independently along the corresporengfahe

sample, and then summed to get the final core loss value.

As notedearlier,the shortcomings of evaluating core losses from pulsating data will be more
significant at higher flux densities and frequencies.

5.4 Conclusion

The capability of the propesl magnetizer in the measurement of core losses was demonstrated
using two samples (M19G29 and M19G24), atHi) 400Hz and 1lkHz. The magnetizer can
achieve very high flux densities in the range of 2 T aHB0for both G29 (0.35 mm) and
G24(0.65mm) sanples. For G29 sample#ux densitiesof 1.8 T and 1.6 T can be measured at
400Hz and 1kHz, respectively. For the thicker G24 samplesflinedensitymeasurement range

reduces to 1.T and 1.4T, for 400Hz and 1kHz, respectively.

Analysis of core leses at 40681z and 1lkHz showed that rotational measurements are
invaluable in the analysis and desigrhimfh-speedmnachines, athey resultto local heating. For a
flux density of 10 T using the M19G29 sampléhe core loss differendsetweenan aspectratio
of 0.8 and zero (pulsating) was 0¥Bkg, 7W/kg and 39V/kg, at 60Hz, 400Hz and 1kHz,
respectively. At higher frequencies the difference will even be higher, which will result to local
degradation of thEaminationstackinsulation and eventudhilure of the machingf they are not

considered in the design

The magnetizer can also reproduce numerical wavefornflutodensites equal or less than
1.0T, without any waveform control. The future implementation of a feedback controller will
improve the performance of the magnetizer in terms of met#itergeasurement standards (ferm

factor and aspegttio), and in expanding the measurement range ebmusoidal waveforms.

It is important to identify the sources of errors of the proposed mezasut setup, as discussed

next
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A procedure for estimatinthe uncertainty of the fieldmetric measurement of core losses is
describedIt can be generalised to any measurement setup, as it is derived fraentalgnerrors,
which are estimated over the entire flux density measurerarge. Thigpermit cost effective
correction by neglecting insignificant sources. Moreover, it is shown that the fieldmetric
measurement of core losses is predisposed tbltbail airflux leakage field and correlational
errors. Inparticular, théH-coil airflux leakage field systematic error, which contributes abo@670
to the total uncertaintyThe latter is caused by the control of the flux density waveforms that
influence themeasurement of the magnetic field more than the flux defgity.contribution of
the sampling frequency to the intertwiningBH loops for flux densities beyond the knee point,
which results in the drooping of theeasured pulsating core lossas;harateristic of rotating

core losseswill be discussed.

6.1 Classification of MeasurementErrors

The true value of a physical quantity is unknown, artdeseforeestimated by measurements.
Consequently, the uncertainty of a measurement cannot be derivech&oneasured quantity,
but has to beimilarly estimatedUncertaintyis the interval where the true value of a physical
guantity lies with a given probability74]. Its components are measurement errors, which are

derived fromthe input arguments of the measurement system.

In fieldmetric measurement of tadimensional rotational core losses, the input arguments are
the tangential components of tHkix density and magneticand fields as expressed in
equation(36). The smallest errors that contributetheseargument errorsare elementary errors,
which are dependent on the measurement system.

Measurement errors atsuallyclassified into systematicandomand unknowrerrors [74],
[75]. Systematic errorgemain after repeated measurements, under the samasurement
conditions. Hence, they cannot be directly determined from measurerbentsave to be
estimated fromfundamentallydifferent measurement methods, instruments and measurement
conditions, and minimized by correctiof@]. In this work, theyare eimated from analytical
modelsand special experimentdue to a lack of alternativeeasurement methadbhey should

be corrected such thahly random errors remain. However, correction is dependent on the cost
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and the accuracy of measuremdnity, [77], [78]. Random errorsary within limits with repeated
measurements, under the sameasurementonditions[74]. They include variations caused by
temperature, electromagnetic noise, some instrument and personnel errothearsburces of
measurement noise. Random errors are reducezhiying outmeasurements under the same
standardized conditions, instruments and measurement meffioelsinaccounted errorsare
unknownowing to limitations of the measurementd uncertaintprocedurs, and the experience

of the personnel. For example, unaccounted installation, operation and time dependent factors, will

influence the field uncertain{y 8].

It is important to reduce errors individually to thegetr uncertainty, as it results in the
acceptance or rejection of a product or process, with an associated cost. For example, the type of
an instrument may improve uncertaififg], [79], while the inerpretation and the commitment of

the personnel will influence the resuig®].

In core losses,ystematic errorareclassified into methodological, instrumentation and human
errors[74], [81], with respect to a certain flux density and frequeitye elementary components
of these classes of systematic errors are either absolute or conditionally cérsalotte constant
systematic errorgemain constant, whileorditionally constant systematic errokary within

limits with repeated measurements, under the same measurement cofichfions

Methodological errorsarise from the limitations ahe fieldmetricmodelof equation(36) in
representinghe actual core loss. Theseludes the negation of the-loss, CWCCW core loss
asymmetry, the inclusion dirflux leakage fields in the measurementBifand H, and the

acquisition and processi of core losses (sampling frequency, averaging, integration etc.).

Instrumentation error@are caused by the inaccuracy of the measuring instruments. Examples
are offset and gain errors of signal acquisition and conditioning circuits, phase shifting of
waveforms caused by filters and multiplexed data acquisition systems, location,vs&mfprm

control calibration andnisalignment okensors.

Human errorsare associated with the personnel performing the measurement. For instance, in
the control of tke magnitudes and the phase angle betwgeand By waveforms, and in the

assembly and alignment of sensors and samples.
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6.2 Review of Uncertainty Estimation Methods

Different methods have been proposed to estimate uncertainty. They inclu@eideeto the
Expression of Uncertainty in Measurement (GU2], theMonte Carlo method (MCM|83],
[84], fuzzy based method84], the polynomial chaos nteids (PCM)[85], the generalized
lambda distributioi86], the unscented transform metH8d], the numerical integratidi@8] and

other metods reviewed if89]. The first four methods adescribed further

The GUM is widely used due to its ease of implemental88]. It is based on the firgirder
Taylor series, which linearizes theeasurement function, allowing separate estimation of its input
uncertaintied77]. The negation of higherders introduces additional errd@0], but permits
individual analysis of the inputs tbe total uncertainty. The GUM assumes systematic errors have
been corrected, which biesthe uncertainty ithe systematic errors are improperly corrected, or
are unknown. This method requires the determination of the influence and correlational
coeffigents. Hence, it is limited to measurements with linear models, whose coefficients can be
determined[77], [89], [90], [91]. The estimation P these coefficients and combining the
uncertainties, will also introduce additional errors. Therefore, the GUM is supplemented by a
Monte Carlo based methd83] to account foruncorrelated input variables, as the MCM is not
dependent on coefficients, while jii4], systematic errors are considered.

The Monte Carlo method requires the emulation of random data from the probability density
function (PDF) of each input, to generate the output BBF, [92]. The random values should be
within the error limits of each input (e.g. provided by the manufacti@®}). Hence, the
application of the MCM to fieldmetric measumnent of core losses is challenging due to the non
linear correlation of the input quantities, whose error limits are unknown, and the limitation of
measured data. However, the MCM method is applicable to uncorrelated9zgsand complex
valued quantitie§95]. Similarly, the assumption is that all the errors are random, besides being

computationally intensivi84], [92].

The random fuzzyariables (RFVs) method proposed[#1], does not require a derivable
model[84]. In addition,assumptions are not necessary in assigning the confidence and PDFs over
an interval[91]. Hence, it accounts for random, systematic, and unknown errors. The resultant
uncertainty is the obtained from the combination of input RF(#%]. A method similar to RFV
that accounts for the correlation betwelea inputs in the evaluation of systematic uncertainty is
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described iM96]. Nevertheless, it requires a linear model; else, numerical methods such as the
MCM are used to get the output PDF. Additionally, it requires the ditation of the correlation
coefficient.

In the polynomial chaos approach, the PDFs of the inputs are generated using polynomials. The
PDFs are then added resulting to an output polynomial, from which the uncertainty is determined
[85], [97]. This method assumes all source of errors are random, and the use of polynomials
complicates its application. However, it can be used to evaluate the uncertainty, and its worst case
[97].

The procedure for uncertainty management (PUMA) propos¢@linis very practical. It is
based on iterating uncertainty, starting with rough but fast estimations, followed by costly,
intensive, and time consuming, but aate iteration$90]. If the first iteration meets the threshold
of the target uncertainty with a good margin, further iteration are not necessary, saving time and

cost of measurements.

Most of thepreviouslyreviewed methodsra focused on accuracy and mathematical modeling,

but lack on the ease of implementatj68]. Therefore, it is challenging for nanetrology and/or
nonstatistical personnel, to estimate the uncertanfityg process or producimplementation is
important, as the personnel is required to identify, correct, make necessary assumptions, model,
and process the elementary errors. Therefore, the GUM is popular due to its ease of its
implementation, despite its shortcomings. Moreowee GUM allows the tracking of the
elementary errors, which lowers the cost of measurements by identifying and correcting the most
dominant sources of errors. In tisisidy,the method proposed 4] that improves the GUM by

considering systematic errors, and does not require correlational coefficients, is used.

Most of thestudiesdone in core loss measurement error analyses is comparative in nature. It
involves comparing the thermometric and fieldmetric methods in the same different
laboratorie$28], [32], [54], [55], [56]. Referenc¢56] further evaluats the uncertainty of samples
cut from the same parent material under rotating flux in six laboratories. The reported uncertainties
varied from 3.6 % to 12 %, which can be attributed to different measurement methods, sample and
magnetizer errors, sensonsas, wave brm control sources of errors considered in each case,
and the error estimation methodsfails to standardize some of these parameters such as the

sample, measurement area sizes, sensor sizes etc., which can effectively reduce some errors.
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In [99], uncertainty is estimated for pulsating core losses. It was determined from the partial
derivatives of the arguments of a compensated core loss model. It however lacks in the estimation
of elementary errors, which arsually dependent on the measurement sysa@chhence difficult

to generalize

Therefore, this chapter estimates elementary errotherieldmetric measurement of core
losses. These errors are then used to deriv8 tned H argument errors, from whicle total
uncertainty is estimated over a range of 0.1 T to 1.9 T, at 60tiizis important in tracking the
contribution of each elementary error to the total uncertainty. Hence, the cost of measurements can
be lowered by minimizing only the most domihaources of errors. Moreover, some of the
systematic errors, such as the sampling frequency, and misalignmidrttails, are corrected.
Furthermore, the airflux leakage field is shown to contribute to T@te total uncertainty. This
field was shownd modify the shape, amplitude and phase of the measured fleldhpter 3This
procedure can be generalized to any core loss measurement system, allowing the comparison of
different measurement methods and setups, as itpsndent on elementary sources of errors.

However, its accuracy is prone to the bias of estimating and correcting elementary errors.

6.3 Quantifying Measurement Errors and Uncertainty

Recall that rotational core losses aletermined from indirect measuremenfsB and H

tangential input arguments, using fireddmetric function as:

1.4 dg dBg _
P—Frég'lxﬁ"'HyEgjt—f(BX,HX,By,Hy), (36)

where} is the mass density of the sample dnd 1fstis the periodic timandfestis thetest

frequencyln this study} andfestare assumed cotast; hence, their errors are neglected.

The input argumentsf fieldmetric equation(36) are simultaneously measured; which is
defined as dependency|[id]. In addition, they are nelnearly correlated since the variation of

one of the argument results to a Amear variation of one or more arguments.

The true core loss vallRis estimated a$® by the measurement equati86), such that the

absolute error is:
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@P=P- P= (8,18, f(B,H.B.H,), @7

which is expressed by tliest-term of the Taylor series by neglecting the higher order terms as:

o

a H VI 93 M 0
CpP:(;a%l'*?XCP5+Hq3|'l"'Ey@@"'ﬁm";'/gf('?’x’HX’By’Hy)’ (38)

whereg Byand gHx yare the errors of estimating the argums®y,yandHx,y. The error is expressed

in relative form to make it independent of units as:
& =lg 6 +1, 6, + IBye'By + IHyE'Hy : (39)
wheree, = pR P. €, and e, , can similarly be expressed as relative errors of thenaegts.

The products of the partial derivatives and the ratio of the arguments to the core loss, results to

influence coefficients givehy:

_By WP _Baygf

|
>y P B, P r
_Hy P _Hap gf

|
YP ouH,, P 7

H xl,ylSInfxl,yl

(40)

Bxlvylslnfxlyy1

\<r) -_ C:—)—) )

The partial derivatives are estimated from equaB®), which isrewritten as:

Joi : :
po T(Blexlsmfxl +B,H,sinf ), 41)
by assuming sinusoidal fields whose loss angledig. betweenBxiy1 and Hxiy1 phasors. This
assumption holds for rotating core loss measurements edmemed samples, whekeandB are
more sinusoidal. In cases where they are-sinnsoidal, it still holds to a great extent since the
fundamental components contribute most to the core loss, although thacefeefficients will

be biasedresulting in uncertainty estimation errors

The total measurement eristthenestimated from the argument errors, whose contribution to
the overall error is weighted by the influence coefficients, which are dependent on other variables

of the measurement equation.
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The relative error expressiaméquatior(39)is expressed in general form fidiinput arguments
as[74]:

N N N
& = |j€j:a|jL1+a|jUJ+a1|yj. (42)
J:

= = =

Hence, theesultant measurement error is the sum of the absolute cosygttahatic errorgl ),
conditionally constant systematic err¢tg ) and random error§/ ; ), respectively. It also shows

that systematic and random errors are associated with each input argtment

6.3.1 Absolute Constant Systematic Errors

The identification of systematic errors requires the use of fundamentally different measurement
methods, and comparing the same results from different laboratories and a&fupghis study,
systematic errors aretgmated from analytical modebnd special experimentswing to a lack

of comparative measurement methods

Absolute constant systematic errors are constant with repeated measurements. They bias the
measured core lossheir overall limits,Lac can expressed in general form from equaféf) as
[74]:

N
Lac = Leqn+ a l ij ' (43)
j=1
Legn is the error limit of the measurement equation that isimddaby using a fundamentally
different measurement method (thermometric or torquemetric), iyhdehe limit of the absolute

constansystemati@rror of thg" argument.

6.3.2 Conditionally Constant Systematic Errors
Conditionally constant systematic esorary within limits under repeated measurements, and
are similarly expressed in general form from equaf®) as[74]:

N Kj

v, =aal,, (44)

1 j=1 i=1

Q: =

. =

cc

j
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wherek; is the number ofanditionally constanelementaryerrors in the measurement of e

argument.

Some of the elementary errors in the measuremdhtantiH are caused by the same influence
guantity.Core loss measurements require control of the aspecatio (r), via the fundamentaB

componentsByx andBypy) and their phase shifsich that:

B <0

=1.
90 45
B,, < °90 (45)

The variation oB peaks and their phase shifts will result in linear andlmear variations in
B andH arguments, depending on the magnetic loadinthefsampleThe elementary errors
caused by theontrol of theaspectratioare treated as additional conditionally constant systematic

errors as:

N

N
aw—a IjUijk+a.1|jUjf1 (46)
J:

j=1

whereljg, and U, are additional errors caubey the control of the peak flux densities and their

phase shifts, respectivelyhey are summed to the rest of the conditional systematic errors while
retaining their sign§74], [98]. This also @counts for theorrelationof the inputsnegaing the

need foitheir evaluation. Grrelational coefficientaredifficult to formulatefor dependent indirect
nortlinearmeasurements like core losgéd]. The sumof the condionally constant systematic

errors is thereforgr4]:

N Nk2

a

a JBpk+a I U +a a l U I

j=L j=L i=1 L.
k-2 k- 2 ky-2 }J (47)

=Uggthau thau, +..+lyauy »

i=1 i=1 i=1 b

wherely is the influence coefficient of tHé¢" argument.

The probability density distributions of conditionally constant errors should thesnis&ucted

to determine their limitéd) with a given confidenc@)), such thatucc| ¢ °q, [74]. To simplify the

104



Chapter6. Measurement Errors and Uncertainty Analysis

analysis, elementary conditional errors assumed to vary randomly with a uniform distribution

within a probability confidence)such thatheir limit is[74]:

N N kj-2 a
g, =k\/q:dd+a 1'% +a alia; !
j=1 j=1 = I
N %2 2 TR (48)
=k\/c7:dd+a g tliag vl;a g +-+liad 1
j=1 i=1 i=1 i=1 y
wheredadd is from the correlational additional errdrs, ), and:
g
i
u (49)

where U; ; is the uncertainty of thi argumen In practice,a 0.95confidence probabilityU) is

oftenassumedkis a correction factor based on the number of component errors amhfltkence
probability, U Hence, for atJof 0.95,k is 1.13 for an infinite number of error components, and

1.10for two error componen{g4].
The standard deviation of the overall conditionally constant systematic etrenide¢rmined
from the limit aq74]:

Su = q_a ,
Zi1a (50)
2

where z,_, is the quantile of the normalized normal distribution of the assumed confidence
2

probability of 0.95, found using the normalized Gaussian and distribution functioh®@s
Usually, elementary conditionally constant errors are assumed to bemigittistributed, while

their sum is normal distributd@4].

6.3.3 Overall Random Error

Random errors vary within limits with repeated measurements, under the same conditions. The

method of reduction proposed [@4] is used to quantize the overall random error of the
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measurement because it negates the need for correlational coefficients us&@LIMtf82]. This

is because arrelational coefficients are difficult to estimdi@ dependent indirect nelimear
measurements, such as core logs@d. To avoid overestimating the final uncertainty, the
elementary random error components are neglected during the estimation of the argument errors,

since hey contribute to the overall random erfod].

Let the input arguments from a measurement vedierrepresented by a set:

{B,,H

Xi? XY

B,.H,},i=1...n,

wheren is the number of repeated measurements. The vectors are measutethsously under
the same conditions over a time interizalhei™" value of the measured core loBsjs obtained

by substituting thé&" vector into the core loss equati(86), giving a set oh core loss values as:

{P]_l P2""1Pn}l I ::L...,I"I_
Therefore, the measured core loss is estimiabedthe mean as:

5:5:

S

aPr. (51)
i=1
Its variance is the square of its standard deviatidi4s

s=—2—4(r-PJ. (52)

6.3.4 Total Uncertainty

The total uncertainty ithenderived from the limits of the absolute constaydtematicerror

and the standard deviations of the conditiongjistematiconstant and random errors.

The combined standard deviatigis [74]:
5=VS+5, (53)

which gives theombined uncertaintgtis[74]:
u. =t.S, (54)

106



Chapter6. Measurement Errors and Uncertainty Analysis

where[74]:

LGS
SR

tgwi s from t he St ud eelectédsonfilensetprobabildfthe exact nlinober oft h e

degrees of freedomv=(n-1). For a =095 and v=9, andn = 10 (number of repeated

measurementsly = 2.26[74]. The total upertainty is then:
U =Ly + U, (55)

6.4 Estimation and Correction of Elementary Errors

This section analyses the different sources of core loss elementary errors, and where possible
the systematic errors are corrected. The resultant systematic eeressimated from the residues
of the corrected and uncorrected systematic erwingch are combined with random errors to

approximatehe total uncertainty.

The sources of errors for the measurement system shdvign 512 includethe data acquisition
errors, power amplifier distortions, magnetizer induced errors, sensor misalignments, sensor
calibration, and electromagnetic interference, among others. It is therefore necessary to make
simplifying assumptions, in estimag the system uncertainty. Therefore, the linear power
amplifiers were considered ideal, and the traceability of the entire system compomasts

neglected.

6.4.1 Sampling Frequency Error

The sampling frequencyF§) affects the width and the shape of #8¢1 loop athigh flux
densities beyond the kneesulting in core loss errorAt these flux densities, the loop increases
in size along thél-axisbecaus®f the higker magnetic fields.

To investigate this errorutsating measurements were done on an M19G29 samn@leHz at
1.9 T, where the loops were expected to be wide. As depictédyirb.1 (a), at a sampling

frequency of 21.6 kHz-46 ¢ s360samples/cycle), the loop was intertwined and narrow.

According to Madelungules B-H loops should not intertwine, and the inner loops should be

contained within the major logpunder pulsatingconditions [100]. Doubling the sampling
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frequency untangled the loop, and at 86.4 kHi2E s1;440 samplegsycle), the loop was even
wider than at twice the sampling frequency of 4312 (~23¢ 5720 samples/cycleThe effect

of sampling frequency on the measured pulsating core losses is segrbit (b). For21.6 kHz,

the core loss peaks, droops and even goes negative; a characteristic observed inrretafing (

core losses. Thiwas caused bthe intertwining of thd3-H loops at high flux desities, where the
core loss becae negative. In addition, intertwirgrresults in the inner loogaying outside the
major loop. This effect of sampling frequency contributes to-CQ¥V loss asymmetry, under

rotating fields, and underestimation of core losses.

15]
'I
'I
1
E |
oo /
05-1:[][: ——21.6 kHz
N Y R 43.2 kHz
Y A s 86.4 kHz
u [
0 L) 1 3 3 e
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(@) B-H curves at 1.9 T and 60 Hz

P, [W/kg]

| —e—21.6 kHz
#B 43.2 kHz ’?EF'
- ~*- 86.4 kHz JF

0 0.5

1 15 2
B, [T]

(b) Pulsating core losseat 60 Hz

Fig. 6.1 Effect of sampling frequency onB-H curves and pulsating lossest 60 Hz

The sampling frequency error is a typical absolute systematic errow#satorrected by

increasing the samplingdgquencyAs seen irFig. 6.2, the loss will tend to a value withcreasing

sampling frequency.

w B a1
T T

P, [Wikg]

'

'

r r r

90

'

“io 20

30

40

50

60 70 80

Fs, [kHz]

Fig. 6.2 Effect of sampling frequency on pulsating core losseat 1.8 T and 60 Hz
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However, the sampling frequency is dependent on the execution time of the program, the test
frequency and the properties of the data acquisition system. Therefore, the flux density range
should be limited to 8ux density vhere the loopshey Madelung sules Correctionscan also
be made using afterent measurememethod, such as thermometric or torquemetric.

6.4.2 Number of Averaging Cycles Error

Fieldmetric core loss measurements requires the number of aylesl{e greater than one to
reduce random errors by averaging. The total time of the captured waveforfirofsperiodT.

Thefieldmetric equatior{36)is rewritten in summation form as:

1 1 N
Nsr NBAB k=1

(H, ()es. () + H, (K)es, (K)), (56)

whereNs is the number of samplegipcycle.

The influence of the number of averaging cycles and sampling frequency on the measured core
losses was analysed aDT under rotatig magnetization, at 60 Hz. The tests were repeated
times. Core losses were then determined over the emtgthlef the waveforms, i.e. overT. The
waveforms were then averaged over a pefioahd the core loss evaluated for a cycle. As seen in
Table6.1, there is no significant difference in the valdeserminecdbvermT (m> 1) oraveraged
over one cycle] (m=1). However, f only one cycle was captured, then higher differences would

have been reported, since averaging reduces random errors.

The sampling frequency has a higher influence on the measured cor® leas discussed
previously, and as seen in the core loss valueBabfe6.1. As it increasesthe core lossalso
increases, while the random error decreases as indicated by the standard dévlatosasing
the number of cyclem, alsodecreasgthe random error, amdicatedby the decrease ithe
standard deviation @4 kHz for 5, 10 and 2@ycles,in Table6.1. This improves repeatability
and reduce scattef101]. The only setback is the need for fast acquisition and processing, which
would make the measurement system expensive. Therefore, 5 cycles and 84 kHz (1400
samples/cycle) are used for subseqeernr analysisit60 Hz. The resulting core loss scatter given
by the standard deviation, is associated with the number of cycles, andistbaoverall random

error.
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Table 6.1 The impact of averaging and sampling frequecy on the core losss, at 60Hz

Fs (kHz)  n m P, (Wikg) i, (W/kg) B,(M r

1 1.4943 0.021642

21.6 20 1.0072 0.9857
10 1.4944 0.021642
1 1.7009 0.013139

43.2 20 1.0076 0.9833
10 1.7009 0.013154
1 1.8968 0.012875

15 1.0048 0.9832
5 1.8992 0.015699
1 1.8904 0.015199

84 16 1.0060 0.9829
10 1.8904 0.015201
1 1.8926 0.008489

15 1.0055 0.9833
20 1.8912 0.009504

Fs= sampling frequency) = number of repeated measurese P = average core lossn= number of core loss averaging cycle
0 = standard deviation afcore losses;B = averageB; r = average aspechtio

6.4.3 Analogue to Digital Converter (ADC) Error

Four simultaneously sampled 16 bit ADCs of ASPACE® DS 1103 controller [ddx}i were
used in the acquisition of the voltage signalB ahdH coils. Their fullscale input voltage range
FSVwas*10 V, with aresolutionof 216 S A lower FSVwould increase the acquisition sensitivity.
Multiplexed ADCs induce ahase shift between tliBeandH waveforms; affecting the loss angle
and contributing to CACCW loss asymmetry if not compensa{é8]. The error limits of the
ADCs are given imable6.2.

Table 6.2 The error limits of dASSPACE ADCs used in data acquisitiorf102]

Errors Value

Offset error +5mv

Offset drift 40 ¢ PDHESEOK; 200 gV)
*Total offset error g, +5.2mV (x 0.052 %)

Gain error + 25 mV (£ 0.250 %)

Gain drift 50 ppm/K (pT= 5 °K; 250 FSV/10°)
*Total gain error, gy, +27.5mV (+ 0.275 %)

SNR > 83 dB Prose = Pagnay/10*° =FSV/10** - 0

*Calculated using referee[103]; FSV= full scale voltage ( +10 V); SNR = signal to noise ratio
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The total offset Q@yse and gain G, errors were calculated according103], by assming 5°K

(5°C) temperature deviation from room temperature according to ASTM stda@4id he total
ADC error is thereforgl03]:

(ﬁffset+ C‘jain ) (57)

To avoid error duplication, }hADC error is treated as part of tBendH conditionally constant
systematic errordn relative form the ADC error is:

e =
S =SVAL =, B Hes

o =®oc| - Boc 4l M
HADC HADC
FSV FSV H,, e,

_Poc| - Poc Bl 1B

(58)

\<,—) -_— C:—) -_— [

where |, are the influence coefficients of the output voltages,with respect td andH.

6.4.4 Magnetic Field Measurement Errors

H-coils are prone to an absolute constant systematic error from the inaccurate determination of
the actual enclosed area and the-nnifiorm winding of the turns. This error was corrected by
calibration using a knen magnetic fielcH (t) generated by a Helmholtz coils seagdescribed
in section3.2.1such that:

K,
H(t t)dt = K,, e, (t)dt,
(t)= naNA“rFH() H R (D) (59)

wherekcal is the calibration constant.
After calibrating, the remainingl-coil errors are the cdiration residue; which is assumed

negligible, the airflux leakage error, angular misalignment error, and the integration noise error.

A. Airflux leakage field error

In section3.2, it was shown that the measurield is the superposition of the airflux and
demagnetizing fields of the sample. The relative proportions of these two fields in the measured
field, directly affects the core loss and the sample information embedded oragnetic field
waveforms. It istherefore important to analyse the airflux error, which is constant atflech
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densitymeasurement point, but changes with magnetic loading, frequency, magnetizer size and
sample. Hence, it is an absolute constant systematic, eelative to each flux density

measurement point, as well as a progressive error withiifuthdensityrange.

The fields at the sample surface{ 0 mm) and theH-coil location ¢ = 1.5 mm) were
extrapolated from Hall sensor measurements as descritlssttion3.2.3 and their amplitudes
and phase shift difference tabulatedlable 3.3 and Table 3.4, respectively From these tables,
the peaks of ta sample Kls), andH-coil (Hc) fields and their phase shift differenap,nc, are
tabulated infable6.3 at different flux densities.

Table 6.3 Sample, H-coil and airflux peak fields,under pulsating measurementsat 60 Hz

z,(mm) | 0.2T 05T 08T 09T 1T 12T 14T 15T 16T 18T 2T
Hs, (A/m) 0 31 32 54 82 84 142 325 560 996 2,534 5773
Hc, (A/m) 15 43 61 98 137 139 207 391 612 1,019 2532 5715
Hat, (A/m) 15 12 29 44 56 55 65 66 52 22 -2 -58
P HC® 15 -3.26  -5.77 -499 -458 -360 -356 -284 -1.70 -1.00 -0.23 -0.03

Hs = Peak sample field; H. = PeakH-coil field; H. = Peak airflux field at thel-coil location Har & Hc - H)
o +c = fundamentbhphase shift difference between the sampletdsmbil fields (* pye- L )°

FromFig. 3.18, theH-coil field, Heoil can be expressed as:

H(:oiI (t) = Hsample(t)+ Hairflux(t)f:I
- u, 60

Hsampllt)_ Ha(t)- Hdemag(t) y ( )

whereHa is the applied field an#lgemagis the tol demagnetizing field of the sample, which is

dependent on the sample geometry, ecldyents, grain boundaries and other internal

microstructural factorflO], and is analogous to internal resistares:

Hsample: Hs Sln(Wt) ﬂ
Hairflux = Haf Sin(x t+ qfaf) g (61)
Equation(60)is rewritten using trigonometry as:
Hcoil (t) = Hs Sin(’/l/t)+ Haf Sin(’/l/t + q:faf) 0
=H,sin(ut +7) ; (62)

by neglectingHdgemag The peakddc andHs andg ara g He, are known fronTable6.3. Hence the
peakHas of equation(62), which simplifies ta
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HafO Hc_ Hs’ (63)

can be calculated.

As the samples goes into saturatfon - 1), the field decreases away from the sample surface
as discussed in secti@n2.3 Therefore, for equatio(62) to hold mathematicallyas has to be
negative aseen inthe case oflux densities greatethan1.8 T, in Table6.3. Practically,Has is
positive,that is it is in the direction of the applied field. It is now possible to reconstruct the

magnetic fields at each flux density loading lasven inFig. 6.3 for 0.2 T, at 60 Hz.
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Fig. 6.3 Reconstructed magnetic fields at 0.2 &nd 60 Hz

The airflux absolute constant systematic error, which is the diiferef the measured and

sampléfields, is determined from equatid60), andTable6.3 as:

m H= Hcoil (t) -H sampl:!t) ,Il:-]
N o U-
=H, sm% + qo‘HCS T (64)
92 - y
Its relative error is
_ Haf
6, = g (65)

pk
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B. Angular misalignment error

The H and B coil sensor pairs should be orthogonal for accurate measuremerid cb&
losses. In addition, each tangentihland B coil should be aligned with theandy axes. The
fabrication and ssembly of the measurement setup and its components results in angular

misalignment irH andB coils, as illustrated ifrig. 6.4 for misalignmend in H-coils.

H-coils can be misaligned with respect to each othed/oa with respect td-coils. The
following assumptions are necessary in analydiligoil angular misalignment$B-coils are
orthogonal and equal in magnitud&@he misalignment anglegyy in Fig. 6.4 include the
misalignments withinH-coils and with respect td-coils. Additionally, the fundamental
orthogonal components of boBhandH areused in thisanalysis These orthogonal components

are:

B =B, sinut, B =° B, cosut

XCW,CCW ycw,ccw

H =H, sinut+7,), H =°H, codut +7,)

XCW,CCW ycw,ccw

’ (66)

<™

wheret yy is the loss angleetweenB andH. The plus and minus signs indicate CW and CCW

directions respectively.

Fig. 6.4 Decompositionof H and B vectors, with angular misalignment inH-coils
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ConsiderFig. 6.4 where theH-coils are rotated CW with respect to tBecoils at arbitrary

anglesli and Uy. Themeasured componen{sl;( and H y are expressed as:

H, =H,cosd, - H sind, {

. : u- (67)
H, =H,sind, +H, cosd, ¥

Substituting the fundamental components into the measured componentsnmesults

. sin(ut + 7, )cosd, @H codut +fy)sindxp

>‘CWCCW L.
e ur 68
sowcew = Hu sin(ut +7,)sind, > H | cog{ut + fy)cosa’yy (68)
The measured core lossany direction igherefore
Ut g adB 0 adB 60
l ﬁ&H &M&L H &M%dt_ 69
Cw,CcCw r o ée WCCW? dt 9 ycw,ccwae dt 90 ( )

After some manipulations and substituting the derivatnfeB, from equation(66) andof

YCW,CCW
H, yewcew from equatior(68), B, ., reduces to:
B -
xewcew By (H cosd, sinf, @H , sind, cosf ) f
. o8B, u (70)
Peweew = (H cosa, sinf, @H, sind, cosf ) i'/

This shows the inclusion of one direction component,likginto the other. Averaging the

losses in the two directions eliminates the second term by angular error compensation as:

_ P +P B, H a
P =_cw _ccw :’0f 11 cosd, sinf,
2 r 1.

‘ ' u. (71)
P = Pew * Beew = AByHy, cosd, sinf, +
2 r SR

As Uyytends to unitythe average core loss approaches the ideal loss, and the difference between

CW ard CCW losses becomes nigghle. As the sample saturateg, tends to zerand the second
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terms of equations i(i70) increase in magnitude, resulting in the divergence of@UW core

loss plots, as shown Fig. 6.8 (a) and (b).

Averaging significantly reduces this error as showhign 6.9, but it cannot fully eliminate the
effect of the angular err¢89], [68], [105], sincecosly, is part of equatioli71). These residues

are part of the absolute constant systematic errors that are difficult to correct.

The accurate estimation 6fy requires complete saturation of the sample in thasomrement
region, such that the remaining core loss is attributed to misalignments. In this condition, the loss
anglet xy equates to zerdnencesint xy =0, andcost xy =1, which when substituted in equation
(68), and lettingHx1 & Hyx & H1, the measured components become:

E (72)
ycw,ccw = Hlsin m ® dy) i/
which proves the shifting of the measurddl waveforms [106]. For example, for CW
measurements andlity, the measureHx component$n both CW and CCWecome:

iy, = Hisin(ut - d,)

H'XCCW = Hlsin(wt + a’x)

L (73)
y

The chvv waveform is shifted backwards, while tHanCCW is advanced in timelherefore, any

error that introduces a phase shift in tHewaveforms, will result to CAWCCW core loss

asymmetry.

The estimation ofixy is prone to inaccuracies arising from the assumptions and misalignments
within theB-coils. Therefore, averaging usually mitigates part of it, and the remaining components
given in equatior{71), forms part bthe residues of the methodological errors that are difficult to
correct. Therefore, the misalignment anglesgwere determined by iterating equati@i®), until:

Py TR

X, YCW X,ycCw ] (74)

e

This absolute constant systematic angular error is approximated from the difference between

the measured fiel(’sﬂ;gy and the corrected fieltHx,y as:
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- P, _(Hy-Hy)
Aoy H H

(75)

pk pk

C. Integration noise error

Sources of itegration noise error include data acquisition noise, and electromagnetic noise
picked by sensor leads. It contributes to @EW loss asymmetri$8], and affect$d values more
than theB values based on their transduction cantd, i.eKy (~10/) > Kg (~1°). It is reduced by
averaging of CWCCW core losses, but increases with frequency and flux density, and poorly

twisted sensor lead68].

In the analysed measurement system, the integration emw@ewas 0.P6 of the core loss at
1.9T, and60 Hz (Fig. 6.5 (b) vis-&vis Fig. 6.9). Hence, it was assumed negligible, though it is

accounted for in the overall randomae.

The error was analysed by replacing ltheoils with shorted sensor leads showirig. 6.5 (a).
Rotathg core loss measurements were then done at 6Hwth CW and CCW directions for
two runs. In the snd run, the setup was disassembled, and then reassembled. The initial position
of the leads were also randomly changed. The average of the twwithreecompanying error

bars, shovanincreagin noise withflux densityin Fig. 6.5 (b).

0.02f-
g oo01-
=
W o
E
& -001r
-0.02 ; - ;
0 05 1 15 2
B, [T]
(a) Shorted sensor leads (b) Measured noise

Fig. 6.5 Measured noise under rotatng fields, at 60 Hz
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6.4.5 Flux Density Measurement Errors

The induced-coil voltage is expressed as:

eB(t):NB'%dd_tB:Kde_?- (76)
EachB-coil has 10 turnd\Ng wound through 1 mm diameter holes, 60 mm apart. It is difficult to
correct theB-coil output by calibration, as is in the caserbtoils. The associated constant
systematic error can only be correttey estimating the enclosed sample @®Ag & gils. A set
of sample thickness weremeasured and averaged to estingatd he length of th&-coils, Ig is
the distance betwedhe B-holes, and is assumed constant. Therefore, elementary errors affecting

B-coils are the thickness, airflux, angular misalignment, agp#ictand voltage distortion errors.

A. Thickness error

The thicknesgg:) of the M19G29 samples gauge 29, which is 0.360.05 mm thick. The
tolerance is from an ASTM tolerance tafl€©7], and the consideration of two decimal points of
theanavailableVerniercalliper. The sample thickness is usually fixed, and only changes with a
new sample. Hence, it is an absolute constant systematic error that affectsplagison of core
lossef the same gauge material from different parent sheets, dimel @stimation of the sample

thickness irdifferent laboratoriedt is expressed in relative form as:

o P9 _P9G 1B

Bgt ~ gt Bgt gt Bpk l-lgt ! (77)

wheregp g= 0.05mm, g: = 0.36mmand | Byt is the influence coefficient @ with respect td.

The thickness errawill resultin differences in core losses especially at high frequencies since
eddycurrent core losses are proportional to stpiare of thesamplethickness.lts partial
derivative can be approximated by using more than one sample, whose gauge variations fall within
+ o g at the same frequency. In this case it is estimated as:

_WB_pé&  el) a_  |e)
% T lg g, FiN,1,0, cout) 8~ wNl, g2 codut)” (78)

It wasreduced byaveraging &et of thickness readings of the same sample
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B. Aspectratio error

The aspectratio, a ratio of the maximum to minimum radii ofBalocus is derived from the
amplitudes and phashifts of theB waveforms. In this study, the peaks and the phase shifts were
controlled by the user, hence, it is a personnel errdhelnase ofwaveformcontrol, the error is

dependent on theontrollertolerance

This error is composed of the control erofrthe flux density peaks and their phase, airflux
error and misalignment error. In the ensuing analysis, the med&@thsor is assumed ideal in

terms of magnitude aral phase angle.

1) Control error of theflux density peaks and phase shift

The flux density peaks and phases are controlled within limits dependent on the accuracy of the
personnel or feedback controller. Let the limits of Bhgeaks be £p B, while that of the phase
shift difference bex @ These limits were determined experimentally from rotatig

measurements, as the maximum deviations of 40 combied y flux density peaks, and 20

phase shift differences as 0.023 T and 0%2he measuredii'pWy phasors are therefore:

=(B,.° ®B,)<0"
(pro (pﬁr)<(900 qfr)_

(79)

<

B«
Boy

These errors are conditionally constant systematic error, whose relative forms are:

0] =3 a
€, = Ba i
px f
- 2 2 U (80)
— &acp %f 9 aqfr 0 71
Bry _\/&B 8 +£f ler8 I
C py+ C'r Ty
The influence coefficient! g, IS expressed as
f, E
lg, =5—0G— 81)

Byy W

andwas approximagtusingmeasurements by varyingin steps of 0.8, 1°, 1.5° and 2.

119



Chapter6. Measurement Errors and Uncertainty Analysis

2) Airflux error

B-coils enclose some leakage fields similaHtooils, resulting to:

BcoiI (t) = Bairﬂux(t) + Bsampl(.(t)
Bairflux(t) = nzHairﬂux(t)
Bsample(t) = ﬂéM (t)

(82)

<\ /oo

whereM is the intrinsic magnetization of the material, &hghux is the aiflux leakage field, which
is approximatly equal tothe applied fieldHa. In this casep ar & 0, since the enclosed air is close

to the sample surface, i.e. it is one turn thick.

There is asymmetry in relation to the amount of air enclosed bg-tidéls, as shown irFig.
6.6, where theBy-coil encloses more air than thg-coil. It results to an absolute constant
systematic error, where tiggi coil underestimates the flux density, as the peaks are controlled to

beequal.

B-hole  B,-coll B -coil

'L Enclosed air
s [ | B

Fig. 6.6 B-coil arrangement showing the enclosed air by thBy-coil (not drawn to scale)

The B-coil airflux error is only significant at very high flux densities whigegs in the order

of 10* A/m. The maximump Bimux wWas estimated at 19 kA/m as 0.024 T. The measured phasors

in this case are:

B,,=B, <0 Y
' -4 83
pr = (pr + %rflux) <90 {] ( )
Hence, the relative error for tlig-coil is:
e — Cp%rflux - %Ha o
Byaf = .
f pr pr ( )
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3) Angular misalignment error

Any angular misalignment in theimding of B-coils makes th&-locus to deviate from circular
to elliptical. This will result tdH-locus asymmetry; contributing to G@®/CW core loss asymmetry
[68]. If the misalignment angle is known, it should be compensatedebmeasuremen{d06].

In most cases, it is unknown, and difficult to estimate. Hence, it is mitigated by windiBg the

coils through small diameter holes, and having more number of turns.

The misalignment angi@ caused by the positioning Bfcoils viaB-holes can be derived from

Fig. 6.7 and the length of thB-colls, |g as:

Qo
o

-1

g, =tan'gg™"

DO
|-QDO

’ (85)
B

where theB-holes diameter idh. This shows that it can be minimizeg decreasingh, increasing

I, or increasing the number of turns to average the misalignments of individual turns. The latter

may increase the airflux error.

B-holes
B-coils

()

Fig. 6.7 Angular misalignment of B-coils causedy B-holes (not drawn to scale)

The maximum misalignment occurs for one tBrnoil. Hence, forahole diameter ot mm,a
B-coil length 0f59 mm,Un is 0.97°. From Fig. 6.7, the misalignment angle is twice. Therefore,

the measured phasors in this case are:

B =B, <0

B, = B, cod2d,)< (90+2d,)” { (86)

<Ic:™
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by applying the misalignment to tiBg-coil. Similarly, the relative errdfor theBy-coll is:

o 2 o 2
_ 2B, 0 a2q Q
oy _\/%B_yg +£f_h|5fr8 ) (87)
cC vy = Clr -
The influence coefficientg,, is given in equatioi81), and
) 1 0
Py = pr?_ cos2d, 8 (88)

This is also an absolute constansteynatic error, arising from the winding Bicoils, as they

are fixed on the sample.

4) Correlational additional aspeetatio errors

The variation of one of the peaks, and/or phase angles causes variationsBimnted
arguments, resulting to additionalnzbtionally constant systematic errors. This is because of the
correlation between the input arguments. These additional conditionally constant systematic errors

were determined using two experiments.

In the first experimenBpy was varied in step of 1,@&1d 3 %, and in the second experiniant
was varied in steps of 0%1°, 1.5° and 2. The additional errors were then determinecbdsy

andgBy. A 2 % variationn Bpy was used to determine the additional errors. Its associated errors

are:
e _P H»cy 9
Hx.ypkadd ~— H 1
pXy {J (89)
e _® Bo 1
Bxypladd B 1
pxy Y

For thel ;, a varigion of 1.5° was used in the computation of the additional errtirenly

influenced the magnetic fields, whose relative errors are:

_®H
eHx,yfadd - H = (90)

pxy
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C. Voltage distortion error

The distortion error of the induced voltages of Bieoils is analyse using theform-factor
(FF). Theform-factorshould be within 1.1107 £ 1 % according to ASTM standgfd8k In [56],
the form-factor is modelled as part of theddycurrentcore loss equation, whilem [99] it is

modelled as part of the overall uncertainty equation for pulsating core loss measurements.

This error is important in the comparison of core loses obtained using measurement systems

with and without control of #B-coil voltages, to ensure measurement consistency.

It is an abselute constant systematic error that should be estimated usingdbetrolled and
controlled B-coil voltages. In this study, the controlled voltages were approximated by the

fundamental cmponents. Hence, the error is estimated as:

_PE, R el
eeBFF - esFe ! (91)
Fe, F Bk M&;

B

where FFB and FFBl are theform-factors for the uncontrolled and fundameniatoil voltages.

l..r. is the influence coefficient @k with respect td.

€g

6.4.6 Overall Random Error

Ten(n= 10)repeatedotating core lossneasurementsere used to evaluate the overall random
error.CW and CCW measurements were diomeach run in the range of 0.1 T to 1.9a1 60 Hz
TheH-coils and the sanig were disassembled, and then reassembled after each run. The sensor
lead locations were also changed. This was done to excite the sources of random errors. The tests

were done within 5K (5 °C) from room temperature.

It was also possible to analyse tffectiveness of averaging in the reduction of-C@W core
loss asymmetry. For the first five runs, CW measurements preceded CCW, and for the rest, the
order was reversed. The first five runs are continuous plots, while the rest are dotted as shown in

Fig. 6.8 (a) and (b), for CW and CCW core losses, respectively.

There is scatter in core losses at high flux densities in both CW and CCW directions, as shown
in Fig. 6.8 (a) and (b). In addition, changing the preceding direction after the first five runs does
not influencethe plots in either direction. This is because the sample was demagrietinesl
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flux densitythat washigher than 1.9 Thefore eaclCW and CCW set of nasurements. This

eliminakedany remnant magnetization.

P Wikg]

-20+
25h
30-
-350

-10+
-15+

Py Wika]

r r r r r
0.5 1 15 2 0 0.5 15 2

1
B, [T] B, [T]

(a) CW core loss measurements (b) CCW core loss measurements

Fig. 6.8 CW and CCW rotating core losses for 10 runsat 60 Hz
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(P * Pecw) 2 Wikl
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Fig. 6.9 Averaging of CW and CCW core losses with error bars for 10 runsat 60 Hz

Averaging significantly reduced the divergence in the-C@MW core loss plots, as shown by

the standard deviation error bardHig. 6.9. It proves that thissymmetryis mainly caused biy-

coil angular misalignments, as described previoumsiection6.4.4B.

6.5 Measurement Error Results Analysis

After quantitatively estimating the elementary errors, BrendH argumenterrors were then

determined. The total uncertainty was then estimated atBeaasurement point

6.5.1 Absolute Constant Systematic Errors

Core losses are predisposed to absolute constatenstsc errors, especially in the

measurement dfl. That ofH (Ln) is about 78 % of the total absolute erfbsc), as shown irFig.
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6.10, while that of the measurement®{Lg) is about 2%%6. These errors weretermined from

Bx,y andHy,, which were weighted by their respective influence coefficiasts

Le =lg, &, *+ 15,6, f

_ u- 92
Ly =16, +lu 6, (92)

The t hi ck g costribed significantiyatahe absoluteB error, while the airflux,
LHat dominated th@bsoluteH error, asseenin Fig. 6.10.
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Absolute const. sys. errors

0

-0.1
0 0.5 1 1.5 2

B, [T]
Fig. 6.10 Absolute constant systematic errors foB and H arguments at 60 Hz
The estimation of the airflux error was prone to errors arising from their measurements, i.e.,
they should be estimated as close as possible to the sample surfacelésgthitarb mm).In
addition, they were determined from pulsating measurements, which required extrapolation for
higher rotating magnetic fields. Its influence coefficient was also based on fundamental

components that resulted in their overestimation beyond the knee point

The thickness error was corrected by averaging over a number of sample thicknesses. It is
difficult to correct the airfludeakage field errobecause it depends on the locatiorHefoils,
relative to thesamplesurface frequency and flux density. Idég double H-coils canbe used to
extrapolate the sample fielahd correctfor the angular phasghift. Alternatively, a different
measurement method such as thermometric or torquemetric can be used to correct the

measurements for the entire flux denségge, at a given frequency.
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6.5.2 Conditionally Constant Systematic Errors

Additional errors caused by the correlatiorBrandH significantly influenced conditionally
constant systematic errors. The additional errors mainly affectdd #tgumentygH(adq) more
than theB argument$gs(add), as shown ifrig. 6.11 (a), wheregadqis their total The rapid increase
in theH error, gH(add) (hencegadd) after 10 T was caused by the increaseHiypas a result of a 2 %
increase irBy. The sudden dropf the gndd) (hencegadd) curve after 1.4 T wasaused bythe
increase irH with B, which decreases the relative error. Thathis error becommsignificant in

comparison to the very high fields toward<2 T.

T

X: 1.407 0.3
0 004l | —0— Ug(adg) Y:0.0384 = O Uadu
g 0. u g ! X: 0.1003 u
\ Y:0.286 X:1407 — | —B—
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2 u X: 1.407 . \ " —6—q
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(b) Conditionally constant errors

(a) Additional conditional constant errors
Fig. 6.11 Conditionally constant systematic errors forB and H arguments, at 60 Hz

It is important to note that a 2 % variatiorBg, & 1.8 T and 1.9 T, resulted irgaHof 880A/m
and 1,222 A/m, respectively. The highesHcaused by the phashift variations was not as
significant (42 A/m).

The conditionally constant limitfg, were then determined using equat{d8), and its profile
has signatures from the additiorghqdand the rest of the conditionally constant errggsas seen
in Fig. 6.11(b). The high value afiyat 0.1 T was due to the control error of thi density peaks
and their phase shifts. The same error limitep®Br = 0.023 T and: gp r = 0.622°) were used for
the entire flux density range. Hence, at low flux densities, the associated error was higher (23 %

at 0.1 T), as compared to high fluxdgies (1.2 % at 1.9). The standard deviatiors, which is

an indicator of conditionally systematic errors, was then determined from eg{t)oand has a

similar profileasdyas shown irFig. 6.11 (b).
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6.5.3 Overall Random Error

The overall Random error of the core losses at #aghdensityB measurement point was
derived as standard deviatiohthe ten repeated measurements, usiugteon (52). The mndom
error increases with flux density loading as showhig 6.12. Additionally, Fig. 6.9 showed tlat
averaging of CW and CCWbee losses significantly reducsgistematic errors associated with
coil angular misalignment. This will also reduce some random eswch as integration noise by

averaging.
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0.015

[ ]
0.01
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./'./

Random error

0 05 15 2
B.11]

Fig. 6.12 Overall random error, at 60 Hz

6.5.4 Total Uncertainty

It is now possible to express the total uncertainty in terms of absolute, conditionally and random
errors. Equatioii54) gives the combined uncainty (uc) of conditionally systematic and random
errors, which arall random in nature. The sum tife combined uncertainty antthe absolute
systematic errors, gives the total uncertaiotys given inequation(55). The total uncertainty is
significantly biased by the absolute constant systematic émgothat is 89 % oik as shown in
Fig.6.13.

The absolute systematic error largely depends ohltbeail airflux leakage error (78 % dfy,
and 70% ofw), and the thickness error (25 % laf, and 22 % ofu). Subtracting the absolute
systematic errar from the total uncertainty, results to the combined uncertaintyof the
conditionally systematic and randoerrorsshown inFig. 6.13.
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Fig. 6.13 Absolute, combined and total uncertainty for rotational core lossesit 60 Hz

This shows the importance of correcting absobystematic errors sineeeywill result in the
overestimation of core losses, for a fieldmetric measurement system. After corrections, the
uncertainty is largely dependent on conditionally systematic and random errors. Moreover, the
peaks of theeombineduncetainty (Uc) curve at around 1.4, Tare attributed to the correlational
additional control errors of the aspeatio. Hence, the control limits fargo B and +qb , should
be less than % and 1% (<1°), respectively. Within these limits, and catieg for absolute
constant systematic errors, the total uncertainty falls within 3 to 10 %, in the entire flux density

range.

6.6 Conclusion

The total uncertainty of core losses was determined BamdH elementary errors, for a flux
density range of 0.T to 1.9 T, at 60 Hz. The uncertainty results showed that core losses are
predisposed to absolute constant systematic errors, especially in the measurém8&aingbling
frequencies less than 21.6 kHz at 60 Hz should be avoided for flux densities lfey/knee point.

They result in thantertwining ofB-H loops, underestimation of core lossmsd contribute to CW

CCW core loss asymmetry.

Averaging of CW and CCW core losses significantly reducedotiaging core lossisymmetry
whichis mainly caused bki-coil angular misalignments. In addition, the errors due to tolerances
in aspectratio control were sensitive ®peak variations, as opposed to phase shift variations. A
2 % variation irByat 1.9 T, resulted in@ K of 1.2kA/m, while a 1.9 variations in the 90 phase
shift between th& components was not as significant (42 A/m).
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TheH-coil airflux leakage field error dominated the total uncertainty by about, tPough

it was prone to estimation errors.

Correcting absolute constant systematic errors, and operating \esisithar? % andess than
1% (<1°) tolerances for the control of tli®peaks and the phase shiftill reduce thetotal

uncertainty tdess tharl0 %, in the entire flux density range.

A summary of the findings of this studye presented next.
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The study presented the need for a solution to the inadequacy of pulsating core loss

measurements, and the limited range ofTlat 60Hz of thebenchmarkHalbach teter, for high

flux densityrotational core lossneasuremds. The proposed tester met the main objective of

extending thdlux densitymeasurementangeto 2 T at 60 Hz, and maintang the frequency

rangeof 60Hz to 1 kHz. The contributions of this thissto the design of high flux density

rotational core loss magnetizers are:

Long effective axial lengti{deepyoke) of greater than 66hm for compactmagnetizers

(samp | e di amem,erarod 1@ tgmimmizO the variation and improve

the homogeneity of the flux density in the measurement area, increase the sample magnetic
loading and lower the yoke losses.

B-coil lengthsshould begreater than 4éhm in cre loss measurement of unannealed
samples, to minimize the effect of local degradation caused byussddo locat8-coils,

and other inhomogeneities. Hence, unannealed square samplesBatmbké&engths are

about 100 20 mm are predisposed to thigan.

The effectiveness ofhgelding depends orthe distanceof the shieldfrom the sample
surface, and magnetic loading of the sample. Hence, shielding at ®@mm is
recommended for flux densities below T.0and 18 - 20mm, for flux densities above

1.0T. Shielding at less thamm shouldbe avoided a# increases the magnetic fietel
component becausd theinteractionof thesample andhe shields.

The airflux leakage field close to the sample surface influences the shape, magnitude and
phase of tB measured magnetic field, and is one of the most dominant sources of
measurement error. Hence, doubleoils are suggested to minimize it, and reduce the

total uncertainty to less than 26.

The application of ta proposedetup wasalidatedby core los measurementsder sinusoidal

pulsating.elliptical and rdating magnetizatns at 60 Hz, 400 Hz and 1 kHMoreover, elliptical

nonsinusoidal excitation at 60 Hayere demonstrated using the flux density loci of a hydro

synchronougeneratorThis is n addition to rotational (> 0) to pulsatingr(= 0) core loss ratios,

which showed significant increase in the core loss magnitudes with increasing frequency. Hence,

the setup is important in the generation of both sinusoidal andinosoidal rotationacore loss



Chapter?. Conclusion and Future Work

data in theanalysis of thencreased ratingf large machines, and in the design of cored electric

machines.

Core loss data is invaluable in the accurate estimation of the temperature distribugion in
machine. This igparticularly important n increasng the rating of vintage MW rated hydro
generatorsand other large machines on theplications ofincreagng the load.This increase in
capacity is cost effective at a higher efficiency and reliability, at a fraction (10 t84]2.®3]) of
new hydro stations and/or machin€eese machinesereoversizedased orstandardsind tools
available at the timeThey weredesigned based @ulsating core loss data and higher losee
materials. Hence, their ratimgin beincreased byetter characterization abrelosseausing non
sinusoidal rotational core loss data that reflects machine opematidnetrofitting them with lower

losscore materialith better insulation for the same footprint

In general, the use of nesinusoidal rotationatore losdatais more accurate in the prediction
of hotspots, and in thermal circuit desigmcreagng machineatingrequires the consideration of
thetemperature distributioof the machine, hence the need for more accuratdassalataThe
predisposition ofdrge machines to very high magnetic and mechanical forcesiasiltirations
whichtranslats to rubbing of the stator laminations. If the lamination insulation is,@sed on
the predictedhighest temperature ohé hotspots, theit can breakdown resulting in shott
circuiting of the laminations, and eventual failure of th&chine Large MW ratednachines are
not only expensive, but their downtime is costly to utilifiegning and otherenergy intensive
processs, such as in cement productidrnerefore, the nossinusoidal rotational core loss data
generated using theroposed setupvill allow more preciseprediction of hotspots temperature

than traditional sinusoidal pulsating data

Operating at highefrequenges can result ina reduction ofthe machine sizeHence,the
aerospace industgnd other industriesith operating frequenesgreatethan 200Hz will benefit
greatlyfrom rotational core loss datat these frequencies, core losses beconeeof the dminant
losses and pulsating estimation significantly underestimates the corewiahs significant
rotationalflux. This can resulin underestimation abcal heating, whicltanreduce the service
life of the machineMoreover, the use of wide gap switet) devices (SiC and GaNyhich are
not yet main streamyill allow evenhigher operating frequencies, thadn be limited by the

thermal circuit. Therefore, theaccurate estimation and distributiai core losseswith the
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consideration obtherlosses, s importantin themapping of hot spots, sizing and analysis of the
thermal circuit.The setup can also be usedharacterig high frequency core materials of thinner
gaugeg00.36mm), which are ofower lossthan conventional silicon steelsth no cooling up

to 1 kHz Thisfrequency range can be extended wiimimal modifications

The following specificconclusionsare drawn from the presented design methodotddnygh

flux densityrotationalcore lossmagnetizers

I.  The flux density variation and its namiform distribution in thesamplewere minimized
by sinusoidally distributing the windings foa round tester, and equaliation of the
reluctance with magnetization diteon. The proposesinusoidally wound round tester had
the least flux density variationf the highestmagnitudein comparison to a square tester,
Halbach tester and conventionally wound machine stator based tester.

ii.  Alonger stack length (deep yoke) vamwn to minimize the variation and raniformity
of the flux density It alsoincreass the sample magnetic loadingycalowers that of the
yoke; minimizing yoke effects.

iii.  CenterthreadedB-coils were more accurate than wrapped or -tleadedB-coils,
althoughB-holes increase neaniformity andmagnetic fielchoise. The effect of magnetic
degradation owing td-holeswas minimized by averaging over long&-coil lengths
greater than 46hm, and having an allowance in the placemei-gbils.

iv.  The airflux leakage field above the sample was shown to influence the shape, magnitude
and phase of the measured fiekhe latterreducel the loss angle betweds and H;
reducing the measured core loss. Its impact on the measagtktic fieldncreasedvith
areductionof themagnetizediametricalsize. Furthermore, the airflux leakage field error
dominated the total uncertainty by about¥0 Hence the need to extrapolate the measured
field on the sample surface by using double or ntiHtioils.

v. A diametricaly large magnetizer is the only way to significantly reduce the magnetic field
z-component i), at the expense of the attainable flux density. Shielding atm&o
22.5mm was recommended, although for a measurement range of less thgn 1.0
shielding a® mm to 10mmwas as effective aslarge magnetizer. Beyond 110 using a
shielding distance of less than fdn increasedd,; because of magnetimteraction

between the shields and the sample.
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vi. The proposed numerical methodology was validated experihenidie magnetizer
achieved very high flux densities in the range of 2 T atiB@or both G29 (0.35 mm) and
G24(0.65mm) samples. For G29 sampléisx densityloadings of 1.8 T and 1.6 Were
measured at 408z and 1kHz, respectively. For the thicker2@ samples, the range
reducel to 1.7T and 1.4T, 400Hz and 1kHz, respectively The magnetizer also
reproducd numericalnon-sinusoidalwaveforms forflux densities less than or equal to
1.0T, without any waveform control.

vii.  Low sampling frequenciesuchas21.6 kHz at 60 Hz should be avoided at flux densities
beyond the knee point. They resintthe intertwining of B-H loops, underestimation of
core losses and contribute to @CW core loss asymmetry.

viii.  Fieldmetric ore lossmeasurementare predisposea tsystematic errors, especially in the
measurement dhe magnetic fieldCorrecting for these errors, and operating witbss
than2 % and 1% (<1 °) tolerancedy controlling the waveforms, will reduce the total

uncertaintyto less thari0 % in the etire flux density range.

The following recommendations are necessary to imprbeeperformance of theéeveloped

rotational core loss measurement test bench:

i.  Theimplementatiorof doubleH-coils to improve the accurady the measuremeunf the
magnetic feld.

ii.  Development of a waveform controller and signal acquisition system that will allow better
control of the aspeettio, form-factor and nonmsinusoidal flux densities, without
introducing measurement errors as a result of samplinig. will reduce meagement
errors, and improve their estimation.

iii.  More accurate alignment 8fandH sensors relative to each othand with the sample, to
improve the accuracy of measuring pulsating core losses, since they cannot be corrected
by averaging.

iv.  More accurate eshation of the airflux measurement errtmr reducethe bias in the
estimation of uncertainty

v. Provision for cooling the sample to alloier higher frequency measuremeisyond
1 kHz.
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Thesemeasuresvill improve the confidence of the measured core lofseany aspeetatio,
allowing for further research in rotational core lossdelling and generation of core loss data
underbothsinusoidal and nesinusoidal excitationshis will allow more accurate estimation of

core lossesompared to the current mets and models utilising pulsating data.
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