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The sensing apparatus desigiiffers from the Maglev train solution by having three
sensing coils in both sensing coil groups instead of Bixposition sensing resonance

circuits areused becaus#he ratio of teeth to slots in thaetator railis 1:2 instead of 1:1

If only fourposition sensing resonan@écuitswere usedto determine mover position
occasionally they all would locate simultaneousbovea stator rail slot.Thiswould
makerotor position sensingmpossiblewith the look-up table method. Figure9 show

the arrangement of sensing coils above the stator rail.

Resonance
Circuit Group 1

Resonance L
Circuit Group 1, s I,

Resonance’
Circuit Group 2 |

Resonance
Circuit Group 2

Figure9: arrangement ofposition sensingresonance circuitd ¢ 6 above the stator

rail.
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Due to theratio of 1:2, output signas of position sensing resonanaécuts cannot be
approximatedsinusoidal.Instead,the position sensing resonanagrcuit output signal
compriseswo parts.First partcan beapproximated taa half wavelength of aine wave
starting from itshighest point. This part isan output signal ofa position sensing
resonancecircuit traveling over a stator tooth.For example,”Y between 11 and
mip @& in Figure10 illustrates the output signal when the first resonance circuit is
above a stator toothThe latter part ofa position sensing resonanc@cuitoutput signal
is consént asthe resonance circuitravels above a stator rail slge.g. Y between
Thp @and pAW ). When a position sensing resonanagrcuit reaches next stator rail
tooth (e.g. Y at phmx ), the output signal starts overApproximatedposition sensing
resonance circuit output signals "YAYR8 RY are shown inFigure 10. In this

approximation the velocity and the air gap of the mover is constant
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Stator Rail Position
FigurelO: approximated position sensing resonance circuit otitpignals from the
distance of twopole pitctes The lowest frequency of the resonance circuit outy
signals ismarked in the figure asQ and the highesis marked as', . The

velodty andthe air gapof the sensing apparatusme constanin this approximation

Like the Maglev train solution, difference signalsO RO 8 HO are generated by
subtracting position sensing resonanceircuit output signals within each group.
Equations for generatingdifference signalsare shown in Table 3. These difference

M ¢



signals are output signals of the sensing appardtigurell showsdifference signals,
which aregeneratedfrom the position sensing resonanc&cuit output signalef Figure

10.
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Figure 11: difference signals generated fromhe approximated position sensin
resonance cauit output signalsshown inFigure10. The lowest frequency of thi
difference signals isnarked in the figure asQ and the highest isnarked as
"y . The maximum frequency of the approximatedsgion sensing resonanc
circuit output signals, with an assumption that they have comni@n , is marked in

the figure as™, to illustrate the amplitude of difference signals.

Values between"Y and "Y on the rising slope of fference signalsO FO 8 HO are
stored to phase table® R B A) .Additionally, phase tables includetor position
information for eachvalue stored to the phase tabl&he equations for generating the
phase tables from thesing slopes are shown Table4. Figurel2 shows phase tables,

which are generated from the difference signals-agjurell.
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Figurel2: phase tables generated frothe difference signalshown inFigurell.
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The phase tables are stored to a reolatile memory of the controller which determines
rotor positionby comparing difference signal values of the sensing apparatus output to
corresponding phase tables. The controbelects always thelifference signal which is

on its risingslope to be compared to corresponding phase tablehe compared
differencesignaland phase tablare switchedto next ones if difference signal values
above "Y i.e. exceeds phase table valu&espectively previous difference sigaald
phase table areselected ifdifference signavaluegoesbelow Y. Table5 shows which
difference signal and phase table are compared and which are selectedeifedite

signal valugyoes out of an interval "YR'Y .
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As a example|f the sensing apparatus output® Y, acontroller comparesO to
0  which resultsrotor positionof it & according toFigurel2. When O Y,
resultingrotor positionof Tt © , acontroller determines thaa mover has travelled
vhp) o mm along the stator rail Further, when©  “Y a controller switches to
compare O to 0 .When O "Q , a controller determines thatthe rotor

positionis Tiwd  andtherefore mover has travelled anothephp xmm.
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Thesupporting structure of the stator rail comprises flat surfaces on both sides of the
stator rail, coveringts whole length This surfaces electrically conductive and therefore
a resonance circuit can measuproximity from it. The sensing apparatudesign

comprisestwo air gap sensingesonance circuitshat locate above thdlat surfaces

HH



Theyare used to measurthe air gapand angleof the mover.Figurel3 shows the air
gap sensing resonance circuigsand y on both sides of position sensing resonance

circuits.

Resonance
Circuit Group 1

Air Gap Sensing
Resonance Circuits__

-7 =

Resonance
Circuit Group 2

Figurel3: arrangement of position and air gap sensimegonance circuitabove the
stator rail. Theair gap sensing resonance circuits 7 amdesurethe air gap from the

flat surface of an electrically conductive supporting structure.

A design equirement for the air gap sensingesonance circuit§ and 8 inFigurel3is

that their sensing range does nektend tocoverthe stator rail. Otherwisethe teeth of

the stator railwithin the sensing rang would cause measement erross. Therefore,

one possible shape for the air gap sensing resonance circuits could be a long and narrow
multi-layer coil that is longer thaone pole pitch.That shapeshould decrease the

measurement errorin casethe sensing range extended tover the stator rail.
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Thesensing apparatus prototype comprises two PCBs which are connected with a cable.
One PCB comprises most of the electosmand is later referred adectronics printed
circuit board (EPCBThe other, latereferred as a sensor printed circuit board (SPCB),
comprises resonance circuits. The division into two separate PCBs allows to test

different SPCB designgth same electronics.

The pototype designcomprises siposition sensingesonaice circuitswithout air gap
sensingresonance circuitsHence,rotor position sensingan be tested using one or

more position sensing resonance circuits above the stator rail &edair gap sensing



can be tested using the sanpesition sensing resonanagcuitsabove theflat surface

of the supporting structure

Resonance circuits 08PCBs are designed usoapacitorsconnected in parallel with
circular, square, hexagonat octagonal sesing coilsDespite of the sensing coil shape,
its diameter isthe tooth length a . Only similarsensing coilsire usedwithin a single
SPCEnd therefore four different SPCBs are desigrieédmpared to theaotor position
sensingdesignin Figure9, the position sensing resonan@écuitson SPCBare located
further apart eachother to minimize interferenceThe position sensing resonance
circuit groupsare movedfurther from the center of the stator raiind the middle
resonance circugfrom both groupsare movedclose tothe sides of thestator railasis
shownin Figurel4. Because the relative location of the resonance circuits along the
stator rail does not changethe position sensing resonanceircuit output signals,

generated difference sigils and phase tableemain the same

Air Gap Sensing
Resonance Circuits__

Resonange
Circuit Groyip 2

Figurel4: arrangement of position and air gap sensing resonance circuits abov
stator rail. The position sensing resonance circuit arrangement within reson

circuit groups are show

In addition to theposition sensing resonance circdimensionsand shapesthe main
SPCHRlesign parameters arthe inductance, quality factor and operatirfgequency of
the resonance circuitéNing, Zhigiang, Song, Bengshan, 2013Yhe SPCB designs are

shown inFigurel5.
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Eight SPCBs were manufactured and the four hagilngMHz operating frequecy are
shown inFigurel6. The width of each manufactured SPCB is mm which is the same

as the width of the stator raifx . The length of the SPCBstisp mm.

Figurel6: manufactured SPCBs.

These designs with differemperating frequenciesre manufactured for the sensing

apparatus prototypeThe operating frequencies of the SPCBs arevitbtthe number

Hp



of turns in the resonance circuits and with the capacitor val@pecific information

about the designed SPCBs are showhahle6.
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As mentioned, te design of EPCB is based on LDC1101 A/D corsvER€ZB comprise

six A/D convertersvhich can be connected to external resonance circuits on SPCBs
Therefore each AD converter is measuring the inductancé a separate resonance
circuit. In addition to A/D converters, EPC&8mprisesa buck converterreference clock

and passive components, which are all surfagaunted components attached to a top
layer of afour-copper layer PCB.dp and bottom layer®f this PCRre signal planes,
lower inner layer is a power plane and uppener layer is a ground plan&ll
components on EPCB are selected have same operating voltageb , which is

supplied from the power lane.

A buck converter, Texas Instruments TSP62220sed toregulatethe power planeat

the operating voltageThis converter is a DC/DC converter which outmlitagecan be

set to a constant level with passive componenthe passive components ardesged

such that the buck converter inpwioltage @ can be supplied witholp - ¢ V DC

while the outputvoltage @ remainsat ofo V DC.The voltagew is supplied to

EPCB input from an external power source. This buck converter is used to protect EPCB
against possible voltage peaksiwe EPCEnput.

HC



The A/D convertecan ogeratein two different measuremenmodes.However, only the
measurement mode which has higher resolution and completes measurements
regularly i.e. at constant intervals, is used. In that measurenmantle, the A/D
converter comparesthe oscillation frequencyof the external resonance circuib a
constant frequency ofan external referenceclock "Q and determines the

inductance based on the difference

The A/D convertesupports ad-pin serial peripheral interfaceSP) bus communication
protocol. It operates as a slaven this busand requires a external master, e.qg.
microcontroller, to operate A brief introduction to the SPI communication protoe®l
necessaryto understand the delays ofthe sensing apparatusprototype. SPI
communication protocol is quite loose and therefore the protocol is describedias it

applied for thisLDC11Q A/D converter.

In the SPprotocol, a mastercommunicate only with oneslaveat a time.Each slave
sharesacommon master input slave output line (MISO), master output slave input line
(MOSI) and serial clock line (SCLK). Furthermore, individual dbi lses (C®) is
provided from the master to each slave In the beginning ofa masterslave
communication, he masterselectsthe slave by switchings C®low while the CBsfor
other slavesre high Hence only the particulasslavein the bus is allowd to send data
to MISQ In masterslavecommunicationthe master either reads or writes data stave
registers,eachcontainng one byte of dataFirstthe master senda commandoyte to
MOSIland simultaneouslyprovideseight serial clockcyclesto SCLKThe commandbyte
compriseseither a read ora write command and alaveregister addressThenthe
master providesight serial clockcyclesto SCLKor each consecutivelaveregistersit
intendsto read or write starting from the address ser the commandbyte. During
that either the slave sendsegister valueso MISO(read commanglor the master sends
new register values to MOS{write command) In the end of masteslave
communication CSB is set higHence, the master can read or write with sinde
commandbyte many consecutivslaveregisters.Figurel7 showsa block diagram od

singleA/D converterandrequired connection$o the master.



3,3V 3.3V

T Reference
VDD
Resonance A/D Converter VoD
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{.v— IMA 1 LMeas + Logic
vT INB| o csE
[— - | | rRP+L =
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5P | mosi MOSI | Peripheral
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GND Compars

1 L

Figurel?: circuit diagram fooperating LDC1101This figure is mdified from(Texas

Instruments, 2015)

TheBPCBs designed without a masteMOSI, MISO, SCLK and CSBs are connected to
EPCB input. Therefore, any device capable of operating asasdemin the SPI

communication protocotan be used.

WhenA/D converter completea measurementts status register change$herefore,
the masterreads thestatusregisterrepeatedly until it changes henthe master reads
a measurement result fromthree consecutiveA/D converter registers. After the

measurement resulhasbeen read, status register resets atid master starts to read

it again.The masterslave communication timed  is determined with

0 —— ™ W
Q
where ¢ is the number otommunicatedbytes and™Q Y MHzis a serial clock
frequencyin SCLKHence, 0 ¢ > dor reading status rgister and 0 T > dor

reading a measurement resulBecause the master starts to read the measurement
result registers after the status register indicates completion of a measurement, the
delay between the completion of a measurement and the matwvehenthe master has

read the measurement reswlaries betweent and ¢ > a

A conversion timed which A/D converter requires to complete a measurement can be

calculated with

(VI




where 0  is aconstantpog-conversion processing timend ¢ is a settableA/D
converter parametewhich determines the number of reference clock cycles uséolr
each measurement According to (12), higher ¢ results higher measurement
resolution andlonger conversion timeWith € the conversion time can be selected

between vft > &nd @ v ms

Hence, otal delay from the start of a measurement to the ment when the master
receives the measurement resutein be setbetween oft * {and @ & i. These
delays fulfil theair gap andotor position sensingequirementsset forthe measurement
time 0 . However, A/D converter manufacturer has not praddmeans to calculate
the measurement resolution and therefothe prototype must be tested to verify that

it can reachthe requiredmeasurement timeo  with sufficient resolution.
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