1 METHOD AND SYSTEM FOR CONTROLLI NG A MOTOR RELATED APPLI CATI ONS
100011Thi s application clains the benefit of U S. Provisional
Application no. 561/671,829, filed on 16 July 2012. The discl osure of
the above priority application is heregby incorporated by reference in
its entirety. TECHNI CAL FI ELD [0002] The present disclosure describes
enbodi nents generally related to a nmethod and system for controlling
a notor. In partMETHOD AND S¥STEM FORECONTROLLINGRA 856TOR 10

di sclosure relate to a nethod and systemfor controlling a spindle
notor in a hard disk drive (HDD). Yet further, various enbodi nents
describe a nmethod and system for detecting the initial rotor position
of a spindle notor when the notor is at rest. BACKGROUND [ 0003] A HDD

is a data storage devi ce USERELATED APPDICATHONStrieving digital 15
information using rapidly rotating discs coated with nagnetic

mat eri al . ypi cal HDD incl udes one. or r [ gid rapidl .ot ating
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spindl e, and are spun rapidly about the spindle as information is

written thsrebidngospasated byraferenesiisids sifittllce as it rotates past the
magneti c read-and-wite heads that 20 operate closely over the
magneti c surface. The read-andwémegpqqhiwsed to detect and
nodi fy the magnetization of the materral imrediately under it. A
spindle notor is provided with the spindle for the spinning or
rotating 8002 he Hﬁ%k@senldmwgmﬁeiewbﬁﬁpr@bmm@ms @sraralir toj & method
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rotor rot&tREn@iheutitial rsiod b&ditibdofGOPHRIE hb@r when the motor is at rest.
BACKGROUND

[0003] A HDD is a data storage device used for storing and retrieving digital
15  information using rapidly rotating discs coated with magnetic material. A typical HDD
includes one or more rigid rapidly rotating disks with magnetic heads arranged on a
moving actuator arm to read and write data onto the disk surfaces. The disks are placed
about a spindle, and are spun rapidly about the spindle as information is written to and
read from the disk surface as it rotates past the magnetic read-and-write heads that
20  operate closely over the magnetic surface. The read-and-write head is used to detect and
modify the magnetization of the material immediately under it. A spindle motor is

provided with the spindle for the spinning or rotating of the disks.

[0004] The spindle motor used in HDDs is typically a brushless direct current
(BLDC) motor, which is an electronically self-commutated motor. The BLDC motor is a
25  3-phase synchronous motor with a surface mounted permanent magnet ring on the motor
that generates sinusoidal back electro-motive force (Bgme) in the stator windings. In

electrical machines, such as a motor, where a rotor rotates about a stator in converting



2 electrical energy to or from nechani cal energy, position sensors,
such as a position encoder may be provided in order to determ ne the
present position of the rotor during operation. 100051Due to cost,
reliability, as well as space issues ion the push to mniaturize 5
har dwar e, sonme HDD manuf acturers presently have chosen to nove on
fromthe use of such sensors, and have instead decided to rely on
sensor | esdeatyical &nergp tofort fiem spechehiealnetengy, positibh sepoess enth as f, position

mul ti pl e operati on sche have be pr.oposed for nsorl ess control
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el ectromagnetic field against the |ndUC|ng 10current. 100061However,

in the situation_where the sglndle nq is at rest, an initial
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spione teht, I N order to start the notor up quickly and
efficiently. 20SUVMARY 100081According to an aspect of the present

di sclosure, there is provided a nethod of controlling a notor, the
not or i ndP%ﬁ Ing HO‘S’ﬁ‘fﬂ’ie}ﬁléh%VWéH‘?lbWB% theopidlemetor i destrasripitiabposition
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measursed &fitiedtopb@tion. Nalsualodab@ ke use of Beyr detection is severely restricted, as Bemp

generated is at zero, or at very low levels when the rotor is static or almost static.

[0007] Hence, a need exists for a system and method for controlling a motor,
including determining the initial position of a rotor of a spindle motor, in order to start

the motor up quickly and efficiently.
20 SUMMARY

[0008] According to an aspect of the present disclosure, there is provided a method of
controlling a motor, the motor including a 3-phase synchronous motor with three
terminals of an electromagnetic winding configuration, the method including: providing
an input voltage between two of the three terminals of the electromagnetic winding
25  configuration; measuring a resultant silent terminal voltage at the third terminal of the
electromagnetic winding configuration; and determining a rotor position based on the

measured silent terminal voltage.



3 [0009]In an aspect of the present disclosure, there is provided a
system for controlling a notor, including: a 3-phase synchronous
notor with a swtching circuit coupled to three termnals of an

el ectromagneti ¢ wi ndi ng configuration,3 the systemincluding: the
switching circuit for closing an electrical circuit and a voltage
source 5 configured to provide an input voltage between two of the
three terlf®dl s bf anh&pedte@ﬁ rclmmg:aetti disalposuge, ntheworst prpwidetli @ rsystamd fax

r ot or p05| detectio configured t ure resul t ant
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embodi merflSEMngS A IO RASIHORHaRFd AR MspsugRd Sﬂ@%FrtF‘BH’éaqé( i ments of the
di scl osure are described with reference to the follow ng drawi ngs, in
whichip 20FIG 1 Aillustrates the characteristics of a coil

i nductance with respect to the rotor position. FIG 1B illustrates
the characteristics of_a coil inductance with respect to the rotor

posi tion when current B%I%BESQBIPEIQH@ET@EE PRAYWINGSdi ngs of the

not or . FIG 2 illustrates how two different inductances
respond t[Qo£0]Si Nid B! davimBY, 188 1PRrARY Anhabers gl BrefAte IR me parts
resultant term nal voltage nmeasurenents in response to six segnented
swi t chi ngheygkquh she dffercacdeweiThy doviags aretnessrarly to scae,kith gpphpsis
show cor Iy age
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si x Soegned belnsted thahihegpccampranyatgi dragings illustrate only examples of embodiments

of this disclosure and are therefore not to be considered limiting of its scope, for the

disclosure may admit to other equally effective embodiments. In the following
description, various embodiments of the disclosure are described with reference to the

following drawings, in which:

20 FIG. 1A illustrates the characteristics of a coil inductance with respect to the rotor

position.

FIG. 1B illustrates the characteristics of a coil inductance with respect to the rotor

position when current is applied to the electrical windings of the motor.

FIG. 2 illustrates how two different inductances respond to a similarly applied DC

25 voltage.

FIG. 3 illustrates an equivalent circuit for the control of a motor according to an

embodiment.



FIG 5 illustrates a rotor being aligned with a stator and det erm ned
phase segnents therefrom FI Gs. 6A-6F are plots of silent

term nal voltage neasurenents for varying sw tching conbi nati ons when
the rotor is set to 0, 60, 120, 180, 240, and 10300 respectively.

FIG 7A illustrates silent term nal voltage neasurenents when the
rotor is at phase positions 0, 60, and 120. FIG 7B illustrates
silent term ndilGvdlA a@wmmhnlgn@nnmamelmgbhmeatsmte@nentss iratresphissseto six
positions 180, 240 ust rat es;a bl ock di agr am of

a method for 8 ‘Peﬂt?‘ﬁw‘t‘%‘ngrr&ng’ma e%soarca?rdmgtt% ARR TS vent . FIG 9

illustrates a bl ock diagramof a system for controlling a notor
accordi ng to dilGendRdDrEriw c&@@ﬁ&xﬂim@&sﬁﬁﬁ@%r&maﬂwoﬂtﬁ&mﬂehmrmﬁtﬂﬁr

not or, astato ally y of coj .W ndi ngs nd_a
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rotor.s As i ndlsggh@ﬁe@ggﬁmgrc@hﬁqnag@@ tion information is required
when starting or Wnen dI’IVI ng the BLDC notor in order to energize the

correct stator In sensorl ess operation of the 25BLDC nptor,
difficulties £r1€3sé IR G te 8ROIGTobGIRS SEdsHI 3 (SHIY] &1 dftompcd phase
difficulty of s.am08! 8kRHRLNY BENP, and additional algorithns or
schenes are required 1n order to detect the initial position of the
rotor at or near zero speed. [0012] One way to start up the BLDC notor
is to align tHdGpobBroR greapipise ofi silirelsnpivsi vplrgehbieagypimants e rarsing

current into tgﬁttc ng%%@?{ﬁgg%TﬁﬁenV‘%h@%{EJQ?s % B1RBEGH G260, W d'ﬂgs dn@"

a predeterm ne e notor can then be étarfe
appl yliong a cerSDa?respmanpl sequence. Such a schene provides certain
timng restrictions, which may not be desirable or feasi bl e,

especially in e s of the as a

applications, Pltlﬁ m ]I%]Sté?:tgs %%e”# (ES)C “d’é‘%a Voga%a ?F gq%?%&he ﬁ)&o K Elthe
order of m || iphe@qreisionsl®], 607 ahd\tzicher way to det ect the initial
rotor position is to explore the magnetic field

FIG. 7B illustrates silent tenminal voltage measurements when the rotor is at

phase positions 180°, 240°, and 300°.

15 FIG. 8 illustrates a block diagram of a method for controlling a motor according

to an embodiment.

FIG. 9 illustrates a block diagram of a system for controlling a motor according to

an embodiment.

20 DETAILED DESCRIPTION

[0011] In a BLDC motor, a stator usually includes a plurality of coil windings, and a
rotor includes a permanent magnet, and is arranged to rotate about a rotor. As indicated
above, rotor position information is required when starting or when driving the BLDC
motor in order to energize the correct stator windings. In sensorless operation of the

25 BLDC motor, difficulties arise at or near rotor standstill in view of the difficulty of



saturation effect, which will cause the w ndi ng i nductance vary at

different position when current is applied. FIG 1A illustrates the
characteristics of a coil inductance with respect to the rotor
position. In chart 10, the coil inductsance of a stator coil w nding

is plotted with respect to the rotor position angle of the rotor of a
notor. \Wien the coil is aligned 15 with the north pole (NP) and the
sout h pol dsterBRingD Briik @ng eddrtioreh tal goeigmet orossherhes arotrequired e oxlsr ko detect
subj ected, tQ. turation, |eading,to a reduction of the coil
i nduct angg “’ﬁtﬁﬁgﬂ%{i Q/ﬁg BIOBY St P LRAT ARG S e%Sati ve currents are injected
into the phase w ndi ngs, the relationship between the coil inductance
and t he r{eo po@né wag tb Staaf fie diecBLOCembior ihe atipgnide irctor B epaetefiied

bet ween the,_coil" netic, field and the pernmanent mag.et's field.
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inidentifying the initial position of the rotor, response tinme can
still be inproved in the stepping through and nonitoring rise tinme of
the resultant currents in the various detection npodes. Further,
certain notor designs utilize stators gaich include unbal anced

wi ndi ngs. In such notors, the inductance of each phase is already
different in value. It 7 may be thus difficult to rely on the

accur acy lsfomes slaaiier rthame it ithwe cave ashure mre musrehmissnppﬂieé ibecrisé dlms magnetic
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means " arfépyingfhroughiiedustos fe é Ipigenthpy a perki coseeld Po fpreingithieusl mdudtpy Ie- an
enbodi ment, a spindle notor is provided for a hard disk drive,
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enbodi nent, the DC notor is a 3-phase synchronous not or
i ncl udes detestion nmdeﬁr yhisbrapplyrpositive taad @pgmvpmamtidhtemhaﬂermggepf the

wi nding configurationand a Fot n i on o
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25[ 0022] FI 3 illustrates an equivalent circuit for the control’ of a

mot or  acawlasiofhensrmpncahpegnetrinthayotarhe di scl osure. Motor 100, which
is a BLDC nmotor, is shown, and

[0017] Introducing the phase currents subsequently generates a composite magnetic
20 field that each resultantly points in different directions. The peak values of the motor
currents generated by each detection mode are thereafter compared to obtain the detection
mode which generates the largest current. The initial position of the rotor is determined
on a basis of a composite magnetic field generated by the detection mode which

generates the largest current peak value.

25  [0018] Although such a method does allow sensorless operation of the BLDC motor
in identifying the initial position of the rotor, response time can still be improved in the
stepping through and monitoring rise time of the resultant currents in the various
detection modes. Further, certain motor designs utilize stators which include unbalanced

windings. In such motors, the inductance of each phase is already different in value, It



includes, in particular, a stator 110 and a rotor 112. A surface
nount ed permanent nmagnet 120 is representatively illustrated in the
figure by the resultant pole direction - North (N 8 and South (S),
on the rotor 112. It is noted that in~7ther enbodi nents, the

per manent magnet on the rotor 112 may al so be provided as an interior
per mmnent magnet. 100231Stator 110, in its physical representation,

i ncl udes iy bethue gstialo tit relshibc thecoppecy of ciarept déheme appswpmEEs & such
conduct or . |s wound to provide three el ectromagnetic 5 w ndings or
phase | eg&URi%er ni nal legs. In other enbodinents, the stator nay

i nclude additional cogs with nultiple pole pairs, but in each case,
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i ntersection point 115 10and provid power to be supplied at the
opposi t e aperegiated| th@trﬂie embgdm@edeggmed @bm‘ rgubamodifiedsnajagpus aspects,

possi bl e, r d r

o02a1rurFiidies, fi HEpdu 9B GhALLEAR (RRERToL bnel BRILRS Futher any
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in FIG 3 i ndyctors LA .1 B 124, 126 res ively
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plurality of switches, the switching circuit I n operation being
synchroni zed with the position of the rotor_ 112 for proper and

accur at e 88l ol Agtording ivptvaFiowsGmbPAIMRE. dfpiEPRent 2 tehvens flepeReLr
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bi pol ar transistor (1GBT) switches. In other odi nment
swi t ches thergto iR@oirespoaditls Jescppiing wetdrialf @n eamse;herﬁamal ampsqudiealent, or

field-eff ectl%atlorog%‘qés;e tors (MYS éﬁun%etreldgnpfﬁﬁfmt Dyt q(rGJ;SZﬁptwe

bi pol ar junc ansi st ors Cro- cont fo

cont riél | adatelid atdociasdd thatewitheThe 1QAT67T Theeia Wdaghemddfort iflesswpédifidallg
circuit 14 ar Lepresent atively | abeled as AH, AL, BH, BL, CH CL,
each swi tBHCHAEANE NIy at ed coupl ing the respective terminal |eg A
25 B, or C, to either a positive rail 144 of a DC link 142, which is

at a vol tjgga]! evel a¥Denbodimé®, 8 §ReBE IM&oF @ |prdidedofort henaRC didknKridd 2,
which is at el ectrical ground The representative | abels AH, AL BH,
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mounted permanent magnet ring. It is noted that the system and method for controlling a
motor may be carried out on the spindle motor as according to the embodiment, but it is
not limited to such a motor. The claims to the present disclosure reflect such an

understanding where the motor does not form part of the scope of the claims.

25 [0022] FIG. 3 illustrates an equivalent circuit for the control of a motor according to
an embodiment of the disclosure. Motor 100, which is a BLDC motor, is shown, and
includes, in particular, a stator 110 and a rotor 112. A surface mounted permanent magnet

120 is representatively illustrated in the figure by the resultant pole direction — North (N)



an electrical source, preferably through a rectifier nodul e including
a further circuit of sem conductor switches, for control of the

el ectrical machine. In the enbodinent, the DC Iink 142 acts as a

vol tage source for a closed electricalgcircuit including the coils of
the stator 110. 5100271It is also noted that a free-wheeling diode
148 is provided in parallel across each I1GBT switch, particularly
across t Imldc%iurha 6Popn dhd rater 1 i2edinis rmolt@i hifit i:rh@hmmﬂbodﬁmeram ribiepermanent
reverse curre Thetse“? ode ﬁ ’ﬁ |nce svvlt hi n toff an
nduct s ver P AERe LR RSt SR R R T B T B b o
path is not provided, which could destroy the sem conductor | GBT
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gate cont sig f or ch of . the, svm es AH AL

gate Cont ket IR Syt oP BB SRl LR el ool oS,
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high and L-low respectively). It may be noted that the DC link 142 is further coupled to



vol tage digital acquisition (DAQ nodule 152. The term nal voltage
DAQ nodul e 152 is arranged to receive voltage waveforns of the phase
|l egs 114, 116, 118 and include correspondi ng voltage sensors to
determ ne the BEnF eA 130, eB 132, and ec 134, of each correspondi ng
phase leg A 114, phase leg B 116, and phase leg C 118. The voltage 20
sensors are provided according to the present enbodi nent for the

det ect i ormnaglettmeh souresypmtfenblyBEfagh A rt@ﬁiereﬁ)dllRZi,nchadiJhgetﬁlﬂhdr arcupghese
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termnal voltages during the positive and negative pul se injections.
Di f f er entStajen kL gge 25patterns may be observed at different rotor

positions and thus the initial position can be identified. [0033]In

the f@' | 3?)0 OR&$ aksh %Bteﬁfthétrheﬂéé?WBée@ithﬁlﬁiet1'4<8rls Evadd! i pafIdLl §osk o0
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114 and | thi hase C 118 is
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i nj ect i onqcsssiMemomneed? ﬁAMéPlﬁéQ Ghange RaodamAceesadlesnsy)l eg A 114 and
leg B, as well as the nmagnetic field interference due to the position

of the " 90so) 1121n LBICLERUAREAR d ol Oy 5 uARHARELSHNHASE Doglne

voltage rop throu
implementing entlty, which may be special purpose circuitry or a processor executing

software stored in a memory, firmware, or any combination thereof. Thus, in an
embodiment, a "circuit” may be a hard-wired logic circuit or a programmable logic
circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex
Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer
25  (RISC) processor). A "circuit" may also be a processor executing software, e.g. any kind
of computer program, e.g. a computer program using a virtual machine code such as e.g.
Java. Any other kind of implementation of the respective functions which will be
described in more detail below may also be understood as a "circuit" in accordance with

various alternative embodiments. Similarly, a “module” is thusly defined as a portion of a



A 114 and leg B 116. Equation (1) can be worked out to provide the
nmotor current or 20 phase leg current through legs A and B in
Equation (2). The resultant induced voltage can then be worked out
for the silent phase leg C 118 in Equagion (3). T diAB 7.4.8 = R ABI
AB +L AB dt RABi AB = RAB AB1 e LAB...(2) 12 Wwere V ABis the
vol tage drop through phase leg A 114 and |leg B 116, RAB is the sum of
r esi st ancwystanr @serdpizasahd eopseht Bis¢load ahé gndy dnt6mpasdB ‘fegrctitivascabove nir

passi ng through phase | A 114 and |l e 11 LAB i.s the total
PP auct ancBats B s 67 ey 1nd of Bt hulpristbe SHn Mo TR o (e rat e
of change of current across phase leg A 114 and leg B 116. VoF dt

5repr esen0s3dihe kotht agbodiment, derconisolleh@0] Isgrovildakbt aghudiligake dpbfation
[ 00371Furt her, if AH,a{]d BL as turned on is be considered, a posjtive
current i9jteemotor 8¢, inglrding senserieas opgretianLpht Mgt yihen the spirdieds pbragng

negat isve jqUREEIN SuBlh SBbralibtaP cBRAS &s WRE-Bobkbindihd RER81 Y ahd ANt 12T
A 114. The voltage of "'the silent termnal C 118 i's simlarly neasured

and conpidigsdssed i dielpossentidisclegurst i ons (4) to (6) di BA 10 VBA =RBAi BA
+LBA- _'dt (& t\ =BAV 1 e 44 i BA

[0031] In the present embodiment, an initial position detection module 150 is
provided in the controller 102, and provides gate control signals, for each of the switches
AH, AL, BH, BL, CH, CL. Although the motor controller 102 typically utilizes pulse-
10 width modulation (PWM) schemes in the provision of gate control signals or gating
signals, the initial position detection module 150 may not utilize such a scheme as
detecting the initial position according to the present disclosure only requires a short
control period and does not play a crucial role in the control of rotational speed of the

rotor.

15 [0032] Further, the initial position detection module 150 is coupled to a terminal
voltage digital acquisition (DAQ) module 152. The terminal voltage DAQ module 152 is
arranged to receive voltage waveforms of the phase legs 114, 116, 118 and include
corresponding voltage sensors to determine the Beyr €4 130, ep 132, and ec 134, of each
corresponding phase leg A 114, phase leg B 116, and phase leg C 118. The voltage

20  sensors are provided according to the present embodiment for the detection and
measurement of Bemr €4 130, eg 132, and ec 134 or phase voltages in response to input
stimulus provided by the initial detection module 140. In accordance to various
embodiments, the method of the present disclosure only needs to measure the three
terminal voltages during the positive and negative pulse injections. Different voltage

25  patterns may be observed at different rotor positions and thus the initial position can be

identified.

[0033] In the following, operation of the initial position detection module 150 will be
described. According to various embodiments, the controller 102 of the motor 100 carries

out a method of controlling a motor. In particular, the initial position detection module



Ve =Vj -SRt Ldi' ' BARA ifcLAAe LBA Adt, OFBADBATr R
-"BA-1-1BA RBA ...(6) [00381, Certain assunptions are then made in
the solution of the above equations, 15 such as assum ng that the
physi cal construct of the wi nding coi s are equal, and thus having
RAB = RBA, and that the voltage supplied to the phase | egs are

consi stent and not degraded fromthe DC Iink 142, such that VAB = VBA
= VDC. Tol5icupligsf gut tahmethndlfys dgermiming ssuntiaRAter RBitlonFoiathd nvidbr m the

and the restul tﬁdmhe\}glotsi tive and negative inject silent term nal
vol t ages 9ROk P%an be provided as: 2R 20KIE = Vin + Vn- 1 e
LAIit -2LAB 2 13 2R

[0034] In operation, the initial position detection module 150 of the present
disclosure is configured to provide an electrical inject through the switching circuit 140
5 to the stator 110, in particular to provide a voltage pulse through two phases of the
windings, and thereafter to obtain a measurement on the silent third phase of the
windings, the measurement consequently used in determining the initial rotor position of
the motor 100. It is of course noted that the initial position detection module 150 carries
out the presently required operation when the motor 100, specifically the rotor 112, is at

10 rest, i.c. the rotational speed of the rotor 112 is zero, or substantially zero.

[0035] For example, gate signals are provided to activate the switches AH and BL, in
order to close an electrical circuit and provide input voltage Vpc through phase leg A 114
and leg B 116 to ground. In this case, the phase leg C 118 is considered to be the silent
phase as injected current does not flow through the phase leg. It can be shown by the
15 equations below that the voltage across phase leg C 118 as a result of the voltage
injection is influenced by the actual inductance across leg A 114 and leg B, as well as the

magnetic field interference due to the position of the rotor 112.

[00306] Equation (1)} provides an understanding of the voltage drop through phase leg
A 114 and leg B 116. Equation (1) can be worked out to provide the motor current or

20  phase leg current through legs A and B in Equation (2). The resultant induced voltage can
then be worked out for the silent phase leg C 118 in Equation (3).

di g

Vg =Rgip+L,p ” = (1}
R

. Vs _'J:ﬂ’

[o=—25 11— ™# ...(2)

R
. di R L, R, \*
Vo=V +R gt p+Lg —dff =V,r+V 5 R—B +V [—B— J—]e Lin ..(3)



+v LA e Lim...(8) m2 | TA 2 [0039] 1t can thus be seen from
Equations (7) and (8) that positive and negative inject silent

t er m nal

vol tages Vc+ and Ve- relate closely to the inductance LA

1220f phase |eg 12

10

15

20

Where V45 is the voltage drop through phase leg A 114 and leg B 116, R4z is the sum of
resistance across phase leg A 114 and leg B 116, iy is the current passing through phase

leg A 114 and leg B 116, L,z is the total inductance across phase leg A 114 and leg B

116, and %-@- is the rate of change of current across phase leg A 114 and leg B 116. Vpr

represents the voltage drop across the free-wheeling diodes 148.

[0037] Further, if AH and BL as turned on is be considered a positive current inject,
then turning on AL and BH would cause a corresponding negative current inject into
phase leg B 116 and passing through leg A 114. The voltage of the silent terminal C 118

is similarly measured and compiled as follows in Equations (4) to (6)

. di
VBA=RBAIBA+LBAﬁ:> (D)

Ra,
ip4 =%[l-e Fai ] ..(5)
BA

R
, di R L, R,
Vo=V, 4Ry +1L, f =Vpr +V,, R—A + VBA[—A~—A}; 4 ...(6)

BA L 'BA RBA

[0038]  Certain assumptions are then made in the solution of the above equations,
such as assuming that the physical construct of the winding coils are equal, and thus.
having Rar = Rga, and that the voltage supplied to the phase legs are consistent and not
degraded from the DC link 142, such that Vg = Vga = Vpc. To simplify the analysis, we
assume Ry = Rg = R and Vpg = 0, and the resultant positive and negative inject silent

terminal voltages Vo' and Vo can be provided as:

ZR!
v =5+Vm Ly 1)k (D
2 Ly 2




A, and the inductance LB 124 of phase leg B . LA 122 and LB 124 are
the representative 5 total inductance in each phase | eg and as
nment i oned above, the coil inductance is affected not only by the
position of the permanent magnet withjgespect to the stator coils,
but also the introduction of electrical voltage/current into the
coils, which induce a magnetic field that further acts on the
|nductance ofy-t he (c 18p401As such, by determ ning the silent

t erm nal Epht § @ﬁ?ﬁéékeﬁtrlcally 10 stinulating the two of t.h&)
t hree phase | sition of the stator can be estinmated or
det er m ned. Accordlng to the present enbodi nent a nethod of
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[0041] FIG. 4A shows resultant terminal voltage measurements in response to the six
segmented switching combinations. Chart 200 plots the silent terminal measurements
according to the plurality of segmented switching combinations. In chart 200 according
to the present embodiment, the motor 100 is electrically stimulated according to two
25  iterations of the six segmented switching combinations, and the twelve voltage
measurements reflect the process. In other embodiments, only six measurements

according to the six switching combinations may be taken for a quick determination, or



and 208, swi tching conbinati on BHCL produces resultant measurenent

readi ngs 203 and 209, sw tching conbination BLCH produces
resul tant neasurenent readi ngs 204 and 210, sw tching conbination
CHAL produces resultant measurenent readi ngs 205 and 211, and

swi t chi ng conbi nati on CLAH produces resultant measurenent readings
206 15and 212. [0044] Fl Gs. 4B-4D shows correspondi ng resultant
t erm nal oflidrtragéplee af exEnmernttidn mayhrseniagow, fopmasecdragtBof drdephiase

leg C, inr on 0.t he .six,seqnmented switching conbinations. In
FIG 4B, Wgﬁgﬁﬁuﬁﬁﬂ%’w&’ﬂ%ﬁ?n‘éfi\e‘gﬁlﬁ?%iog' charted as according to the
voltage injects fromthe various switching conbinations. Simlarly,

in FIG 40)42)0! t Bgchar @ 0padtipe measurdBer?Sireitskenlitar ¢2H ofisheasiaes g 14,0

the vol tage inj fromthe various swi.tching conmbjnatjo n FIG
4D, vol t 48 b £ @w_@}& cagR SYHRNipg CemapadeR XYt & PR TEO IR Bhtige
inj ectss fleomkde rHﬁiI{%th?e oh (sGIRSh SR fodhi RS 200 @DBhIight fheledBeal
vol tage neasurenent VA 220 shows the voltage al ong phase leg A 114
when vol tregfermance 8 sthel staknr uikghit ttheeugh apkrseimensutsiients indha phasicless. disng

to the vaarci:(%ﬁl _t%ﬁjfi)(%%%ﬂ%h&%gg&gﬁgi&ﬁs carried out by the

swi tching circdi g asurement reading 201 resulting from
switching conbination AHBL, it is noted that phase leg A 114 is
coupl ed t[RP4Algh Fhv tvehousRswisclime cpubimkiioe privideofheDPlloivnlg Dakdswendent

ided with | L. ' t Vi d ph | B 116 i l ed
i ough S’ el e Renfibten okl prodPS B ilpicmmsgrdniof S 201
refl e@t echnds20g, stttk comb@atse ALBH prodatdsagaliaRamdisareitnt Yédaigs 203

201, to abaqut 2V before the circuit I nductance parasitically pulls
down t he adeRrsdiitchigecagamation R ClisoducaprepHntieassrsayningadings 43 agde

open, i . &gof %ital@%kmhﬁaaﬁ&loﬁﬁﬁﬁ ProdBas UeSIBAL meRARNG: 20@ies ek tinag
fromsw tching conbination ALBH, phase leg A 114 is coupl ed ™t hrough

el ect ri cal0swwitdhng\combinatien GEgdt produgesi tesudfantDBedsurdment tepdingai0P eand
phase |l e i .Cou . thro lectrical itch BR to the
oo 11 ve gy e v il BpRBigbROLP AL RGhE BBt BN RS bl 285

w ndilsgs ashd412whi ch causes a small correspondi ng voltage rise, which
is limted by the inductance in phase legs A 114 and B 116 during the

0B 10, Shpld B Rl BBl b L P Yl Rk c°
thus the fePpiee Q) phasellBEeB1ahdqiHagdRg EPUT &Spondd B the 618 86kmented switching
combinations. In FIG. 4B, voltage measurement V4 220 is charted as according to the
voltage injects from the various switching combinations. Similarly, in FIG. 4C, voltage
20 measurement Vg 230 is charted as according to the voltage injects from the various
switching combinations. In FIG. 4D, voltage measurement Ve 240 is charted as

according to the voltage injects from the various switching combinations.

[0045] In FIG. 4B, voltage measurement V4 220 shows the voltage along phase leg A
114 when voltage is passed through the stator 110 coil windings according to the various
25  switching combinations carried out by the switching circuit 140. During measurement
reading 201 resulting from switching combination AHBL, it is noted that phase leg A 114
is coupled through switch AH to the positive rail of DC link 142 and provided with a
voltage input Vpc and phase leg B 116 is coupled through switch BL to the negative rail

of DC link 142 This is reflected as a marked increase in the voltage measurement V, at



[0047] I n neasurenent reading 203 resulting fromsw tching conbination
BHCL, phase leg B 116 is coupled through electrical swtch BRto the
positive rail of DC link 142, while phase leg C 118 is coupl ed
through electrical switch CL to the negative rail of DC link 142. In
this case, phase leg A 114 is considered the silent termnal, and a
15 neasurenent of the silent termnal voltage is captured. As

det er mi nédlj to BowEtd b hefofd Yheapideuii8induttheevimrasitipel W Aulls clognt the teininalt

e cor| i digts i 5 sdee ki S Bl AR, Gt P BOY PR g curr ent

injection, in phase legs B 116 and C 118. Also, as fromthe above
equat i ong004d)e Vbl magsredtenatreddiy WRtdulbiag Foimewivatidng Rotbidaterd ALBH,

V111/2 .2.5V.. 20[ 0048] The neasur.ed readi ng of _VA s a silent al

readi ng tHhg lgE ol lst%@P@gE drengh ﬂ? S quttel AriaFoREBRveR of ‘5{33} nk

posi tison @b Hhite 151%@[ H2i6 ﬂéh;%ullsaba gl e‘i’& ﬁcagm%m&&f@%sme fa%l of

further pI’OVI ded to t e termnal vol tagTe di gital acquisition nodule
Qo

152, whi dPC divké2.t\%oltage Vanay pagseduhypugh Hevipdinga e, which cengegitsmell
| t , f
ROk R e LGSR

t he neas ulrlénﬁnhg tieasiieng okhienswindse ALBF. At & bbtddshaiahs beiiupdn tvhBage in

To the prnSeffvindniss e‘%ﬂfﬁoémﬁ@ﬁé@é‘f@?‘(‘%ﬁ TGRRFS Bt 07 Hisc AE<HG RS

152 dugr i ngldidobirle, sa0RkéNg to onl y focus on the silent term nal
nmeasurenent results. 16 [0049]Sim | ar observations may al so be made

for the renmni nder of the neasurenents resultant fromthe various
swi t chi nd®bikbi na MepsEremeny readinge 3 Esulting frash swipypeicAgLialion GElCL,

measur engfih s, iep HWP@% doﬁ%%d %n@{{@l GeditAcd\s@ch AH ANe ?)Qszlgﬁéi%%c&f‘ Y€1k

[ 0050] Ret'ur ni ng back A’ as nentioned, char is formed by
5 super i nig@swhide pliaee leglG htj?elsweaﬂe# éamhgleamczlzmtcvgcmmhe amnw mil2A0.
Attenti Orbd:% r&ai& th? tfu}g case ﬁha?e 1% {]%fv)s (% erlegs[he(:) sﬂént n%nc% a
termnal volt age measur efent’s as accor I'mg to

t he i13] eahémmsmendel thy siléie temmes eghwgetledaﬁWeﬂchs ﬂgteﬁmﬁbd ReEqisns (7)
201-212. be not d that there are ar_i ations in the silent
term nal %9&@%@ g5,V e o e SRRt dsEA et o tlemogtl}e pdistgesphotine

st ati onarpgp §1@$l°froﬁmlﬁlewoﬁlhw§1ﬂ1ﬁg‘§5Eﬁﬂnakﬁbtfc% GRiubedM IR WSS valke/current
addi ti onal Iyy the vol tageglegf ection. According to the pr esent

di scl osuriajectidie indplase legp 6 andt(h &1 & iAlamas fropnthp gboveeguaiicagethe yolage
sufficie t: t r_ ition of the notor,
and to cg&n‘t ‘Irité?l(]bgﬁo[ﬁdrr%%/%)ﬁmlgge E{genq%i‘rg)(gép'ﬁ) %ﬁ% enbodi nent, the DAQ

nodul e 152 digitally sanples the three phase | eg neasurenents and
obt ai2fs D04}t tEhmma$uro:d)r¢adglg o s Laseareriens tslminzécteacﬁn@rthusncyretcm thke
15 respective .se ng..conmbi nat | of t

irout b PR Er i o g PuEERRu R S R R T b BT abeg
W th a baselsikseshd)tis igteWprdvidedabltRe formiral d@l&z%é rdigieal aﬂqlﬂﬁildaﬂfﬁioﬂdle
rotor posjti vﬁvécf t he notor. In referring to a "baseline"

stated t We¢ FRNEHE e Suileg ubpud cd &S vliags &P faraiBle| xplfa%% éi‘“ﬁi’lﬁe
and pr ovuéﬁlﬁ%spwnﬂtre%cf &f 8meNGe dufibeVBE %ﬁd%ﬁﬁ%&%ﬁ%@nmwsﬂof the

seeking to establish a rotor position according 20 to an enbodi nent
may & cdPHQr Ademtionhis pad dhthgineasurementgsgsiomgsiwhgnpbaselleg A 11#ds conaidentd

ROLOr ¢ silent terminal, i.e. at 204 and 204 (and 209 and 210), and according to the present
embodiment, a relevant filter is provided in the DAQ 152 during digital sampling to only

focus on the silent terminal measurement results.



Position Phase Segnent VA (BHCL),,,in Vc (AHEL)m n 0 - 600 VA
(BLCH) max VB (CHAP. 60 - 120 VB (CHAL)min Vc (ALBHmin 120 - 180 VA
(BHCL) max Vc (ALBH)nax 180 - 240 VA (BHCL)m n VB (CLAMhin 240 - 300
VB (CLAI-)max Vc (AHBL)ma. 300 - 360 16
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[0049] Similar observations may also be made for the remainder of the measurements
resultant from the various switching combinations, and as well as the corresponding

voltage measurements in phase legs B and C in FIGs. 4C and 4D respectively.

[0050] Returning back to FIG. 4A, as mentioned, chart 200 is formed by
superimposing the voltage measurements V 220, Vg 230, and V¢ 240. Attention is paid
to the central (=2.5V) readings of the silent terminal voltage measurements across the
phase legs as according to the injections made by the six segmented switching
combinations 201-212. It may be noted that there are variations in the silent terminal
voltage measurements, which reflect the effect caused by the stationary rotor 112 with
respect to the coil windings and additionally the voltage injection. According to the
present disclosure, the differences in the silent terminal measurements are sufficient to

identify, or estimate, a rotor position of the motor, and to control the motor therefrom.

[0051] In the embodiment, the DAQ module 152 digitally samples the three phase leg
measurements and obtains silent terminal voltage measurements sorted according to the
respective segmented switching combination of the switching circuit. The silent terminal
voltage measurements are then compared with a baseline chart, shown in Table I, to
determine an estimated rotor position of the motor. In referring to a “baseline”, it is stated
that the present disclosure seeks to experimentally determine and provide a point of
reference for which measurements made in seeking to establish a rotor position according

to an embodiment may be compared with to obtain a corresponding result.

Estimated Rotor
Position Phase

Segment
Va (BHCL)min Ve (AHBL }min 0° - 60°
Va (BLCH)max Vg (CHAL)max 60° - 120°
Vg (CHAL)min Ve (ALBH) min 120° - 180°
Va (BHCL)max Ve (ALBH) pax 180° - 240°
Va (BHCL)min Vi (CLAH) min 240° - 300°
Vg (CLAH)max Ve (AHBL)max 300° - 360°

Table 1: Comparison table for rotor position determination




Tabl e 1: Conparison table for rotor position determnation 17
[0052] Prior to carrying out a determ nation conparison, the initial
position detection nodule 150 receives the digitally sanpled
measurenent data of the silent term nay neasurenents fromthe

term nal voltage DAQ nodul e 152. The initial position detection
nodul e 150 further carries out a sorting function on the obtained
neasur e me[ﬂt)SZj at aPri¢rco Sanrvieg b sydaermina'timu ro@mpatisanntha imuahpesitioe detctione

silent termn olta nment of each pha & | e W th respect
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may be casach gbiaselieg, tvotlmeqmcd@ tho switching abmbimetmnl (th1sfswemmrﬂna$ ne direct

[ 0053] After the.m m ni nrum val ues ar e, obt ai the,.initjal
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t hrough tlgesiive sweichingfcoBitiatidbk)isadhchaf st $8DMAAGAEM ahb enifidkim vA8eY IfS
in an ordered set of maxi num val ues 15 fromthe hjghest maxi num

si | ent t etlfntigqming) volage mepsisments wessebtrasd. Furha; where thegs pre galtiple runs
vol tage. doRkHehRAsSElordh mrmw W

o1 en o e e o #F v erly Mee
vol t age |i®maddauyt wmraVIdedlorE[@@‘Sm]rﬁmllteiqrrcaumﬂmm s thereafter carried
out by the initial position detection nodule 150, to obtain the two
hi ghest m 0 st
m ni num glﬁ f%j;FtJ t%?trgfﬂgl ﬁlg{l H—Pém%’/ﬁ;%@gﬁq \gglcll:l \ﬁllgl ﬁggfé@ﬁéﬁ?é mh% dsﬁwﬁ
cor r espontttaegors wndduhd 160 donhnrnamnesnoutPa oortdibygvdlue) throghke she aix lsetwvastt
val ues for arison.allo nore certainty.in,the comparison
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whi ¢ hSWBYFrdrﬁ‘ﬂw }ﬁglefs%ﬁﬂﬁﬁmﬁdxﬂﬁtrﬂeﬁﬁﬁhlcvoﬁﬂéd ¥ShS loRebtGhaxtiRuMesilBgt taiifalt O
determ ne the rotor position phase segnent. 25[0055]A conparison is

t hen car ryodagoin peleifdesst of aupiatat ylyey frpmothmlem% IR PN SHENS | tprappal
term nal vy%.ﬂi nt term nal

vol t age va?la%%g\?\}l %/%EH&? Iél?rgﬂlgg{s}% 8#‘ ﬁmha lgglrgrvi)gﬂrjt?%%% of the val ue
pairs would lead to a correspondi ng determ nation of the phase
segnent df034e pdsiexirentiopfis thn@aﬁ@tc@medw bEX@mpit@l posftiqnhdstaciion rioghlest

maxi mum VBIOEJ?OS oBRi e B! Elghgs?ln%g(?mﬁrg st ent egmngi Foltat age v%ﬂ%?, and the two

20  lowest minimum silent terminal voltage wvalues, each value identified with a

corresponding switching combination. Providing two highest or lowest values for
comparison allows for more certainty in the comparison process, as compared with
simply just referencing the highest value, which may require further algorithmic analysis

prior to being able to determine the rotor position phase segment.

25  [0055] A comparison is then carried out between the determined two highest
maximum silent terminal voltage values and the two lowest minimum silent terminal
voltage values with references of Table 1. A comparison of the value pairs would lead to
a corresponding determination of the phase segment of the position of the rotor. For

example, if the two highest maximum values as extracted relate to V4 when the switches



18 BHCL are active and Vc when the switches ALBH are active, matching
this pair to the table provided would |l ead to a determ nation that
the rotor is in the 1800 - 240 phase segnent, particularly, that the
per manent magnet 120 on the rotor 1121gs aligned sonewhere within the
1800 - 2400 phase segnent. 5[ 0056] Prior to discussion the operation
of the nmotor 100 with the determ nation of the rotor position, the

pr opagat i BHCDfard haiveaseé |V ehaoipawitslors ALBH tarasctive,ovatdiidg ithis Paib ke the,

accordin to an for use in the determ natio f 0
posi 11 on 85I RS PP TGy SE TR B (o tes P8GO 0 Phase
descri beckegmbﬁt tpaﬁlcmh OVah Gthe [féBRAdeh niddBetdeE AT Mt Pf2 & aligned
basel i ne conpari son, e rotor 112 of the notor 100 10 is set into
pre- arrarﬁ@é@wﬂié@l"t’lﬂ'{%ﬁletléo ob?40° whasesegmenint al readi ngs to propagate
t he conparison chart. FIG 5 illustrates a rotor being aligned with a
stat ors andosit et phe BhasFor 64 BRBlRol BEURNHOBE 166 RAdhe et thihdifn of
enbodl ment. I'n FIG rotor 2, in particular permanent magnet 120
mount ed dhe tdier position, fum ID}'OHaSaTIdDI Qfshfr haseldlwnipensrgl chkitgs @dowdadhn fTable
phase | eg, A 114. of stat ereafter he
geonet r i glalacc émgrtlogalnne df% P & Se 185 Hgtﬁm?lg?téo eoﬂfg{oﬁor BBy
Accor di nghifial pe3itihideteation madhse aB(D @ﬂlbefddshl(ﬂaeﬂ@hﬂrth&icﬂloam@t t he
central rotational axis 121 would bring the rotor 112 about the

geonetric ef e €| c denar cat n 60 hases 0058 he rotar
Lo s priBbs e T e e FRER TR O st DR i, BEEToh | okibe mpky 100
carrigs Q'sltseﬁnntacﬁrbléﬁ’éjlgbﬁ pdsitidhe B sbtvial HipeAmeNvhl edad sqermbﬁa?ghteom‘é
and the neasurenent 20 results of the silent phase voltages are

recei ved @AWaEHEr ¢hal BIC+ hélluskates ﬁdptor/bpmagbg@,dqvmwraéorlw detqrmiged |
be noted hhal st HRGdR Q&Bﬁh @%%%H 359 i F8G €9 ot § £11 Y

conbi nat i‘ons produce a not or curr rou erent phase | egs of
the st at grartidubar pemewertsnagagh EX0 moﬁnted co:lsthwrctthr di2f fseHustigtedias being ahgned
t hus | eadi

ways, ¢ nePeetibEIeg o B PR A er Pl Rlsa i Bhind «direie ey

vary 1di f fetgantt Yorwoldi ﬁo@ﬁlpﬁeéfeteacmgeApdouﬂlﬁglPﬂ yot@fonsrdrsIatiog of the rotor
conbi nations. [0059]FIG 6A is a plot of silent ternminal voltage

measur enehlabpyrths sniahrptalipnalainty | owld herg Heaotan by 2heut ﬁhStgs‘Pm?tgméet

to 0. Pl okeR3Q: 8RAEAE & doePhadegr M nal vol tage neasurements taken and
illustrates voltage responses with respect to the various swtching

conbi nations: sw tching conbinati on AHBL Rﬁpdgces resul tant

neasur endfP58119 Wwaithegon112 iarevideda 0Cdhbinital ipesitiz Sieqsion arndale 150
resul tant

or oduces Rea Ly niiyab Rt B Vary SR AR b AT Bt et
BLCH 2fr odesdis of deuiltanthaseeadtagamenteceieetiamigchandd b3sthette1h1mmj voltage DAQ

conbi nati on es resul tant _.measurenent readin 05, an
o e e o, St B8 el B At B RS b rpaay et Sahing
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at the 0 position,
induces magnetic fields with differing directions, thus leading to phase leg inductances

being affected in differing ways, the resultant silent terminal voltage measurement will

25  also vary differently with respect to the plurality of switching combinations.

[0059] FIG. 6A is a plot of silent terminal voltage measurements for varying
switching combinations when the rotor is set to 0°. Plot 330 depicts silent terminal
voltage measurements taken and illustrates voltage responses with respect to the various

switching combinations: switching combination AHBL produces resultant measurement



when the controller 102 cycles through the various swtching

conbi nations for the switching circuit, a responsive trough occurs at
swi tchi ng conbi nati on BLCH 304, and a peak occurs at where sw tching
conbi nation CHAL 306 is active. 10[0064]Sim | ar observations may al so
be made for the remainder of the silent termnal voltage nmeasurenents
resultant fromthe various sw tching conmbinations, and according to

t he renmimadigg P le dwitering oaobinationrAlpgBE iprodmass r@@;ltaﬁ@ﬁgasﬁ&@enﬂ:zt@dingem as

Show | PR B e, S5 290 B 0B 30090 G
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rot or phase EOSI tions, FIGs. 7A and 7B_are provided, wherein the

silent tdrifhamodnses kgaltans asarasrast reading 309, and pvitingeqmbinationCLAH
di f f ersent peri nposed over each ot her.
[0063]5|e:I rs%gﬁephgdtﬁfrgtg&e%kﬁ glﬁleta@ltlil r3§n6|nal vol t age neasurenents when
the rotor is at 20 phase positions 0, 60, and 120. FIG 7B

i |1ustratl@86Wi | ehitcan be pbsszed\itim e Gfetiotwberethe sotah &1 ishbthe dF positien,at
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basel i nes 0 e“WedsUr enent char acteristlcs: such that &

posi ti on sedtchimgicarciig)a bepodsive tronghestcud Ge Owilldhing ctcxmlinlmloﬁrmﬁmsm and a
enbodi nent, . t he od ldes or .a j.ection of the rotor

posi tion Bk pEurs aztl“ﬂﬁ esfio e nﬁ'é‘Pn 6%‘?\%@ 1584%6r ement s 25based on
swi t chi ng conbi nati on voltage injections. [0064] According to various

enbodiomerogelja CSRHRE bbRivatisndMeLalsdbeasle PhaReAGIRIYL Hekild@tteriThdle
t he nost dom nant pattern, either with nmaxi mumor nininmum 20 voltage

val ues, wioltRgmeasuFemAREstes W wghisem the yarious RWPHHRR coRbiRwians, aid|asprrding
termnal ol AGHITER P&H&@Hﬁh@dﬁﬁ dﬁ%’ftﬁh?@ﬁb f196°, akbe, Sl4¥e, Bbd &N in

conbi nation voltage I njections According to’vari ous

enmbodi merostespndiogplets B9, i350, n&@ﬂa 370 amltﬁ@am tFhEs. vt éGe6p 6Eureh®ht S
at 00 and_60 19 determ ne such a dom nant pattern, and in so 5 doing
correl at eSSpecé‘Wya dom nant pattern to a projection where the rotor
(directionally) is within the 0-60 phase segnent. In this case, in
seekildg 0062} naht ordat togrrovidea ttlhxmtmhmr\se;g o€ fite, medsueanniesuiis derweed

that in c plot 300 in. FIG , -Si termn

measur ematﬁ‘%ﬁa re‘ﬁtm%fgﬁﬁ‘?i R e ] @t F‘g %Hﬂ“’@e&s‘*’h ‘?‘n‘Be silent
swi t chi NGe@gihdl Wl th@NmdhsuBinens réﬁ%ﬁitﬁdes@%ct&@&he Qi IR BSTHY Sifas@ oﬁtl&nsat
60. This indicates that the silent 10 term nal voltage woul d
somewher e¢ FPBEMRREE o3pEcaghatheno when the rotor is within the o 60
phase segnent, perhaps at about 2.35V [0066]By inspection, a simlar
assunpt i qgogHN. bﬁldmeﬂfu%atéé SRAE tehRit Rdlagy Hle%&ﬁéné?ﬁ@%ﬁ&?fﬁ% %to}/?s ﬁt
swi t chi ng conbi nati on AHBL 301, between % and 314 at 600.
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S e bRl A s B AR Bhenk 15258, 308 a0 i gt
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t he corrpar ative values in Ta are propagat ed
based on switching combination voltage injections.

[0064] According to various embodiments, a comparison is made in each phase

segment to determine the most dominant pattern, either with maximum or minimum



20f or a conparison to be carried out by the initial position
detection nodul e 150. [0067]1n the follow ng, operational control of
BLDC notor is discussed according to various enbodi nents. According
to various enbodi nents, the correct swptching status after the
initial position is identified can be determ ned such that the
correct spinning direction can be achieved w thout any inverse
novenent woltagdrenlwess withih t2ch Basesepimentr bt each pRése dgindnsg sileke mdrivinad doltagebe

in the 600 position se nt by the initial sition.detection
odul e 190N meRS Arfes TOAT P RUEtiSs sorbhiaba BRRe TR or 100
in order to comence operation. In order to do so, correct phases
have to Heo&s)er ghzaddisg tb hatiolid embatimentd 00 comPardddh s irfadehiay ¥ EClhe
direction, and generate sufficjently high electromagnetic torque. 21
100681 Ac COMAFN FE BT O isO e s BY nivndderming suchm Aeninant pasterms e gp £8s
the respeilV@mRiAsescl A dGMEARAMRESR bQ friRchdN Whad (HRASF (BRPHARS) is
segnent of the rotor. In particular, startup nodule 154 recelives a
det er mi newitlim e (9+605 phitei sogmerit. Intthisrcgse in $eeking atdomindnt patierp osthe pbase
detection_podule 150, .and oyi des P .S s _for . energizing a
5 par t 1 curane ¥ st aRpN PRy b St B R TR el A

t he not orméutGeméatV g a2 spitchihgl eambih&tiVBLCHI 30d, dipsrtariiat swdtthingractivation

energi zing, further hased on the direction of rotatjon, according to
- enbod e MEssed i g, ¢ {IEHECY _atb?ﬁgm%%{hwemé@a%ﬁ% s S
forvapd (EWinARJIth&R6HE beREMEwhM:lif BERGeS 808 8L S0 HRkn fie BHBEIIWIRN
according to the present enbodi nent. As nentioned, the nmethod and
syst em f dhe @b Trdlasd segmantprrbaps BOakpae 848Vng to the present disclosure
is not limted to a BLDC notor as presently described, and further

t abl es wi orr ' I g [,QUS
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measurement V¢ at switching combination AHBL 301, between 312 at 0° and 314 at 60°,

The dominant pattern projection is thus made for the 0°-60° phase segment, such that if
15 measured silent terminal voltages are minimal for V¢ at the AHBL switching
combination and V4 at the BLCH switching combination, an projection can be made that
the initial rotor position is likely to be located within the 0°-60° phase segment. Similar
observations can thereafter be made for subsequent phase segments and as charted as 300
and 320 in FIGs. 7A and 7B, such that the comparative values in Table 1 are propagated

20  for a comparison to be carried out by the initial position detection module 150.

[0067] In the following, operational control of BLDC motor is discussed according to
various embodiments. According to various embodiments, the correct switching status
after the initial position is identified can be determined such that the correct spinning
direction can be achieved without any inverse movement of the rotor 112. Once the rotor
25 112 is identified to be in the 60° position phase segment by the initial position detection
module 150, the controller 102 proceeds with starting the motor 100 in order to
commence operation. In order to do so, correct phases have to be energized so that the
motor 100 can spin in the correct direction, and generate sufficiently high

electromagnetic torque.



3000- 360 FWAH CL AH BL CH BL CH AL BH AL BH CL REV CH AL BH AL BH CL
AH CL AH BL CH BL Table 2: Sw tching conbination for energizing
phase w ndi ngs [ 0069] Accordi ng to anot her aspect of the present

di scl osure, there is provided a 15 netphod or process of controlling a
notor, nore particularly for determning an initial rotor position in
controlling a motor. FIG 8 illustrates a bl ock di agram 400 of a

met hod f df0@int r Akbt¢dredigg & vayions elabmdimdima,ght congollesRamengizes the rpspesibet

Slols'f nguﬁzﬁﬁgl%?eg&% 61?5:%2% t Q Snitis posqlon ghalsen(s:égli!r(lje%t %E‘ ?ﬁlel Idoltcr)llg Il?'rlgalltf?:gf"la}-,
startup module 154 receives a determined initial position of the rotor from the initial

position detection module 150, and provides PWM-based signals for energizing a

5  particular arrangement of coils in the stator 110 for starting up the motor 110. Table 2
provides the switching combination for energizing, further based on the direction of

rotation, according to an embodiment. It is noted that the table shows the sequence of

forward (FW) and reverse (REV) switching sequences for a BLDC motor according to

the present embodiment. As mentioned, the method and system for controlling a motor

10 according to the present disclosure is not limited to a BLDC motor as presently

described, and further tables with corresponding propagated data may be provided for

various other motors

Direction 0°-60° 60°-120° | 120°-180° | 180°-240° | 240°-300° | 300°-360°
FwW AHCL AHBL CHBL CH AL BH AL BHCL
REV CH AL BH AL BH CL AHCL AHBL CHBL
Table 2: Switching combination for energizing phase windings
[0069] According to another aspect of the present disclosure, there is provided a

15  method or process of controlling a motor, more particularly for determining an initial
rotor position in controlling a motor. FIG. 8 illustrates a block diagram 400 of a method

for controlling a motor according to an aspect of the present disclosure.

[0070]

three terminals of the electromagnetic winding configuration. In 404, the method may

In 402, the method may include providing an input voltage between two of the

20  include measuring a resultant silent terminal voltage at the third terminal of the
electromagnetic winding configuration. In 406, the method may include determining a

rotor position based on the measured silent terminal voltage.

[0071]

plurality of silent terminal voltage measurements,

According to an embodiment, the method further includes obtaining a
which include manipulating a

25  switching circuit coupled to the three terminals of the eclectromagnetic winding



three termnals of the el ectronmagnetic wi nding configuration. In 404,
the nethod may 20 include neasuring a resultant silent term nal
voltage at the third termnal of the el ectronagnetic w nding
configuration. In 406, the nethod nmayspnclude determ ning a rotor
posi tion based on the neasured silent termnal voltage.

[ 0071] According to an enbodi ment, the nethod further includes

obt ai ni ngeoafiguratigl terchdse tay elpttrsall amtit tiedrfol pravide ah inpgevalegs betenantve, of

whi ch i nclude ni pul at.i.ng.a 25switching. circuit coupled.to the three
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the three termnals of the el ectromagneti c w ndi ng configuration
accor di nguality ofisilerd tgreynab¥oliages chi ng conbi nati ons. The met hod
further includes neasuring a corresponding plurality of silent

term nal [g@idjages ccorliil 7@l AF CRHdUREent O RN nRIHBAdintRALs dbRENEELQ M otor
i ncludes determning a rotor position based on the plurality of

si | ent t enoditionbased|ondbgpluralio0f3jlew comdnah goltagean enbodi ment, the
met hod further includes determ ning a maxi num and a m ni mrum val ue of

each of t | ur gLit.y: of  S] erm s .
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term nal voltages neasurenments. [0075] According to an enbodi nent, the
net hod fd}l?aﬁ’é’i’ﬂ’gﬁeﬂt& udes conparing with a conparison table the
sorted maxi mum and m ni num val ues of the plurality of silent term nal
vol t ages [08aHur execdrding angh esbelimemn) thy nthodtlfomthdd dsilddes bortihg bihealu®iher
based on 15the conparj son. 1{%007&31%%@[1&%% to an enbodi ment, the
u

met hod f URPHERD d rygmainy xalpes AL Herd tsadnpl volipses meseraRintsg:

hol ding the rotor at a range of fixed positions and obtaining a
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15  the comparison.

[0076] According to an embodiment, the method further includes determining the
comparison table, including: holding the rotor at a range of fixed positions and obtaining
a plurality of baseline silent terminal voltage measurements according to the plurality of
switching combinations; and determining a switching configuration corresponding to a

20  rotor position based on the plurality of baseline silent terminal voltage measurements.

[0077] According to an embodiment, the range of fixed positions includes aligning
any one of the North and South poles of a permanent magnet on the rotor with a winding

alignment of the stator.

[0078] According to an embodiment, the method further includes starting the motor
25  based on the determined rotor position, wherein the determined rotor position is an initial

rotor position of the motor.



[0077] According to an enbodi nent, the range of fixed positions

i ncludes aligning any one of the North and South poles of a pernmanent
magnet on the rotor wwth a winding alignnment of the stator.

[ 0078] According to an enbodi ment, theszgethod further includes
starting the notor 25based on the determ ned rotor position, wherein
the determned rotor position is an initial rotor position of the
notor. 280794079 Nsewdingi thgart embodiwehip ditarény. fhes tatdri ingiudd‘seenmgizing two
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[ 0080] Accaniek mgtok.0 anot her aspect of the present disclosure, there is
provided a 5 systemfor controlling a notor, nore particularly for
det er m ni niniti rotor position_in contr |1jng a_ notor 9
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the el ectronmagnetic w nding configuration according to a pluralrty of
swi t chi ngvindimggi aeafipwntion amtta detpmine peotr posities hasedi agtheOpeasmistisilyntof
silent termi.ngl wvoltages, in obtaining a plurality of silent ternminal
vol t age neasurerne %. [0083] According to an embodi ment, the rotor
position detection nodule is configured to determ ne a maxi num and
m ni ndm Vi@lsd of Aeactingf tat ke phbodilietty tE sitbrempbsitien ndetakior ombdge is
measur errecr(]:u&lﬁgured to manipulate a switching circuit coupled to the three terminals of the
electromagnetic winding configuration to close an electrical circuit and provide an input
voltage between two of the three terminals of the electromagnetic winding configuration
according to a plurality of switching combinations, and to measure a corresponding
20  plurality of silent terminal voltages, in obtaining a plurality of silent terminal voltage

measurements.

[0083] According to an embodiment, the rotor position detection module is
configured to determine a maximum and minimum value of each of the plurality of silent

terminal voltage measurements.

25  [0084] According to an embodiment, the rotor position detection module is
configured to sort by value the maximum and minimum values of the plurality of silent

terminal voltages measurements.



25[ 0084] According to an enbodi nent, the rotor position detection
nodul e is configured to sort by value the maxi num and m ni num val ues
of the plurality of silent term nal voltages neasurenents. 24

[ 0085] According to an enbodi ment, thez2g4otor position detection nodul e
is configured to conpare with a conparison table the sorted nmaxi num
and m ni mum val ues of the plurality of silent term nal voltages
measur emd085] t oAdetrdingi tee an ewbodimenisi the orotef pbsidompdatection module is
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and obt aidf dee plutili®y oft silend tedifisll vot@ges inhe@Riret St to dbteMBik @@6tor position of
nmeasurenments according to the plurality of sw tching conbi nations;
and detertH’?Wé’t"é‘ swi tching configuration corresponding to a rotor
position based on the plurality of baseline silent term nal voltage
nmeasursengobss] 10ROQRBIhACEOEI BEibbdnRAL etﬁboﬂitéle?bsiti&hedé%&ﬂgﬁ Rbadik xgd
positions includes aligning any one of the North and South pol es of a

per manentcopfigired tolipld the refer atra angholing masiiepsand ghinima plufalithef baselingr .
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configured to star he taor based on the received rotor position.
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configured to start the notor by energizing two termnals of the

el ectllOor’rB{Q?&I]ihC Acdudding t@?ﬂfehg;rdiaidnqgh&mgd oﬁlﬂix‘édr;gos(’:ilﬁ@rﬁi iﬁﬁdddﬁ@ﬂi@;ﬁing
position of the tor. 2Q[0090] According to an enbodi nent, the system
further  i3100865heRyasih %S@ag@%&f@r@%ﬁo{eﬁt Raghst ey thedoier Méfg 2ovinding

el ect r omagiggik& opkiRdiAigr. confi guration. [0091] According to an

enbodi nent,” the el ectromagnetic wi nding configuration is a we

wi ndi ng configuration, and the three voltage sensors are coupl ed at
the we VPPRBIng Artasdiagde janembslingyoehysiglo{isthae inebiles Admeips renrls

descri bed,ange !C!)Lhﬂléf’ AtRevE B Tt position from the rotor position detection module,

15  wherein the motor control module is configured to start the motor based on the received

rotor position.

[0089] According to an embodiment, the motor control module is configured to start
the motor by energizing two terminals of the electromagnetic winding configuration

based on the received rotor position of the motor.

20 [0090] According to an embodiment, the system further includes three voltage

sensors each coupled to a leg of the electromagnetic winding configuration.

[0091] According to an embodiment, the electromagnetic winding configuration is a
wye winding configuration, and the three voltage sensors are coupled at the wye winding

intersection.

25 [0092] The above method and system as described and illustrated in the
corresponding figure, is not intended to limit a or any method or system as according to

an embodiment, and the scope of the present disclosure. The description further includes,



corresponding figure, is not intended to limt a or any nethod or
system as according to an enbodi nent, and the scope of the present

di scl osure. The description further includes, 25 either explicitly
or inplicitly, various features and agyantages of the nethod or
system according to the present disclosure, which can be enconpassed
within a nethod or systemaccording to the disclosure. [0093] Wile
enbodi memndithenéxplihiélydirsuipbsitly evdrmue fdasees pak adventhgaes| of thhoethod i sfstem

described with reference . specific. embodi ments, it.shquld be
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clained is: 51. A method of controlling a notor, the notor conprising
a 3- phasekiled dh tlaent shatyanpusyhanges Hp dermt endhiletall snayfbeapade therein without

el ectro | i ngi.ng: I L . t i.Sl.00; .
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basedpon ihikeddaasuerased.ent term nal vol tage. 152. The met hod

according to claiml1, further conprising obtaining a plurality of
silent term nal voltage nmeasurenents, conpri sing:



mani pul ating a switching circuit coupled to the three term nals of
the el ectromagnetic wi nding configuration to close an electri cal
circuit and provide an input voltage between two of the three
termnals of the el ectromagnetic w ndpgg configurati on 20according to
a plurality of switching conbinations; and neasuring a correspondi ng
plurality of silent term nal voltages. 3. The nethod according to
claim 2, €LATMSr conprising determ ning a nmaxi mum and a m ni nrum val ue
of each of the plurality of silent term nal voltage neasurenents. 25
4. The method according to claim 3, further conprising sorting by

val ue t hewnRgpis Bdimeadist m ni num val ues of the plurality of silent

term nal vol tages neasurenents. 5. The nmethod according to claim
4, further conprising conparing with a 30 conparison table the sorted
maxi mym and m Qi Edm Ve éb%&ogifn PSRk Uhalhdr Mmpdsi™d 3-&)%2 el Sﬁl@ﬂr&%us
vol t ages measurenents; and eter m ni ng a rotor ‘positio of Phe notor
based on méter eotmpdurdesterminal. ofTire elvptrimoenatic ovinding configiratiom, She fgetltoder
conprising determ ning the conparison 5table, conprising:

hol di ng tT&P8Y8r at a range of fixed positions and obtaining a
plurality of hasafingeasimpid voRigs atweeal tageofiMeiRs UhRFE finfimlkC @f dihag
to the plurality of sw.tching conbinations; and det er m ni ng
a swi t chiSFUCBRENGG M aRTiBH cBIEEEISBNdi ng to a rotor position based on

10t heyopl ur al i tyeaQfriRasetdsMeans| SiRAE &Rl “@dltaﬁ@'étaﬂh@ {52 WrSIBN T the /-
The nethod according to claim®6, wherein the range of fixed positions

conpr i seselestopraimrgicaripdiop eondfgutdienNadt h and South pol es of a
per manent MOl Al f O bttt B o Vgl Ll GRTROL 0 G SAkg

15 8. The ne ac Ing'to claim Frrsing sta
t he not orvoltageed on the determ ned rotor position, wherein the
determ ned rotor position is an initial rotor position of the notor.

20 9. The nethod according to claim8, wherein starting the notor
conpriisses enerfecZihifod Wecdr@haf dlamof, fubBeictfffi-HPOhShing MpNFAIRY of
configuration based on the initial rotor position of the notor.

silent terminal voltage measurements, comprising;

manipulating a switching circuit coupled to the three terminals of the
electromagnetic winding configuration to close an electrical circuit and provide an input
voltage between two of the three terminals of the electromagnetic winding configuration
20  according to a plurality of switching combinations; and

measuring a corresponding plurality of silent terminal voltages.

3. The method according to claim 2, further comprising determining a maximum and
a minimum value of each of the plurality of silent terminal voltage measurements.

25
4, The method according to claim 3, further comprising sorting by value the

maximum and minimum values of the plurality of silent terminal voltages measurements,

5. The method according to claim 4, further comprising comparing with a

30 comparison table the sorted maximum and minimum values of the plurality of silent



10. A system for controlling a notor conprising a 3-phase synchronous
nmotor wth 25three termnals of an el ectronmagnetic w ndi ng
configuration, the system conprising: a vol tage source
configured to provide an input voltage7between two of the three
termnals of the el ectromagnetic wi nding configuration; and a
rotor position detection nodule configured to nmeasure a resultant
si | ent t eemiingl voltegesagesaemetis; 4ndidetbrnering madtorofosttive of ltectporhegsed tonc
wi ndi ng C nf irgurati on; 30wherein the rotor position detection nodul e
det er m neg® § PR B posi ti on based on the measured silent terninal
vol tage. 28 11.The system according to claim 10, wherein the rotor
position detection podule is confiqured to manipulate a sw tching
circuit coupl ederpethetbacepidang 1o claimmafuthst cqmppis)SdaisBiRIaH B1ei COmpATin g
confi gur ghii@nohfprisingSe an el ectrical circuit and provide an input 5
vol t age between two of the three terminals of the el ectromagnetic
wi ndi ng conf i dquwiding tw retovaradiangs afdixad pbsitiersiang obfairdng 4 pluialigy of baseline
conbi nat i Qns; tand to asure a corresgond‘%.n E’l utilal i{u}( 1%1; Si | en% b
term nal VoIt ag&8™® to0ptai MIRY RBF urSTEYE of® ST RIS nPhal™ ening
vol t age neadidagiorRted 1012. The system according to claim 11, wherein
the rotor position detectjqn nodule is configured to determne a
maxi mum and midSISHRIARET SWUGHENEERIESBALon EOTHISHPIKIRG tp H¥otainRositien PaserioRal
vol t age NRAPMEANTEH aseline slidht 1drfnad YSltHRLAGGRELALRY to claim 12,
wherein the rotor position detection nodule is 15 configured to sort
by val ue the maxi mum and m ni mum val ues of the plurality of silent
term nal yolt r tS. 1.:14. . Sy st rding.. | ai.m
13, "wherchn 1 nacagiRe eBIERY & i, wHaRT AR RBeAE RGP i0rR 5Bl s
conpar e wilighing aapopacf tho Norhlking Sotih Posstofd peExdnenmaghat 6a thie oot with ues
200f the vBJ Hral h%ﬁl of ?i | ent term nal voltages neasurenents, to
VRGP °

deternin MSAEAT ¢ he not or .
15
8. The method according to claim 1, further comprising starting the motor based on
the determined rotor position, wherein the determined rotor position is an initial rotor
position of the motor.
20 9. The method according to claim 8, wherein starting the motor comprises

energizing two terminals of the electromagnetic winding configuration based on the

initial rotor position of the motor.

10. A system for controlling a motor comprising a 3-phase synchronous motor with
25  three terminals of an electromagnetic winding configuration, the system comprising:
a voltage source configured to provide an input voltage between two of the three
terminals of the electromagnetic winding configuration; and
a rotor position detection module configured to measure a resultant silent terminal
voltage at the third terminal of the electromagnetic winding configuration;
30 wherein the rotor position detection module determines a rotor position based on

the measured silent terminal voltage.



15. The system according to claim 14, wherein the rotor position
detection nodule is configured to: 25hold the rotor at a range of

fi xed positions and obtain a plurality of baseline silent term nal
vol t age neasurenents according to thezplurality of swtching

conbi nati ons; and determ ne a switching configuration correspondi ng
to a rotor position based on the plurality of baseline silent

term nal voltage nmeasurenments. 29 16. The systenlaccording to claim

15, mhere t range fi X [ n |ses i gni an

of "the: Nelrh st By sutiel RN uh, Whief Mol Eh= B HRe et

a windi ngcoaﬁg@a@&atmaﬁpﬁlbne & ts@itOliing lréuil %ufhé&tt@rmhactﬁf&:dkﬂﬂmhl@ & flem
10, further conprising.a notor control nodule coupled to receive a

rotor posil$Gismaghesis WIRGINE SPRfeusion;tp Glpsean gleerisal swsathpRd PigEdeamineHe
mot or sConyyiQle m&ﬁw&fqe@t&%ﬁm@ oﬂléretlecttljagi g@e&t ik C@ﬁg umr%n

recei ved rotor position. The system accor
wher ei n taseordmigolo & phiralgly qfoﬂutoelamgsccuninﬁat@us,edldt tm BiEasute arr@mmomdingy
ener gi zi '

h
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measurements.

10 12.  The system according to claim 11, wherein the rotor position detection module is
configured to determine a maximum and minimum value of each of the plurality of silent

terminal voltage measurements.

13.  The system according to claim 12, wherein the rotor position detection module is
15 configured to sort by value the maximum and minimum values of the plurality of silent

terminal voltages measurements.

14, The system according to claim 13, wherein the rotor position detection module is
configured to compare with a comparison table the sorted maximum and minimum values
20  of the plurality of silent terminal voltages measurements, to determine a rotor position of

the motor.

15.  The system according to claim 14, wherein the rotor position detection module is
configured to:
25 hold the rotor at a range of fixed positions and obtain a plurality of baseline silent
terminal voltage measurements according to the plurality of switching combinations; and
determine a switching configuration corresponding to a rotor position based on

the plurality of baseline silent terminal voltage measurements.
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15

29

16.  The system according to claim 15, wherein the range of fixed positions comprises
aligning any one of the North and South poles of a permanent magnet on the rotor with a

winding alignment of the stator.

17.  The system according to claim 10, further comprising a motor control module
coupled to receive a rotor position from the rotor position detection module, wherein the
motor control module is configured to start the motor based on the received rotor

position.

18.  The system according to claim 17, wherein the motor control module is
configured to start the motor by energizing two terminals of the electromagnetic winding

configuration based on the received rotor position of the motor.



