SENSORLESS OPTI MUM TORQUE CONTROL FOR HI GH EFFI Cl ENCY | RONLESS PERMANENT
MAGNET MACHI NE CLAI M OF BENEFI T AND | NCORPORATI ON BY REFERENCE [ 0001] This
appl i cat iwo 20loai3aBi4priority to United States Provisi onalPCPAtSeond/02§1pe i cat i on
Nunber 61/194,030 to DABOUSSL, filed Septenber 23, 2008, entitled

" SENSORLESS OPTI MUM TORQUE CONTROL FOR HI GH EFFI Cl ENCY | RONLESS PM

MACHI NES", the entire disclosure of whigh is incorporated by reference
herein. TECHNI CAL FIELD Field of the Invention [0002] The invention rel ates

magnet  mch SENSWRLESS QPTIMDI ORI cONT ROL FOR FIGEE "2
oot manent - EAORECTENC YR ONLESSPERMANENT M CenElr M?Qﬁﬁiimr ati on

operations. Description of Related Art [0003] A permanent nagnet nmachine is

a type of al ter”atbﬂﬂll\‘i‘ﬁﬁfﬁﬁrEﬁl"fQNﬁ%ebk}% %MN%Fctg f/lgpl ied to the

rotating device by neans of inmposing an e ronag per pendi cul ar
to a field generated by permanent rotor magnets, and is illustrated by FIG
1. To conti0801]lan ACTpisranplivetien ¢laig etiomts dhUnided States Ribvisibnal é’aqgntsAnnhoatlouf t he

magneti c fN&hﬁ'? p&?%ﬁafgm%wﬁ Oﬁlemrepmﬁ&t zﬁ%@té {ﬂe@/»«fs %fé shoul d

be known at a nets' on aré 1np erm ni ng
t he st at or OBTIMEML mgmumdéwm ﬂf@@hl H&Hec@“ﬁ@I@NCﬂO rlRGMt@SStHEM

desired t Omlﬁ'l EEJ’ %h Ca(ngC?OSHI'e ofw?uc 1S %ggrﬁ?rgteé h%re {rglfcg Er%lglté commutati on.

Since the magne S dre 7ot W th respec t he magnets’
position can be cal cul ated by nmeasuring the rotor absol ute angul ar

posi tion. Absolute position sensofBCHNIEALGEIEL®sol vers and optical encoders
are typi cagly paeqniroEasure the absolute angular position of the machine
rotor. Fromthe position information the machi ne angul ar speed can al so be

cal cul ated. [0004] Commonly used angul ar position sensors are nechanically
coupl ed t ol0p The invention relates to a method and system for measuring the rotor position

of a permanent magnet machine. More specifically, the invention relates to a method and
system for using the terminal voltages and currents of an ironless permanent-magnet (PM)

machine to perform sensorless motoring and generation operations.
Description of Related Art

[0003] A permanent magnet machine is a type of alternating current (AC) motor
whereby power is supplied to the rotating device by means of imposing an electromagnetic
field perpendicular to a field generated by permanent rotor magnets, and is illustrated by FIG.
1. To control an AC permanent magnet machine, the absolute position of the magnetic field
produced by the rotor permanent magnets (PM) 102, 104 should be known at all times. The
magnets’ position are important for determining the stator current magnitude of the machine
necessary to produce the desired torque. This operation is known as the stator current
commutation. Since the magnets are rotating with respect to the stator 106, the magnets’
position can be calculated by measuring the rotor absolute angular position. Absolute
position sensors such as resolvers and optical encoders are typically used to measure the
absolute angular position of the machine rotor. From the position information the machine

angular speed can also be calculated.

[0004] Commonly used angular position sensors are mechanically coupled to the

machine rotor. For some applications severe environmental conditions and/or tight



machi ne rotor. For sone applications severe environnental conditions and/or
tight mechani cal integration concerns of such devices can |ead to

chal | engeso 2pawwssml arly if high operation reliability iPeTrusqui9nsegi19 To sone
of these applications, nechanically nounted position sensors are considered
a weak link, i.e., acritical single point of failure. For cost sensitive
applications, the high cost of the absolute position sensor can be a
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Al so as will be shown below, this approach takes advantage of the DC nature

of the machine voltages and current pypRypwesult fromthe d-q rotating

reference frame transformati on. The present invention provides a very w de
ows the machine to

range of pgsht on a speed .sensin

ef f gct i vel Bﬁg'%]art e&g’ﬁ ngﬁf’fg rYFARon g’fﬂl‘?‘ S(R?Ir}l %tt%“?%d"{t*&ﬁeﬁé’é‘l EBFaAstfls such
as those aieiless PeRthnéhttragnet Bidhale t6 PeHUE b@BorRRY EleGric Mbidrhg! B RnerkthB
present i nventJ on Jj ncor por a a tor angl e optim zati on schene which

u
| eads to a°RFFHHEDST EBngd %?lﬁ‘it‘ioﬁ}?“g? F"F‘F?ée??ﬁéﬁ ithfemachimgobp Presens invertions of

t he presentakésuditagervfig) IQWEbe} Onif irfdQERHEE OF ah IBAIBER Re TRE 0QM tflhachine
sensor| ess torglue contr ol ¥ determ ning a rot o?mgo& tion using term nal
1%

vol t ages alfgmEd Yliaess, ghich Floselyepresens dhenmaghine. erafyn Semegempensatian igetsoor m
sensor | essinglléd fol dFsBing ih MEn& s IR 6th AR ORI ATIATS vollBE IdH)?' 4ig 19hkal ni ng

i nst ant aneous term nal voltages of the nmachine, transfornn
i nst ant anePfgEeneefritaercuyent: Alse s wil be shewa baiowe this mrogclvtak«tsaﬂgear@agd ofithe

non- zer o qpaciaaie! BFtlﬁ.‘)&hé‘cthQ'Joﬁg% s ah&Ohtkadtd Mok Jeagtl £bHGhE b otatlflggéf&%é of

t he permanent magnet nachi ne su that the zero rect- aX| age 1 s
adj ust ed t Banatyanstormatione The pressnpinvension prividen g very vode fangeadf pesitiart arndcsad:edangl e

of the peri&ﬂﬁé‘t\ﬁlﬁ@i%%vs ﬁ?@%cﬂﬁﬁﬁyem&}l Sta &ln luH&e?g'E t 1 lpst%b S% q%m ated

el ectrical freduency o he machi ne, det'erm ni ng
conditions such as those associated with internal combustlon engme Furthermore, the

present invention incorporates a torque angle optimization scheme which leads to a more

efficient operation of the machine.

[0006] Embodiments of the present invention relate to a computer-implemented
method for sensorless torque control by determining a rotor position using terminal voltages
and currents of an ironless permanent-magnet machine to perform sensorless electric
motoring and generation operations, including obtaining instantaneous terminal voltages of
the machine, transforming the instantaneous terminal voltages to a zero direct axis voltage
and a non-zero quadrature axis voltage, regulating the electrical frequency of the permanent-
magnet machine such that the zero direct-axis voltage is adjusted to have a value of zero,
determining a non-final electrical angle of the permanent-magnet machine by applying an
integrator to the regulated electrical frequency of the machine, determining a final electrical
angle of the of the machine by integrating the non-final electrical angle and an electrical angle
from a previous calculation cycle, and regulating the current vector of the machine such that
the current vector is perpendicular to the final electrical angle of the machine, thereby

optimizing the torque of the machine.



angle of the of the machine by integrating the non-final electrical angle
and an electrical angle froma previous cal culation cycle, and regul ating
t he currewd 20836T440f t he machi ne such that the current PCe&aASEE09i058119
perpendi cular to the final electrical angle of the nmachine, thereby

optim zing the torque of the machi ne.[0007] The enbodi nents of the present
invention also relate to a systemfor sensorless torque control by
determning a rotor position using term naI voltages and currents of an
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direct axis voltage and a non-zero quadrature axis voltage, means for regulating the electrical

frequency of the permanent-magnet machine such that the zero direct-axis voltage is adjusted
to have a value of zero, means for determining a non-final electrical angle of the permanent-
magnet machine by applying an integrator to the regulated electrical frequency of the
machine, means for determining a final electrical angle of the of the machine by integrating
the non-final electrical angle and an electrical angle from a previous calculation cycle, and
means for regulating the current vector of the machine such that the current vector is
perpendicular to the final electrical angle of the machine, thereby optimizing the torque of the

machine.

{0009] In addition, the embodiments of the present invention relate to a computer-
implemented method for sensorless torque control by determining a rotor position using
terminal voltages and currents of an ironless permanent-magnet machine to perform
sensorless motoring and generation operations, including obtaining instantaneous terminal

voltages of the machine, transforming the instantaneous terminal voltages to a zero direct axis



means for regulating the current vector of the nmachine such that the
current vector is perpendicular to the final electrical angle of the

machi ne, wbensmgempti m zi ng the torque of the nmachi ne. POOASRoobOsHY ti on,
t he enbodi nents of the present invention relate to a conputerinpl enented
met hod for sensorless torque control by determning a rotor position using
term nal voltages and currents of an irgnless permanent-nmagnet machine to
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voltage is adjusted to a value of zero, means for determining a non-final electrical angle of the
machine from the regulated electrical frequency, means for determining a final electrical
angle of the of the machine by integrating the non-final electrical angle and an electrical angle
from a previous calculation cycle, means for optimizing the electrical angle by observing the
DC power supply that is in an inverter of the machine, and means for regulating the current
vector of the machine such that the current vector is perpendicular to the final electrical angle

of the machine, thereby optimizing the torque of the machine.

[0011] Moreover, the embodiments of the present invention relate to a computer-
readable medium for sensorless torque control by determining a rotor position using terminal
voltages and currents of an ironless permanent-magnet machine to perform sensorless
motoring and generation operations, including means for obtaining instantaneous terminal
voltages of the machine, means for transforming the instantaneous terminal voltages to a zero
direct axis voltage and a non-zero quadrature axis voltage, using a mathematical
transformation, means for regulating the electrical frequency of the permanent-magnet
machine such that the zero direct-axis voltage is adjusted to a value of zero, means for

determining a non-final electrical angle of the machine from the regulated electrical



froma previous calculation cycle, neans for optim zing the electrical

angl e by observing the DC power supply that is in an inverter of the

machi ne, wodormaaesi4f or regul ati ng the current vector of PChaSewoioss1eo such
that the current vector is perpendicular to the final electrical angle of

t he machi ne, thereby optim zing the torque of the machine. [0011] Moreover,
t he enbodi nents of the present inventi (_)Q_rel ate to a conputerreadabl e

medi um for sensorless torque control by determ ning a rotor position using
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t he machi na)rélreqmﬁeh@dchﬁgul ated el ectrical frequency, neans for determ ning a
final electrical angle of the of the nmachine by integrating the non-final
electrical angle and an e I fr previous cal cul ati on cycl e,
means for optim zing the éﬁ@@{#ﬁ@é&ﬂﬁ@ﬁ@%ﬁ%ﬁ W/W%Sthe DC power supply
that is in an inverter of the nmachine, and neans for regulating the current
vect or of {0éa2hachi rithednhtibhBtdesdiibed throwghta prefehed embodimemedmdithe httdchddo t he
final electrical .angle of the machine, thereby optim zing the torque of the
machi ne BRF”El‘—V“&ngzﬁ‘ﬁbh ON OF THE DRAW NGS [0012] The invention is described
t hrough a preferred enbodi nent and the attached draw ngs in which: [0013]
FIG 1 is #0M3henmat iKGd] agrselrnatic diagramvfRtchmveatiorabpermmasint maggtmhchisee hi ne;
[0014] FIG 2 is a sensorless position flowhart in accordance with the
preferred i mentgaf ,t. to 1k 1o .[:00 I 3 ] i_gnal

fl ow di agr Efr??gf a ptfellg’ezllg?k&ﬁ%g%&agésg}éggﬁé‘ﬁ&%elgea%g%d| Fr%ntléotlfhgt eetgljf)ef%esent

i nvent i on; epbalidgntof Be presérd ivenfiamphi cal representation of a nathemati cal
transformation in

[0015] FIG. 3 is a signal flow diagram of a phase lock loop as seen in one

embodiment of the present invention;

[0016] FIG. 4 is a graphical representation of a mathematical transformation in

accordance with one embodiment of the present invention; and

[0017] FIG. 5 is a flowchart of sensorless torque control of a permanent magnet

machine.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0018] The prior art is limited to the six-step mode of current commutation where the
current waveforms are square waveforms as opposed to sinusoidal waveforms. Previous
sensorless methods devised to address sinusoidal excitation suffer from extreme complexity.
Conventionally, a mathematical model of the system must be created, and estimation of the
rotor position is accomplished using a Kalman filter. These approaches are inherently

sensitive to numerical computation and require high accuracy in the model of the motor plant.

[0019] Applicants have discovered a proposed sensorless approach that overcomes the
above-recited deficiencies of the prior art by eliminating the need for a mechanical device to

sense the rotor’s absolute angular position. Moreover, the method of the present invention



accordance with one enbodi nent of the present invention; and [0017] FIG 5
Is a flowhart of sensorless torque control of a permanent magnet nachi ne.
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due to tenperat.ur o ot her ergtiong ef f ect t hus i nproving control of
t he devi creTRm{gﬁ’d?ﬁf sﬂ‘? %EO%T @:a@%‘@? ?‘Fr?tséartordz)g'd in one embodi ment of the
present invention is iIIustrated in FIG 1. The notor/generator of the
present i nio@at]i on i erxBLajﬂlsstrmmmjgmt flew dialgiangﬁ); détmﬁhiagﬂlerehémfcahagtbedfs 102,
104, as we t a, 2 ustr tes a signal
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resi stors fRree ifdtuctosyid, R, andindaltHongieothérdosfigksiohs may-be coﬁfbfhpldﬁed. al t hough

ot her configurations nay be conterrpl at ed. [0022] The notor 202 is able to

recei ve di si gnals mh £ t he tor t ance,

t he notor beﬁgt art egﬁs pﬁlor%% a ﬁ oY %gétla]t ?lﬁ‘bali Engtff’?t%tﬁﬁﬁ?/g’é)f&s lq to
a very hi gmol@henn gffdrtinstidce, Sﬂﬁmomgmtstaﬂed:spimﬁmgbwmehmmr kejtifightha clivirghld vestsist ant
val ue enabfq %a very high DC magnitude. Setting the current vector I to a high constant value enables
the magnetic field vector of the motor to align itself with the current vector L. At this initial

time, the torque angle of the motor is near zero.

[0023] Next, as graphically represented at 204, the frequency is incrementally raised
over time thereby changing the electrical angle, which then changes the angle at which the
current is set. Then, the magnets in the motor track the current vector I as it begins to move.
Having the magnets in the motor track the moving current vector I starts the motor spinning.
Once the spinning creates a large enough emf in the machine, the position estimator over to
closed loop position estimation. Also, as seen in item 202, once the machine starts turning, the

instantaneous machine measured variables V,,, Vi, and V,, are obtained.

[0024] At a certain point, once the back emf coming from the motor is high enough to
be a measureable quantity, an analog-to-digital converter (ADC), which is not shown, is used
to convert the analog voltages coming into the motor into three digital readings of the

instantaneous terminal voltages Van, Vin, and Vey, thus beginning a calculation cycle.

[0025] Once the digital values for the instantaneous terminal voltages Vg, Vi, and

V.n have been obtained, these voltages are transformed using a mathematical transformation



the magnetic field vector of the notor to align itself with the current
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increnental ly raised over tine thereby changing the electrical angle, which
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poi nt , onc@a‘fhﬁ@a%cauzanéfﬂrmﬁtmw Y PF Eonte atﬁ‘g qqu twfiﬁﬂ"@haﬁwwrﬁ@l%
nmeasur eabl ghatlusaeihe inachifdlel adtiddal Sirguldr fositionad p&rfiimahd @dnsfoton, Whi ch i's not
shown, is used to convert t he anal og vol tages com ng |nto the notor into

three digi readl of the instantan ter , and
Ven, thus L@gﬂnm ng 6‘31‘%%‘?%}“7 a&i?&pé‘eheﬁg’éf ﬁ]@q’é‘é atdh‘!ar 8?“?5"“’\95‘[\‘/‘?}%:5 f or
t Ee i nst ?nt}amngﬁmm?{he\aﬁgapag@eﬁ@ﬁeld Ybthe nfhﬂﬁinié/alﬂi thaqfaxiaeﬁe diﬂiﬂt&bzoé,neﬂ,

t hese vol tage nsf o usi ng..a tical transformation t hat

converts th iq %“Ggﬁﬁﬂgax‘ﬁa s&aispelian ‘Y‘H’[‘ga F%‘Fﬁt%%“st he fgquency of

mat hemat i caltatfonabs ftky Hefelefd EaMmebR fleffidabab - ﬂib'aﬂﬁcﬂﬂidéfﬁra n@ Hélang{qokyEat i on
(dqO, althou gh ot her mat hemati cal _transformati ons nmay contenpl ated. The

dgO tr ansf BR8N & thnmasine.eren sicyihigmingleltagrs wﬂié?ﬁlhén é|zeret¢rieetaaxls
angul ar poghitdg®@ v, Andehbery adaaraaﬁ@aaﬁ 061&%& oD as ERRZ6FIG. h;e 63! QR i on

i's acconplished by est abl i shi ng d-q ref erence frame with the d-axis
al i gned wi 840 Tansfoamatipagvilknewéde detajddel d of the machine and the g-axis in
quadrature, i.e., 90 fromthe d-axis. If the d-axis is aligned wth the

magnetic fyop2e, them t bgect-GamatRneYedf (d) arhforRbtidhasr ef bR mafirNEr 1S
identical to the machine magnetic field and the transformati on of the

machi ne op&PPrdinstesfromiths thrse-phassoitatiogary cppidinatecsysten tp theydy etaing; copdinatey s

vol tage Vdeysteddrids ABREHAIOA FAHARH Eo ﬁéﬂssan\i(?iﬁ&ﬂ»%né@l?y as seen in FIG 4.
The steps of the dqO transformation will now be detail’ed. [0027] A

di r ect - quadr at ube-tEasfgmatigofromythediresrphaseistationasy goordingte pysterratoithawerphase

coor di nat egg fh@dRab@oldiaREyREASH St at i onary coordi nate systemto the dg
rotating coord| nat'e
2) a transformation from the af stationary coordinate system to the dg rotating

coordinate system.

[0028] Graphical representations of these steps are shown in FIG. 4. A representation
of a vector in n-dimensional space is accomplished through the product of a transpose n-
dimensional vector (base) of coordinate units and a vector representation of the vector, whose
elements are corresponding projections on each coordinate axis, normalized by their unit

values. In three phase (i.e., three dimensional) space, it looks like this:

xa
Xabc =[au bn cu] Xy
xC
[0029] Assuming a three-phase system (x,=0), a three-phase vector representation

transforms to a dq vector representation (zero-axis component is 0) through the

transformation matrix T, defined as:



system This transformation is made in two steps, and is perfornmed by : 1)
a transformation fromthe three-phase stationary coordinate systemto the

t wo- phasewealkzos@si4enary coordi nate system and 2) a tramsfrarseewioss1idrom t he
ab stationary coordinate systemto the dqg rotating coordi nate system

[ 0028] Graphical representations of these steps are shown in FIG 4. A
representation of a vector in n-dinensignal space is acconplished through

t he product of a transpose ndi nensional vector (base) of coordinate units
and a vector representation_of the vector, whose elenents are corresponding
proj ections on each coordin t@oﬂggj)scos@g,r_r&a),j zggg(gbqigyi unit values. In

t hree phase (i.e., threeTgiZ nsional) spate, it looks ||ke this: [0029]
Assum ng a three-phase syst3 m_&xo:O), g t h2 ee- phase yecfor representation
transforms to a dq vector reprBEEht arn 178 o P&t g8hponent is 0) through
the transformation matrix T, defined as:In other words,” the transformation
from X abc (three-phase coordinates) to X . = x (dq rotating coordi nates),
called Park's transformation, is obtaingd,through the nultiplication of the
vect or Xabciyhd: her [ lati =T : . IX¢al, WIS the
frequency, t is tidge%égﬁlgﬁmnght?&ﬁﬁo%r%“pr?’ é%@%ﬁ/ﬂg%{‘@g@ﬁa{i@émva” able X is
actually voltage V. Conversely, the inv transformation fromdq rotating
coor di nat es tolﬁ, ee- phase coordi nates is cal cul ated as Xabc Xdq, where the
i nverse trg@sLE %tion matrix is defined as: [0030] Wiile the machine is
turning, thé pr&gessor is determning the electrical angle ge that is the
position of the rotor with respect to the stator. The processor

acconpl i sh@lg rotting goprdinates), saliedPavie ransiasmatiap, isl obtaineddhroughnthe suitivlication] G 2.
The value ofthd/our,c ) HelaATUSL G, 7e, dfirohd ABSEAIRL RthAPeqfigldynPR ed
above. The neasurenent” of GeOU froma prior calculation cycl e e tnitiall y
assuned bytibEeaqy 01, LNHe IpfesantSRvediioh] tHeNvatiablRexDR hen@lsOVATaks oN-

Next, a phase | ocked I6op (PLL) 208 determ nes the electrical angle ge of
the cal cul abiverselyy the iagersee@nnifomfatién fomTHE Bhdting NEdovdiffies? to three-phase

proportional -i.ntegral regul aor 0 and an integrator 212. This type of PLL
is known a®f e_s|q§ callkL“[a.te%'l"ﬁgabe[g%qqu‘frF Hisanyegsetrangigrmaion H‘ﬁ@\}ll%ﬁieﬁé‘éfg #%i on of

cos(at) —sin(wt)

T =] cos(at— %72‘) —sin(wt — % )

cos(wt + % m) —sin(wt + %7!)
[0030] While the machine is turning, the processor is determining the electrical angle
6. that is the position of the rotor with respect to the stator. The processor accomplishes this
by regulating V. to be equal to zero, as seen in FIG. 2. The value of V. is calculated using
the dq transformation as delineated above. The measurement of 69 from a prior calculation
cycle is initially assumed by the processor, and is also input into the Dq transormation. Next,
a phase locked loop (PLL) 208 determines the electrical angle 6. of the calculation cycle as
seen in FIG. 3. The PLL includes a proportional-integral regulator 210 and an integrator 212.
This type of PLL is known as type-II PLL. The PLL functions to track the angular position of
the rotor electrical position by adjusting the reference frame angles such that Vy is kept at

ZCro.

[0031] In a more general sense, a phase locked loop is a control system that generates

a signal that has a fixed relation to the phase of a reference signal. A phase locked loop



the rotor electrical position by adjusting the reference frame angl es such
that V<je is kept at zero. [0031] In a nore general sense, a phase | ocked
| oop i s awoantwisb74dyst em t hat generates a signal that hastastioessinel ati on
to the phase of a reference signal. A phase |ocked |oopcircuit responds to
control both the frequency and the phase of the input signals of the notor,
automatically raising or lowering the frequency of a controlled oscillator
until it is matched to the reference in both frequency and phase. Phase

| ocked | oo i i anal og or ital
circuits. %ggﬁp%%;ng%n@?@ﬁtsh tggég{q%e ysaélrdre glgf’e o §li.‘erlﬂﬁ‘ftl§?g§als Pﬁ@gmt‘ﬁg

t hr ee basi @uematieally saising phlawerinirthe ﬁ‘hq)lencyaof\aa:bntﬁble& osdiletdriudtl i€ isQfdtéHel @ O ,

and a feed h ten in des di vi [0032] A
phase | oc kelgﬁa?éggrgﬁ%o%mg?tgsﬂg%gnﬁymﬁmf rpgﬁfﬁ'engp e‘@f?keam%%. gi’“és%&‘aﬁr uces
an error s iilgplamemhd eheitter pnadgpoort digitd |cirtwitst Bothlichplehenarnd ateBe Rarhd adidput
frequenci e§ ‘[Thr LS %irlgngl ‘il/\ﬁ t hen I;n/- ss filtered and used to drive a
vol t age- cont Forfedcisding sy Bisic flppenty:  a 2pese deisotoanyariable elsgenis oscilkorout put
frequency iasd & éed biskquihwidcH sfesusihaies 6 fréqudtey diwak. to the input of the
system produci ng a negative feedback |oop. 1f the output frequency drifts,

the error w | c drivin ol tage-control |l ed oscillator
(VCO freqabe(%?: in t% %pE)O(gg?(flgo%fofrépéﬁg&?qu\ﬁﬁgueP%e? e sizpaipand preducesrhys
t he out put an srbosiked whicht lb@r(fpbﬁqmﬂl’lﬁ)ﬁhﬁﬂlﬂeﬂﬂc@béiﬁéed 0 ifput FBGWRNEIEPUTHd S
called the, fere S ok |vdfroma crystal oscillator, which

is very sta r e fs tga'hg)ﬂ'c?/ass tﬁﬁ% Biet) &k davey velireeroniroled xillatns whidhop can

be seen i ncientes aBouth@Fidghendp mwumw&%weﬁ&ﬁk%ﬁ,th&)ﬁglhﬁbideﬁéy HAaSa0f 1o he
el ectrical ngglﬁé)g oid that is.in into the phase | oop is assurred
|

fromthe pr&/ | SO prgﬂuc(lggc pegatfyf; eedbark wopf ke patpuinfiequency\daiftses of
t he inst antt&rbemusgmb Mlﬁgﬁ&aseVM1n§@8 voledel cHFolle@bRillathR (‘P@@)’ﬂ uteﬂc%tlp%e
is

transformati on, e val ues of Vde and Vge are then out

obt ai ned, PP%OSG%ﬁFé“?‘MO a5d@ rqducq the grror hys Fh‘?tOBth i5docked®, thaﬁghuetm gothecessor
then subtr atesinple THiOmpE is talled WhefebdrdiRe @ﬁH &Idfch dgrweﬂ%ronl b c}ﬁtaﬁ&cﬁlra{o?r

val ue since initially Vde is a non-zero value. Furthernore

i npedance & Bﬁgéﬁ‘é"él’ §1ble ifrequengyy Anbasis hipck diagpam of aphasslodcloop 661 beTetrsini s
because theig.grm nal voltages are being used to determ ne Vde, rather than
t he actual back enf of the

[0033] As previously stated, the initial value of the electrical angle Beoq that is input
into the phase locked loop is assumed from the previous calculation cycle. This value of 8eq
and the values of the instantaneous voltages, V,n, Vin, and Vi, are run though the Dq
transformation, and the values of Vg, and Ve are then output. After it is obtained, the value
for Vg is input into into block 308, and the processor then subtracts Vg, from 0, to determine
an error value. It is an error value since initially V. is a non-zero value. Furthermore, a
machine impedance compensator factor may also be input into block 208. This is because the

terminal voltages are being used to determine Vg, rather than the actual back emf of the

machine.

[0034] The processor assumes that the resistors Ra, Ry, and R of the permanent
magnet (PM) machine are near zero, and thus there are only the inductors L., Ly, and L in the
PM machine model. Thus, since the processor is interested in the output of the AC voltage
source, but only the output of the voltage source plus the inductor is measureable, the

processor determines the voltage drop across the inductor, which is Vig=IoL. The value of



machi ne. [0034] The processor assunes that the resistors R, Rb, and R of

t he permanent nagnet (PM nachine are near zero, and thus there are only

t he i nducwonseioge74bb, and Lc in the PM machi ne nodel . TiRG3/USIM0OES1INE
processor is interested in the output of the AC voltage source, but only
the output of the voltage source plus the inductor is nmeasureable, the
processor determ nes the voltage drop 0ss the inductor, which is VLde
IwL. The val ue of Vui e is also input into the phase |ock |oop 212, and this

val ue may to.adjust . the initial, i t val ue fVe her.ehy. .
conpensat i lri?e Sotlﬂ%ut]%H’Ctpgﬁsc?go%ﬂ?"ptﬂg’ ?'chtH‘isl‘félue o) %]‘seﬁlﬁ‘éa‘fibﬁtg}ed aAlgrror
val ue 216 u@utmqugeﬁmegcmp@s@mgmrtmdiﬁm&kanbmﬁmmhchmntrol | er 310 which
is called a PI filter, to obtain the el ectrical frequency Dfe 218 at which

t he machi ngd.g ot at 36 t he rocess determ nes .a val ue for
Dge by mul ﬁdaﬂll ng egoé’tifée% Ilor ay ugc%lgr 15 e“zB“’"‘iﬁa“éief%@ UﬂP?rEO%\{ integral

r adi ans/ cakenmodén 310 wdycﬂ B. caﬂ'ddei PIr ﬁ)lmeests dbtaﬁnthb Rleufiisaltffequeice Qify 218adt whihl €
fromthe p{ew ops cal cul ation cycle, qeoid and Dge through an integrator
212, whi chTERASPR B8t gléﬁ ues, and outputs the value for the new el ectri cal
angl e ge i for the machine for that particular calculation cycle. [0037] At
this point [@086] pr oc @éxorthemsceskadetarmineed villxefoe Aeddyrmaeplymg Qife2 1§yia fadtort he

machi ne, urr ul.a can use the. electrical angle i
regul ate t ﬂFelznc tIJKraFfe{nt v%gﬁ%&g?sécajﬁ‘[afl cmvl}‘?é’r%‘ifﬁ%th‘f’h‘&?utfi Grei eiec g‘p"é‘ﬁ cul ar
to ge i. Themithwpetieus datmhﬁaScy&leC%lﬁﬁﬂltA@ﬂlrb@ affeRBdrier 2 M ivaith k@gsHhadees t he

current vector per pe cular . to. t tic field vector, which is in
phase wi t h'44cs f@%%ﬁ’ tlﬂ rYalye for Ee SHﬁc?lle‘H’cgl"oPe‘tfﬁé ths, maehine fa5, 1k i on

t he angle gmwulﬁa:ylcblandnﬂybtaer optim zed by the processor. In this
particul ar enbodi ment, the processor adj usts the electrical frequency of
the machin ,?]nd det trgngsnes into th verter o f the

i Q
machi ne i st B&Thg i ndlediSepPm Ihaepcf?céﬁsé’é as te'?’ﬂ "g derieqid éﬁ &Pt A€t he
processor emchine) andthe Quirdm tegdlatos ¢ar QoW usatthé eléd”lﬂcaDQYgﬁbd’ Och BCieASE $he citremthi Ch
poi nt the grgcxﬁqs fE et era{trﬁ g( a valu flor E)qe timze: The value for
Dgeopt i mi z &k MHRKTBLGRHL that Fﬁr?@rp\ﬁ‘ ‘H“’(rﬁ‘é oral RNy Ster gaposesgfugrenf on
summat i on teandchidid 2whioh euRiedithe cidfenOPdctotipefRndBbd&at b itkdmagedt GielevebRr, t he
which is in phase with V.

[0038] In an alternate embodiment of the present invention the angle 0.; may be
further optimized by the processor. In this particular embodiment, the processor adjusts the
electrical frequency of the machine, and determines if the DC power going into the inverter of
the machine is being increased or decreased. If the power decreases then the processor
continues in that direction until the power increases, at which point the process has
determined a value for ABeopiimize. The value for ABeoptimize can then be input, along with the
value for 8. into a summation block 222 to determine an optimized electrical angle 6 for the

machine.

[0039] In another embodiment of the present invention, the output of the Dq
transformation is filtered, using a low pass filter 324, to reduce the noise resulting from the
machine’s non-ideal waveforms and switching noise. A low-pass filter is a filter that passes
low-frequency signals but attenuates (reduces the amplitude of) signals with frequencies
higher than the cutoff frequency. The actual amount of attenuation for each frequency varies
from filter to filter. This feed forward frequency fe may also be input into the phase lock

loop 308 and be used to determine a more optimum electrical angle of the machine.



machi ne. [0039] In another enbodi nent of the present invention, the output
of the Dg transformation is filtered, using a |ow pass filter 324, to
reduce thwonoimsersesul ting fromthe machi ne's non-i deal paawust@wossiand
switching noise. Alowpass filter is a filter that passes |owfrequency
signals but attenuates (reduces the anplitude of) signals with frequencies
hi gher than the cutoff frequency. The tual anmount of attenuation for each
frequency varies fromfilter to filter. This feed forward frequency feff

R R R e ﬂﬁ’i(%?r@%ﬁ%r?r%eé??% oL,

fl owchart Mechigphions ambtghmdfm of the gresend fnventpar Imst@niozmg tmmnrahmmagm of theone

enmbodi nrent _of th J nventeblton the t vol t ages of
T e ettt AR S ing Sk, | el SPupes Faay S Pisa S b

obt ai ned us:iang-tardlmladoageﬁeq foki exaingle. o\ﬁiwe/htch,rm sfeprsoexbmnhtentadkbhseuenmhilch in
step 504, tr]e i nst ant ane er m nal.. vol t.a en transfo

Serh i r sctolagisire fes Rt B el fiE s ey b AORZrS B HE S 5

usi ng a matdlRERV, Cadingld MamkbaLToaL trarafoniliﬁtﬁ)nrrameam&hémbalttfaagféﬁmlﬁﬁtma@rbemay be
the direct- quadrature zero transfor mation. In step 506, the electrijcal

frequency e Brectruadigirnzere tiaasformatipn.t dpy stepcP6a hrarlethl Frefeengy deet theki s

vol tage V galtineidirdpalatd shéh zhﬁél@heazey@«lhkb%t Bfis ¥Mage VNaXhdjusiél t8heed 4 V4d ofangl e
Dge of the machine 1s determ ned by applying an integrator to_ the regul at ed

el ect ri cal Zp-eNaunayelpdrical pngle Ay of the machimeris determaned by applying aA ditesrefer 1) s

det er m nedRYe APRYI QA Rgtf?aéﬁcﬂ K slep30s8 ] '?B@ﬁﬁeﬁfe%tr&él a‘hﬁ'l% 9‘%'1@8&5&&1&& angl e
of the previous calculation cyCle geoia and the electrical angle Dge, in

step 510. Thepplying agthase lggioloop Hategrpior kauthe telactigal ansly of te peayions edcylation
det er m ned f.qr et dniEE Qie&ﬁcal% 1%%%9 in 3p sife Tﬁswn?lsféﬁtsii gﬁ’é %ﬁiﬁmn?to?&uet he

machi ne genew I's tal ned applyrng a sunmati on node
el ectrical anglfgb@mpqme 1ad@emh@d pr theimashine.olw step ahdItke meelpctrlmlpeglelof thel |y,

the current, &ﬁ&et Bolew ?J ﬁti]ﬁe W{b@@ﬁr}% nﬁﬂéﬁo th58e &%Qﬁbh Eec&l&?l fereﬁnéndve‘:t or

i s perpendicul ar 9% the new’e ang e genew o e mac I'n step
516. [ 0041thePptimjzed Itmqmb ARGz blédalryether@drrersty'suemq»f tlamnhaquamr@ulatedadabl e

medi um i n - G6H 0 ARG Grrhe d@eﬁo{‘% ﬁg,g&qwﬁ% TheJ r{g?«ﬁ ceraP gl Lg }6?&%'119 hingS. Cg”

in
now be ful 'y apprecia s avery e |ve dfffw opt1 M’zi
t he torqueincsteptyl6! for a permanent magnet

[0041] Thus, the above described method, system, and computer-readable medium in
accordance with the embodiments of the present invention, as can now be fully appreciated,
provides a very effective method for optimizing the torque control for a permanent magnet

machine.

[0042] The invention has been described through a preferred embodiment. However,
various modifications can be made without departing from the scope of the invention as

defined by the appended claims and legal equivalents.



machi ne. [0042] The invention has been described through a preferred
enbodi nent. However, various nodifications can b e made w thout departing
from t he woapw/674the i nventi on as defi ned by the appenaet/usk@vmssiand | egal
equi val ents. WHAT IS CLAIMED : 1. A nmethod for sensorless torque control by
determining a rotor position using termnal voltages and currents of an

i ronl ess permanent - magnet machine to pejf orm sensorless nmotoring and/or
generation operations, conprising: obtalning instantaneous term nal

vol t ages oéﬁzﬁgq MAMEPt ransform ng the instantaneous term nal voltages
to a zero age and a non-zero quadrature axis voltage;
regulating the electrical frequency of the permanent-nmagnet nachi ne such
that the zero diretmabddsfopsensagess iterqueljcertiod byt dstemaingngaa vatbrl positfonz e,
determnin : ~fihpal . al i.C n f th r manent - net chi ne by
appl yi ng agen?lhdtaggfro g%%? afng t eegl{rsegtlagt g{ﬂrﬁeeﬁe etnﬂg%egl AR Jg?fg&go'fo P%%m
machi ne; deemsenirspinatyring fndierl gemdraonroperatiorsngiprisibgt he of the machi ne by
integrating the - f i nal ric ngl e.and an electrical angle froma
previ ous cal cuI%@%ﬁlﬁg?:d;%ntéjgéoglgﬁfmmé%fu‘fog?&ﬁQfﬁ'ﬁglaff P¥ent vector of the

machi ne such t hmansfoleingithe entanvemud terinmapeslpgadiociitas direct takie voita@!and a

el ectrical 1 _gelrg OeIdrtt?he rracﬂ' ne, thereby optimzing the torque of the
machi ne. 2. sygltlerﬁ TEAXE ERESP ess torque control by determ ning a rotor
position using tegulatingathe \ehdctrizglefrecubityCoft the PenabntaghétORABHR such that the

per manent - magget machine to perform sensorl ess notoring and/ or generation

zetd Qirptiags ygltaefisadinsted fo Raye aVAlPR B 48t ant aneous termi nal vol t ages

oper ati ons;

of the machi ne; detemiifing Ofiont firdD SIbQFiEHl Bigld bhé PrinBRUnARGEILE mbSiidH H}ﬁdpgi\gzﬁlgt ages
ge:” means

to a zero direct axis voltage and a non-zero quadrature axis volt
for regul af“?H‘g"gfaﬁ‘gt%ﬁ’@é?&“;aée%lel@%@?&?‘%ﬁﬂ’ﬁ@%@ﬂ%nent-magnet machi ne
such that the Z&t@meiiig# findeletriéfll dnBROf kiR FdhdRhthel 8y iBRYGLAL ¥R WL sl Zer o;

electrical angle and an electrical angle from a previous calculation cycle; and

regulating the current vector of the machine such that the current vector is
perpendicular to the final electrical angle of the machine, thereby optimizing the torque of the

machine.

2. A system for sensorless torque control by determining a rotor position using
terminal voltages and currents of an ironless permanent-magnet machine to perform
sensorless motoring and/or generation operations, comprising:

means for obtaining instantaneous terminal voltages of the machine;

means for transforming the instantaneous terminal voltages to a zero direct axis
voltage and a non-zero quadrature axis voltage;

means for regulating the electrical frequency of the permanent-magnet machine such
that the zero direct-axis voltage is adjusted to have a value of zero;

means for determining a non-final electrical angle of the permanent-magnet machine
by applying an integrator to the regulated electrical frequency of the machine;

means for determining a final electrical angle of the of the machine by integrating the
non-final electrical angle and an electrical angle from a previous calculation cycle; and

means for regulating the current vector of the machine such that the current vector is
perpendicular to the final electrical angle of the machine, thereby optimizing the torque of the

machine.



means for determining a non-final electrical angle of the pernmanent-nagnet
machi ne by applying an integrator to the regulated electrical frequency of
t he machiwe;2omaansi4f or determ ning a final electrical amgrasedoobaiof the
machi ne by integrating the non-final electrical angle and an el ectrical
angle froma previous cal culation cycle; and neans for regulating the
current vector of the machine such that,;fhe current vector is perpendicul ar
to the final electrical angle of the nmachine, thereby optimzing the torque

of the machine. 3. r.-readabl e. nedi um for sensor] ess tor.que control
by determ ni ng g‘ A &o%ﬁﬂ%%éefa ?béenmﬁ‘?h‘“ﬁ‘gfmi S(aef;'?ﬁ?lﬁ%fl ) fﬁg@&%ﬁﬂewlg%ﬁf%mof an
i ronl ess pepsiborendingregniatl vapésnadtarpas bo amivalkSOfdrastntMbgiet Aucland{ior
generation operations, Conpri sipp: maﬁns for. obt ai ni ng instantaneous
terninal vEFTEGLENSF eI %}ﬁﬁ"ﬂ& ETPESHEN PREFAUCRS, FEPRIIHBAG t he i nst ant aneous
term nal vol t agmsarisdoraobraixiing btadedeotxtetiniil vbR4pRs efible Madh@iy; Zzer o quadrature
axi s vol tage; neans {qor r§f ul.ating. the electrical frequency of the

per manent - magne™ T ng the; instRRtaneopy, tminal voliages 19 @i feaqyditpd aKd ust ed
to have a wakdge afd a A6H-£ero fRdturé Afis Wifags; M ning a non-final electrical angle
of the permanent-magnet machi ne by applying an integrator to the regul ated
el ectrical freqBEHSyoLIes ping e Fertecal fisqpracy ot the pewsraneniimagnet machige such

el ectrical fiahgledidireituRNvolti}R i RIREA % Bie aVhRILAIENY the non-fi nal
el ectrical angle and an electrical angle froma previous cal cul ation cycl e;

and neans for r@gUsde dRErminingy peshieel wlestrissl apleraf sherneohineat-megnist whetine he
curt ent vesy appiling ARG R reduiddMfecllcAeqBlRY b b Hlaghihg! © O the
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4. A computer-implemented method for sensorless torque control by determining a
rotor position using terminal voltages and currents of an ironless permanent-magnet machine
to perform sensorless motoring and/or generation operations, comprising:

obtaining instantaneous terminal voltages of the machine;

transforming the instantaneous terminal voltages to a zero direct axis voltage and a
non-zero quadrature axis voltage;

regulating the electrical frequency of the permanent-magnet machine such that the
zero direct-axis voltage is adjusted to a value of zero;

determining a non-final electrical angle of the machine from the regulated electrical
frequency;

determining a final electrical angle of the of the machine by integrating the non-final
electrical angle and an electrical angle from a previous calculation cycle;

optimizing the electrical angle by observing the DC power supply that is in an inverter
of the machine; and

regulating the current vector of the machine such that the current vector is
perpendicular to the final electrical angle of the machine, thereby optimizing the torque of the

machine.



regulating the electrical frequency of the pernmanent-nmagnet machi ne such
that the zero direct-axis voltage is adjusted to a val ue of zero;
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means for optimizing the electrical angle by observing the DC power supply that is in

an inverter of the machine; and
means for regulating the current vector of the machine such that the current vector is

perpendicular to the final electrical angle of the machine, thereby optimizing the torque of the

machine.

6. A computer-readable medium for sensorless torque control by determining a rotor
position using terminal voltages and currents of an ironless permanent-magnet machine to
perform sensorless motoring and/or generation operations, comprising:

means for obtaining instantaneous terminal voltages of the machine;

means for transforming the instantaneous terminal voltages to a zero direct axis
voltage and a non-zero quadrature axis voltage;

means for regulating the electrical frequency of the permanent-magnet machine such
that the zero direct-axis voltage is adjusted to a value of zero;

means for determining a non-final electrical angle of the machine from the regulated
electrical frequency;

means for determining a final electrical angle of the of the machine by integrating the
non-final electrical angle and an electrical angle from a previous calculation cycle;

means for optimizing the electrical angle by observing the DC power supply that is in

an inverter of the machine; and



6. A conputer-readabl e nedium for sensorless torque control by determ ning
a rotor position using termnal voltages and currents of an ironl ess

per mmnentworgraBéTachi ne to perform sensorl ess not ori ngPamA/See09Hss1ey at i on
operations, conprising: nmeans for obtaining instantaneous term nal voltages
of the machi ne; neans for transform ng the instantaneous term nal voltages
to a zero direct axis voltage and a non;zero quadrature axis voltage; neans
for regulating the electrical frequency of the pernmanent-magnet machine
such that the zger i -axi.s voltage,is.adjusted t val ue of zero;
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angl e of the Qf the machine by integrating the non-final electrical angle
and an el eCtF1¢al angle froma previous cal culation cycle; neans for

optim zing the electrical angle by observing the DC power supply that is in
an inverter of the machine; andneans for regulating the current vector of

t he machi ne such that the current vector is perpendicular to the final

el ectrical angle of the machine, thereby optimzing the torque of the

machi ne.



