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[0002] This disclosure relates to a method and system that makes use of the
availability of the machine parameters required to achieve optimal selection of pulse width
modulation polarity and type. More specifically, the disclosure relates to a method and
system that uses a predictive duty cycle employing machine parameters to determine both the
magnitude and the pulse width of the pulse width modulation that is required to generate a
waveform at a given operation condition, as well as the polarity of the pulse width

modulation.
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 onto a field generated by a permanent magnet rotor. To control an AC permanent
magnet machine, the absolute position of the magnetic field produced by the rotor permanent
magnets (PM) needs to be known at all times. The magnet’s position is 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 magnets are
rotating with respect to the stator, the magnet 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.



encoders are typically used to nmeasure the absol ute angul ar position of the
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[0006] To properly control the currents and to minimize the harmonic content in the
current waveforms, robust control must be performed. One of the issues with H-bridge
control is that in order to reduce the machine ripple current, unipolar pulse width modulation
(PWM) must be employed. With unipolar PWM, a 50% reduction in ripple current is
achieved when compared to bipolar PWM. When using unipolar PWM during transition
periods where the machine emf voltage has a different polarity from the terminal voltage, a
combination of unipolar and bipolar PWM must be employed; otherwise, current distortion
will result. The existing prior art merely selects unipolar verses bipolar PWM based upon the
sign of the current waveform. This conventional approach leads to additional harmonics in

the current waveform that will lead to increased heating in the machine.

SUMMARY OF THE DISCLOSURE

[0007] The present method and system optimizes the pulse width modulation

generation by appropriately determining when unipolar or bipolar PWM should be used, by



SUMVARY OF THE DI SCLOSURE [ 0007] The present nethod and system optim zes
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algorithm; and means for determining the optimum type of the pulse width modulation for a

predicted duty cycle based on the pulse width modulation generation algorithm.

[0010] The embodiments of the present disclosure further relate to a computer-
readable medium for determining a predictive duty cycle that is able to determine the
magnitude and pulse width of an H-bridge pulse width modulation that is used to drive a
machine motor, including means for determining machine parameters, means for inputting the
machine parameters into a predicted duty cycle module, means for determining the optimum
polarity of the pulse width modulation for a predicted duty cycle based on a pulse width
modulation generation algorithm; and means for determining the optimum type of the pulse
width modulation for a predicted duty cycle based on the pulse width modulation generation

algorithm.

[0011] The method for determining a predictive duty cycle that is able to determine
the magnitude and pulse width of an H-bridge pulse width modulation that is used to drive a
machine motor may include that the type of the predicted duty cycle is one of unipolar or

bipolar, and the pulse width modulation  generation  algorithm s



wi dt h nodul ation for a predicted duty cycle based on the pulse width
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Eenf(Tmagner, vpm) is the back emf of the machine as a function of the magnet temperature and
speed, ... is the electrical angle for the machine during that particular duty cycle, Lsis an
input quantity of reference current, i.e., the amount of current that the processor wants to get
out of that particular duty cycle, R; is the phase resistance of the machine and is a known
input parameter, Tinding is the temperature of the windings in the coil, and is also a known
input parameter, L is the inductance of the inductor and is also an input parameter, and Vbus is
the supply voltage of the inverter, and is a quantity that is measured by an analog-to-digital
converter.

[0013] The computer-readable medium for determining a predictive duty cycle that is
able to determine the magnitude and pulse width of an H-bridge pulse width modulation that
is used to drive a machine motor may further include that the type of the predicted duty cycle

is one of unipolar or bipolar, and the pulse width modulation generation algorithm is

) _ (E emf (T;naguel'r p m ) ) Sin(eelect )+ i ref elect )R ( winding ) + L * dl ref / dt )

d prediction( elect ) = Vbrs wherein

Eemf(Timagnervpm) is the back emf of the machine as a function of the magnet temperature and
speed, Geiec: is the electrical angle for the machine during that particular duty cycle, I,.-is an
input quantity of reference current, i.e., the amount of current that the processor wants to get

out of that particular duty cycle, R, is the phase resistance of the machine and is a known



converter. [0013] The conputer-readable nmediumfor determining a predictive
duty cycle that is able to determ ne the nmagnitude and pul se width of an

H bri dge wol2em/ossdeh nodul ati on that is used to drive aPomalis2ove/088Dr naYy
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drawi ngs i drawinigs im whici215] FI G |Ais a schematic representation of the
general structure of an H bridge; [0016] FIG IBis a schematic

P esert 8, o it B LS B0 AR BB b it Sy i
2 is a schematic representation of the magnets used in the notor in

accor dancel0filélh one FéabldHismsehemsfic rapeesentativanf anHdridgsinrone bisdtd$; FIG 3 is
a bl ock diagram of the arrangenent of the systemin one enbodi nent of the

present i nypdji on; [F982(Y iskifemafic feﬁre@exﬂd’t@ﬂlaf&?i{ brid éﬁ%ﬁ&hﬂf g% st@fe; the of a

duty cycle W|th respect to one enbodi nent of the present osure; [0021]
FIG 5A is_a schematic di.agram of a 3-phase open delta machi ne nodel;
[0022] FIAO0%H i s afl€xpdndedthemnais t??feéanaéleq#ethe BRSReie Vel iR the Mqterom3]
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[0019] FIG. 3 is a block diagram of the arrangement of the system in one embodiment

of the present invention;

[6020] FIG. 4 is a graphical representation of the of a duty cycle with respect to one

embodiment of the present disclosure;

[0021] FIG. 5A is a schematic diagram of a 3-phase open delta machine model;
[0022] FIG. 5B is an expanded view of a terminal of the machine;
[0023] FIG. 6 is a block diagram for determining the sign and type of the predicted

duty cycle; and

[0024] FIG. 7 is a flowchart for determining the optimum pulse width modulation for
a duty cycle.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0025] Applicants have discovered a method and system to optimize the pulse width
modulation generation by appropriately determining when a unipolar verses a bipolar pulse
width modulation should be used. Moreover, the present method and system uses a predictive

method to determine when bipolar verses unipolar PWM should be used, and this prediction is



duty cycle; and [0024] FIG 7 is a flowhart for determi ning the optinmm
pul se wi dth nodul ation for a duty cycle. DETAI LED DESCRI PTI ON OF THE
PREFERREDVENBOBIBWVENT [ 0025] Applicants have di scovered acwatsh@d/oas1d7 syst em
to optimze the pulse width nodul ati on generati on by appropriately

determ ni ng when a uni pol ar verses a bipglar pulse width nodul ati on shoul d
be used. Moreover, the present nethod and system uses a predictive nethod
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polarity from the terminal voltage, and a combination of unipolar and bipolar pulse width

modulation must be should be applied to avoid current distortion.

[0029] FIG. 5A illustrates a 3-phase open delta configuration machine model that
includes schematic representations for three power sources E,, E,, and E, three resistors R,,
Rs, and R, and three inductors L,, Ly, and L, although other configurations are contemplated.
The currents i,, iy, and i; of each of the phases are also depicted in the machine model seen in
FIG. 5A. The machine model is considered an open delta configuration since the three
windings are not all connected to one point. The machine is able to receive digital-signals
which dictate the motor’s movement. For instance, in the case of a permanent magnet
machine, the motor is started spinning by the motor setting the current vector to a very high
DC magnitude. Setting the current vector to a high constant value enables the magnetic field
vector of the motor to align itself with the current vector. At this initial time, the torque angle

of the motor is near zero.

[0030] FIG. 5B is an expanded view of a terminal of the machine, depicting a terminal
being driven by an H-bridge at a power stage 504. The power stage 504 includes the four
switches Sy, Sy, S3, S4 of the H-bridge. Thus, the machine is said to have 6-switching poles
since the motor has 3 phases. FIG. 4B also depicts the supply voltage Vbus and a capacitor C.



FIG 5A The machine nodel is considered an open delta configuration since
the three windings are not all connected to one point. The nachine is able
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?rgzzh?ﬁé gl;la}o?é;sg(gpar :/fﬁllgjiletg%h%%ﬂ’ﬁ%ﬁ‘flgrd ' ng |g the tenperature of the

b gdl e 1EhtERSOchbghataebSiS&ngA&§h@n§dg an ?%%Owgﬁ ane ﬁimetgn:jsvwg is the

i nduct ance o e indyctor and i

suppl y vol t age "d"tgﬁéléli‘%vg’rpf@?{re Qﬁgh‘? windings, im, the 901}( 1rad if §fsmalsqw@dmpyt an

anal og-t o- girghéted; converter. Some or all of the input parameters/quantities

do not have to P 1es the inductance of the inductor and is also an input parameter; and
Vbus is the supply voltage of the inverter, and is a quantity that is measured by an
analog-to-digital converter. Some or all of the input parameters/quantities do not have to be
measured during the operation of the machine, but rather can be known prior to operation.
Parameters that are unknown prior to the operation of the machine may be measured during

operation.

[0032] The sign (+ or -) of the output of the algorithm, dyregicave, delineated above will
determine which of the switching poles needs to be switched. When dpredictive 1S @ positive
value then the pulse width modulation is unipolar positive, thus switching S1 and S2 on while
maintaining S4 on and S3 off will drive a current in the positive direction. When dpredicrive is a
negative value, the pulse width modulation is unipolar negative, thus switching S3 and S4 on

while maintaining S2 on and S1 off will drive a current in the negative direction.

[0033] As illustrated in FIG. 6, once the processor inputs parameters 602 into the
predictive duty cycle 604, the algorithm is able to determine the sign 606 of the predictive
duty cycle, as well as the value of dpregicive 608, which determines the polarity of the duty
cycle. Moreover, the processor determines a predicted duty cycle such that the PI regulator
610 is limited in the amount of current correction that it implements, i.e., such that the actual

current 614 in the motor is close to the reference current 612 that the processor wants to get



measured during the operation of the machine, but rather can be known prior
to operation. Paraneters that are unknown prior to the operation of the
machi ne s 2om/a3emaur ed during operation. [0032] The si goT(Us2a@w/05911Df t he
out put of the algorithm dpreiactive, delineated above will determ ne which
of the switching poles needs to be switcRed. Wen dpn,diCtive is a positive
val ue then the pulse width m)dul ation is uni poI ar p05| tive, thus swtching
S1 and S2 tal i current in the
positive d?{r}eé\ﬂﬂgﬁ pa q ccnvg.Rls regucﬁ%éget W%e %’Fﬁ%t ofﬂi? Baghine det h
nmodul at i oncomequan%o&amad&mhomerunk o fiidientlyi ng S3 and S4 on while

mai ntai ning S2 on and SI off vm'II drive a current in the negative

di rection. 3] Qnce essor \put s
par anet er s [(%Ogg]sl nt QSFIﬁeJ] gf"té b %‘O‘é“’%‘% %?hfmm%tjfe t‘frﬂ% AIPFSTTES 2%g“ﬁtbl e to
det er mi ne tifachigé gnoﬁ@@nmbdmieet pff éueti preseu'endt]to;l an;lcdyetcmaslmedep 782, fnbéhmleal ue

of dpreti ct ve 608 ermnes. the arit th cycl e,

Mor eover, PHETSFBALS %eéefméfeefie&hfsﬁé’grag]ebe{ ?}pgeeﬁ’héﬁﬁ 0\&,81'1%( Q MOW%H?H the Pi
regul at or GihQnadkudej mid/@cthéynmbyn be @ammetersomatcm hﬁea@urezioddrmgtth@apdrdﬁ@h df tthe

i npl ement s e ac current 614 in t i . ¢close to

i..e.,.such that t h
the ref er eM2ERIRG P%’f*ﬁ Igsep %9148.11 et‘ﬂec cﬁf‘éaé’%e(’)‘?rs gt agfo e‘f"&ﬁf’y gfgon
parti cul ar ntbdtlg. CP@he theTdptiuhegoleRty dfhlie PuRP IvadB Who®IMtioRfis Hb@nﬁﬁé&f"fdﬂ&a and
consequent | re efficiently. [0034] FI G 7

P/the chi ne nofor runs
illustrate® e&“’fqdd{ﬁ %’f“? © haged o ipHiss i twu{aa%ﬁeemﬂoa a}ﬁéﬂﬂ‘&h hoig dhfet
nmachi ne i neQnBofaResbedaBbvedn 708! GHaMY, ARipIds &H@oﬁmwpe bﬂpﬁﬁee\l@ldﬁm

machi ne paraneters_are determ ned. These parameters nmay val ues known
prior to tmedplatiomisi deterpinedfar agpredicied dutyagysle ttq%%%/oﬁréyp%‘@ piskin medeladon hat
are measur gehegtitibh AGotifie. operati on of the machine. Next, in step 704, the
machi ne parameters are input into a duty cycle predi ctl on nodul e Then, the

opti mum pol ty of t ul se W|dth nodul ation is determ ned for a
predi ct ed &‘ﬁpé] cycl eAIBEFEgH & a20gUs seecifidyrmethesungt i egener Q?SFW for

al gori t hm imfleGéntationtii @ pereHaabdt %gﬂ&%ﬁchlﬂ@dh@gﬁl/e% memhodt £ c6RPutel- i'egé’dbley in
step 708, the optimumtype of pulse width no lation i s determined for a

predi ct ed &edipmespulddenscddn apytyge plinater Hptden 2 heerdthas s nsepeeioal; to speed.
al gorithm [0035] Although, the above recited nmethod and systemis

descri bed {m36] Thus, the above described method, system, and computer-readable medium in
accordance with the embodiments of the present method and system, as can now be fully
appreciated, provides a very effective method for determining the optimum selection of pulse

width modulation polarity and type.

[0037] The method and system has been described through a preferred embodiment.
However, various modifications can be made without departing from the scope of the method

and system as defined by the appended claims and legal equivalents.



i npl ementation in a permanent magnet nmachine, this system nethod, and
conput er - r eadabl e medi um coul d be used in any type of notor that has a back
enf that we 2proopersei onal to speed. [0036] Thus, the aboweTdssawiossd? net hod,
system and conputer-readabl e medi umin accordance with the enmbodinents of
the present nethod and system as can noy_be fully appreciated, provides a
very effective nmethod for determ ning the optinmum sel ection of pulse width
modul at i onywagA#75 0L pype. [0037] The method and system has been

descri bed rred enbodi nent. However, various nodifications
can be made wi t howt mddpdiferi deteriindng § ipeedstiop dutyfeytlaahards bld t@detesyiné €@ as

ot hod o e uAEREPAE: Sidth OF of Pen Gy S A REtoD 5t Vi) KBF o
t he magni tmdeh.hmtdotpulcempnidir@h of an H-bridge pulse width nodulation that is
used to drive a nmachine nmotor, copprising: determ ning one or nore machine
par aneters: inpdlfgeltgl”fl‘%ngtwgoﬁﬁl(?ﬁrﬂaec GPEABEERs into a predicted duty cycle
nodul e; det er m inpurtng the magihd paraniidraintd 3 prédicted Butp dydembindé:n modul ation for

a predicted duty, cycle based on ul wi dt h. nodul ati on generation _

al gori thm and %&T‘éf“r‘ﬁ&fﬁﬁﬁ}’“ﬁ’ﬁ’éﬂ B‘gf‘%ﬁﬂﬁﬁ%f' Pplee Y.‘ﬂdﬂ_t medylaioa dong reedicterbdiy at i on
for a prediylessditng mielwadhasRdlatsh ddheratiet Agoritiudidhgmodul ation generation
algorithm 2. The conputer-jnplenented nmethod according to claim1, wherein

the pul se wi dt HfFIEIE POPIGRIR RS Pighe Brlgfovidimedulation fredredidtestduty W 1 b i
n_Een) ( Tragilbasdth thepdvbaHoditfioR ferbfioNBERLAS, a5 a function of the
magnet tenperature and speed, geiec, I's the electrical angle for the

machi ne during that particular duty cycle, / /is an input quantity of
reference curr egjtT;he|opﬁpmeltim§,k§,§gﬁ|fégtmeg{0d%‘go_rng9% wtgpaqlh it Qfﬁergi‘h.?l?ee;ﬁﬁs%rwi nts to
get out of that particular duty cycle, Rs iIs e phase resistance of the
machi ne an@ofuationigsesstionglagrithsbisamet er, Twnding s the tenperature of the

wi ndings in the coil,(gangis, )_sgn Iek 92"’“(9' n&yKT parﬁ%.tdtler ’/d}j is the
Vb

i nduct ancedp,, &,.J) ren ALt v e Png ays i s
us

Eemf(Tinagner, Tpm) is the back emf of the machine as a function of the magnet temperature and
speed, Oeec: is the electrical angle for the machine during that particular duty cycle, L,is an
input quantity of reference current, i.e., the amount of current that the processor wants to get
out of that particular duty cycle, R; is the phase resistance of the machine and is a known
input parameter, Tyinaing is the temperature of the windings in the coil, and is also a known
input parameter, L is the inductance of the inductor and is also an input parameter, and Vbus is

the supply voltage of the inverter, and is a quantity that is measured by an analog-to-digital

converter

3. The method according to claim 1, wherein the type of the predicted duty cycle is

one of unipolar or bipolar.

4. A system for determining a predictive duty cycle that is able to determine the
magnitude and pulse width of an H-bridge pulse width modulation that is used to drive a
machine motor, comprising:

means for determining one or more machine parameters;

means for inputting the machine parameters into a predicted duty cycle module;

means for determining the optimum polarity of the pulse width modulation for a

predicted duty cycle based on a pulse width modulation generation algorithm; and



the supply voltage of the inverter, and is a quantity that is neasured by
an anal og-to-digital converter 3. The nethod according to claim1l, wherein
t he type wb 20tven3pr4edi ct ed duty cycle is one of unipol ar por/use@olossii7 4. A
system for determning a predictive duty cycle that is able to determ ne
the magni tude and pul se width of an H-hrjigdge pul se width nodulation that is
used to drive a machine notor, conprising: neans for determ ning one or

nore machine p : far | t ] i S, jnto a
predi ctod dut y ey i U8miRAR e cRlinARbicdr il e wRE ol RaRR! BFFREIIENT ©

t he pul se ditdtyrlatmded anthepulfeoridth moduthtion gehethtiby algyrithm. based on a pul se

wi dt h nodul ati on generation algorithm andneans for determ ning the optinum
type of the pulse width nodulation for a predicted duty cycle based on the
pul se wi dt h nodul ati on generation algorithm 5. The system according to

claim 4, wherei he pul se wi.dth npodul atj on generati . rein Eenf (T
mmgnet 1o 1o ¥ nEREmae e i SR b P FEESH G v odioR S nergnat
tenperature and speed, gei ect (&5 (K0e Phecin(d,cak igl@) ARI(@L,,L e Lra@ichids
during t hatleerithmiie d as.. ﬁ&ey)%(ydié%—r%ﬁhk%nwémﬂ%ience
current, i.e., the amount of current that the pr ‘€essor wants to get out of

that parti ohdrain Bul(T..cyep, isRheittck Renfpifathe mehingt &ng dumtion hé thewalgne and

is a known_inpu araneter, Twndiing \s the_.t erature .of .the wi ndi,ngs in
e cor - e RESPE it i B AL e e et e LR 99t he

i nduct or aele, 9,.AlsSan Biput Giatitypef fefEéme, cuaest, YU shd amblift ofugupleyt thed thrge of
the inverter, and is ae%uantiﬂi}that, IS asured by an anal o -to-d%a}i‘?tal
conver t er . PREcessal VA oot OBt 8t Hieh garfieplan dhtynexcle, fielp e Phase r‘?sgffé‘“bf’ e
predi ct ed geéhinecandlia krowARBpu® barkete TR, 0I5 thHRitdRderdture 6f thé wikiRdtiethe cegdabl e
medium for determning a predictive duty cycle that is able tq determ ne
the nagni t #ife’s 4110 25AP ¥R IRRLRHEBETa ], IHENE trcig@ngs AT e RfeRier and dudlen #oiPtthat i s
used to drpatndedBEVAIS iSTRE QipplyGRNEYel of iRGhverter, and is a quantity that is measured by

an analog-to-digital converter.

6. The system according to claim 4, wherein the type of the predicted duty cycle is one

of unipolar or bipolar.

7. A computer-readable medium for determining a predictive duty cycle that is able to
determine the magnitude and pulse width of an H-bridge pulse width modulation that is used
to drive a machine motor, comprising:

means for determining one or more machine parameters;

means for inputting the machine parameters into a predicted duty cycle module; and

means for determining the optimum polarity of the pulse width modulation for a
predicted duty cycle based on a pulse width modulation generation algorithm; and

means for determining the optimum type of the pulse width modulation for a predicted

duty cycle based on the pulse width modulation generation algorithm.

8. The computer-readable medium according to claim 7, wherein the pulse width

modulation generation algorithm is

( ) — (E emf (]:nagnet'rp m). Sin (eelect ) + iref (gelect )Rs (Twinding ) + L : diref / dt)
prediction \" elect Vbus

, wWherein

Eemf(Tmagnes rpm) is the back emf of the machine as a function of the magnet temperature and



means for determ ning one or nore nmachine paraneters; neans for inputting
the machi ne paraneters into a predicted duty cycle nodule; and neans for
det er m niwg 20toen3epki num pol arity of the pul se w dt h nodecatiseenoiossiia
predi cted duty cycle based on a pul se wi dth nodul ati on generation
algorithm and means for determ ning theopti numtype of the pulse wdth
nodul ation for a predicted duty cycle based on the pulse wi dth nodul ati on

generation rit . er-readabl e dium according to claim?7,
wherein ¢ ndeprue i eRen L i e P R A R RS Bt T 1
nm -sn{ geinpeitquintity pf refergngetuncht, .8, tBe aoum iofigurjetd thatdhe grbcessofl wantd tggeddi Ct i on

Y elec, ) =" T in Fe magn r is t.he ba enf_of the chine as a
function O?Uttomgtn%g }%Fh mﬁ%‘g%ﬁj}Sé}?é?{ﬁgeprg@g?mﬁé)fgﬁmicgmf ﬁ%ﬂéf’ ™% cal angl e
for the mamputrparatheter, )44 Bithgamperatutesst tigbutiyidiyCin@he doil, dnidSs &b 4 Kkin quantity
of reference tcurrept, j.te.. tpe amount .of cu rept that the processor wants
to get out BY AR 5ithejhdpe aaﬁﬁ‘g?%‘veﬁ‘%}mﬁg jsalsp g ippHLRagameter; andfdupisof t he
machi ne antte swpply Yolagdofithidveres hadBlatfuanttyttatis Rhsurdd ¥ dORRSE- &l?ﬁalOf the
wi ndings in the coil, and is also a known input paraneter, L is the

i nduct ance“@¥*t%e i nductor and is also an input parameter, and Vbus is the
supply voltage of the inverter, and is a quantity that is nmeasured by an
anal og-to-digital converter. 9. The conputer-readabl e medi um according to
claim 7, wher eih [PhePmRpETepdable medinmfceardiag th/l3imck shereinghetype of theini pol ar or
bi pol ar.  predicted duty cycle is one of unipolar or bipolar.



