Description Electric drive and nethod for controlling it Technical Field
This invention relates to an electric drive for a brushless notor with

per manent magnets and to a nethod for controlling the drive. By way of
non-limting exanple,4 this specification describes a drive 5 conprising a
t hr ee- phas@gobimhtass notor w th permanent magnets thal.generates a

si ne-wave counter electronotive force (c.e.in.f.) for ar|V|ng axi al, radial
and ot her types of fans used in electiric ventilators. Background Art
10Considering that the field of application of these electric fans is that
of climate control and cooling systens for installation in notor vehicles,
it should be observed that the main ains of devel oping electric fans for

t his purpose are: | ow acoustic nopseriptidnni t ed energy consunpti on and
reduced costs. These requirenents have |led to the adoption of sine-wave
c.e.mf. brushless 1Is | orushless notors) driven by inverter
capabl e of generating site=ware=tt ERAGSOLCORIrAlIRE g obsol ete the use of PWM
si x-step driven trapezoidal c.c. n1f nDtors (more comonly known as DC
brushl ess notors) . The sine waveformof the c.e.mf. and of the
rel ated phase current minimzes active torque ripple (virtually zero), thus
reduci ng nechani cal 20vi brati ons and acoustic noi se. It is also known
that it is possible to mnimze current draw to generate a certain drive
torque, thefedwicaEBisidi zi ng el ectronechani cal conversion efficiency through

q | | |
optimum drive oﬁggan%ngrg%% rs.uhi Share | ”%ﬁgﬁsﬁy ggé%W@hls type of

current-cont rol ngress age 1 nverters
drive, the SR ERERe Wé@“ﬁﬂ@ﬁ“ﬁh@hﬁﬁm§$ag@@@ﬁwﬁuch a way that the pol ar
axis of the rot®y wagnétros-lifdigled cxeipd, tais adpeQfcaibe clekdribad ad@grees to the

pol ar axis g&nﬁrﬁﬁl@%g he%efbhﬁiﬂgssgg&&r\%h;ge qul 2@ %%%R@ﬁgen%k fgulating in

the stator wndin ver t { or Stati on speed.

2 To oBt*HCHY4 R BT HHELS W‘“&B‘b‘ﬁ’t FR ALl adialt 396 r ot or

rel atively ettpensisveiadewed asci@ire veoilamts| y used |nclud|ng absol ute encoders
or Hall effect sensors, integral with the stator and suitably positioned
angul arlvy, 9. (%g&gﬂthe si ne wavefoini of the magnetic energizing field
along the p the rotor. 5 The output signals generated by the
sensor$0 ar e t hefomiderag it dectirieof porigrioneott thesestestricclagwist e i n such a
way as to kekpatt Benhangidl caslimghbdtémOfor BSakies i et valegkeesoartyseen the rotor

and stator %@& bifat ﬁw%aﬂ?auns ofdev-gﬂ)l ﬁ'l“ cYeQ%c%ans%r 1¥1e I;nep%u' grgslet he use of the

above nentione osit]on sen vely hlgh 10l n an
attenpt to ?Eﬁﬂﬁémﬁﬁém@ﬁéFmﬁﬁ”@PFW§§DHa%hv¢ﬁ§1§§$ategles that do not use

These requirements have led to the adoption of sine-wave c.e.m.f. brushless

15 motors (AC brushless motors) driven by inverter capable of generating sine-wave
currents and making obsolete the use of PWM six-step driven trapezoidal c.e.m.f
motors (more commonly known as DC brushiess motors) .

The sine waveform of the cemf and of the related phase current
minimizes active torque ripple (virtually zero), thus reducing mechanical

20 vibrations and acoustic noise.

It 15 also known that if is possible to minimize current draw to generate a
certain drive torque, thereby maximizing electromechanical conversion efficiency
through optimum drive of AC brushless motors which are normally driven by
current-controlied, impressed voltage inverters.

25 To obtain this type of drive, the static switches must change state in such 2
way that the polar axis of the rotor magnetic field remains at 90 electrical degrees
to the polar axis of the magnetic field generated by the current circulating in the
stator windings, whatever the torque supplied and the rotation speed.



sensors of this type have been devel oped. These driving strategies are
based on the consideration that if drive is optimum the c.e.mf. and the
phase current are in phase and vice versa at each point in the operating
field (torque, rotation speed, DC supply voltage). |Is Consequently, these
driving stteglsssand drives, which have cone to be Jknown as.,..sensorless”,
are based on the reading of electrical quantities (e.g. voltage at notor
terminals or current circulating in Aotor w ndings) to detect the points
where the c.e.mf and the current cross zero (zero crossings), calculate
the rel ative phase between c.e.mf. and current and i npl enent appropriate
nmet hods of 20driving the inverter static switches which tend to keep the
two quantities II'n ¢phués@formation et diesagvanpagenaff thhese, mMReogds lies in the

fact that te.detache g ehhntlse] Ry temg e 8odBabrs or HiAtepkg tO Say, to
read the si currer%t, Towi ng tI}S1rogé;eE[e‘g({< e w ndi ngs

n of the c.e.mf., th
nust reni ngefé?rﬁ Iptsergt gﬁ’b%hs‘t?t‘ér %ﬁagﬁ’rtﬂﬂﬁ ResoBsd PRI 19 ®6, which
cont rasts wsinhwitedorgad iheethgsitivwsoiidimk Dakwihgiltepedphetshd tieuowent . 25 For t he

devi ation from the ohl@alisrhe RANANePki-tellos & 1iRGtSitalin8echb@Aabh of the tine
i nterval duri.n n

which t current repmmins zero st..b educed to the
mi ni mum and YO RR PR %{ggest“ﬁ%ucgiaﬁagra??}g)}‘f‘?e? ﬁﬁ&%ﬁﬁ@ﬁ@&%ﬁ%& | ed phase
current i nt éegreppbetone: thovweyerd setptanagngiivdicidse ri sks of not reading the
desi Ired si gnal , Tﬁ@?ﬁie%ﬁﬂ:@ﬁ&@@h@é @emetdmisela@b;& o AAULEE ok ghn&;aé,ﬁul ate the
angul ar pos . otor in real time: in practice, these
al gorithns gﬁigggﬂ&ilsn[{deag‘r@gﬁg %irt of field-oriented controls (FOC in the
jargondf the tEhdetteERbtor the coh el drves.givighnragipchitidd naheeexpensi ve
cont r ol | er s sauisdrh ot¥hglypp howassi digeiopgdaci ty (known as DSP controllers in the

jargon of the ! rgde)arivial f&%;?%;ﬁﬁsg% oh 6 LINRBILEAD mat i alft KNI s context,

the main purpose o Plg ts o present I nven IS to propose an
el ectric dr PRETHR &hHCFE- PRARSUHHEVE WeHpicohed @i $advhfitciges. One ai m
of this inveniiiothe etidngpiatd/fictqueardiaing nekd@ngplyoeltgaer gy consunption
drive. s ANOTHRIeq @il Qfiest BBvihH WA ANnk $ibQ, REQY IR heShegtric drive

based on a sinple and inexpensive control .architecture. . The stated
t echni cal p?ﬁ‘%&@s A ogEEci ?F}&Segi% rgeding et gl |yeuitRs &ed by an

el ectric drveiegest hotohenghas actieehistiicigtineis ardtiyedndings kadatecittand i n one or

(rjm_re of thepgigRendrnthe €LaifMBnd N &Qrefli §6498R84zdrS cRsIRE eMloe gRNt rol 1 ing the
rrve.

According .to one aspect her.e i's provided an.electric drive
conpri si ng: re%% i Bgﬁ? gesﬁémi_cfeo "?‘aaﬁg C%_Jrebl%) rmB!'eF]ﬁ teapP%Pn%%%W%fg&t he not or,
each pRase @iviag thg e Hetigvitshesvavehigndio keep the mcwaniids i phgsschr onous
i nduct an](c:e, t he Cglt idedvagiRYofChae asdiek j;ZiadinictHe Eéaaﬁmfiﬁo&&mlrnia@@:@ a fi rstf
circuit for .ec 0 Cro -t count er .el ectronotive force
i nduced in t %gé%ﬁtggcémgﬁfdﬁ%% tgfaiﬁéel%rg%%%tsf%ln&gp cf'?iré&‘r(% SOt _e% second
circuit det 8evie tupyhdhy windiget wett rowpit Freo [9aarnoyER wenalie HemadEowi ng in t he
not or Wi ndi ngis: taired, whithdontased widithe ddsbed GoBRbid Wavegmt birhoanent. suppl y bri dge;
the fipst ci rCUF&é&QH&E%ﬁ%ftI Sunk JBAYEE LN Ge ;Met%?e!cé}qhé/%n e‘g?f&l@t which is an

anal og represent at Iéfg 0 ase W ndi ectrica ance, said

n
i nducti ve ald®rB&fé; (el ° BETHY feé’?f‘ﬁ?‘?e@?%é‘“i%%é?‘%%@ # % a phase

wi ndi ng of tfEmmtapd, larinhai thgdisiorior thddedrbyvbd wespll@iqherdiongitt o an

att enuat onir@@ﬁtﬁbzgl}ﬁa%ve'&:asﬂef,oindt B8 RS i3 tioY GeaRE PUNGEdVE dpedance of a

phase winding.of. the notor, the first ciyrcuit, also conpr.i Si acircuit
st st ng. SIPRHLe R EHHAE Crator Er g e Siie i a3 CREFE Pl et or s
respectt vel yoturdh rabitimean praqice.dhese alg@ithms R an besigre paradf fichkoithie 3 - 2a
nent i oned atdRRUaFOONn GRGAEHLCHAM wradePind AT thd e o SophBlibAQemappl i ed to
sai d phase \‘_é\g{ndmegd &lﬁe ou.t&#)}%t of the ci rc%}u fmbel gLty at tHenuat ed c.e.mf.
Signal : 418> -Rus=apieles WU piogessige gapgey (koo as DS bofrolfes 1

the jargon of the trade).



the third circuit conprising a controller in comunication with the first
circuit providing the zero crossings of the counter el ectronotive force and
with the second circuit providing the peak phase current flowing in the
notor windings, said third circuit applying an advance angl e between the
not or supply voltage and the induced counter electronotive force, said
advance angl e being a predeterm ned | gnear function of the peak val ue of

t he phase current according to the equation: 3a 7/- Ls p 6=1s 60 . ICE
where "Ls " |s t he synchronous i nductance of the notor measured in Henry,
"p" is the 351 gites of the notor and "KE" is the counter

el ect ronot | vqnftelgcc% @ﬂnaﬁ%rm A b 0B SheDRSEELRLLAD 0f the

Dr awi ngs aract'eri stics an vant a e 1nvention are
more app@FeRse 4nri31€t°m§ dgize which s fe¢ BéieoRovaneniopet Er8HEdagd a preferred,

non-1imting @bash sedis zﬁenﬁﬁh & echrotvie drbwanofseranp eswanel cﬂﬁgﬂ@tmlbrrshl ess
not or s, 2% illustrated in the acconpanyi ng drawi ngs, in which: Fi gure
1 shows ?inciple di agram of the electric brushless notor drive according
to the i nventdmither ainFofjtheen@niidd st rarvade ameledué davebased pn euithplofind phase

of an Ach%ggig v@%&,ﬂpg@ﬁn@cmfl gure 3 illustrates a vector diagramof the
circuit of gure 4 i|luystrates di agr.am

vec
represent i ng t%tﬁ%ﬂﬁe&lﬁ%?aémswnq precified @i agss s Ft@%ﬂa@yzw hieved by akj gyre 5
i s a di agleamicsdibml wigh @ exaiaRbsicef degeribod tih @unaf 1 thé i ony erasaerdithg t o

t hei nventdﬁ?e?ldent cﬂ%n%uA so%s%l%g\ﬁ%s[gn% hoﬁ%féong"oﬁlﬂé él?va a first detail of the

drive of agranlof a second det ai
of the drive Ascordingpeng ﬁSPBCtFlhg’(i’rlé pevidefl g clegriegiriye spppiddiuy @ reghless

cont L ogl nitgort Ahe aqfowﬁbmge%xq&amnﬁ ma:tmdmp@adhrmmeam&ag bﬂﬁe%mlhamgls are
reacne ur e W n

oo nrase fsth Bndn GpehdEhg I&ag el endnie bR e iRBret i B i cul ar
oper at i ngompnskistd 6rst cirduiDétradetednPealsc perptdremingf of hlee Prwefier sledroBvbedi nent s
of the | rf‘&%@&dd%e %Hﬁb &&Bﬁ&ﬁ;’aﬁfgs %g thdr %ﬁ%@%%o?ga drau 8&%@@{%&09

pal‘tl cular wt erence Fi gure € nunera denotes an lectric
drive acé@E%fngftt‘EF“Pﬁﬂ%e p?ﬁkef?h%ﬁurrqufkovﬁﬁ%hﬁl}eowowg wadisas apfd ﬁﬁ@err i ncipl e

of obt ai rirbgt forfcart@lih®the po@rRt kidpOpIBridge; the first circuit comprising an inductive

and resistive element which is an analog representation of the phase winding electrical

impedance, said inductive and resistive element being connected in series with a phase
winding of the motor and having scaled-down values, according to an attenuation

(L]

coefficient “a”, of the resistive and inductive impedance of a phase winding of the motor,

the first circuit also comprising a circuit consisting of three wye connected first, second
. . . a .

and third resistors respectively valued “R, = R———7, “R”, “R”, being “o” the above
. . . Al .

mentioned  attenuation coefficient, for measuring the voltage applied to said phase

winding, the output of the circuit being an attenuated c.e.m.f. signal:
oreg=a vg—a-Ryig—o Ly -i{-&;
dr
the third circuit comprising a controller in communication with the first circuit providing
the zero crossings of the counter electromotive force and with the second circuit
providing the peak phase current flowing in the motor windings, said third circuit
applying an advance angle between the motor supply voltage and the induced counter
electromotive force, said advance angle being a predetermined linear function of the peak

value of the phase current according to the equation:



5in time, fromwhich to derive the supply voltage val ues for optim zing
control of the notor powered by the electric drive. The drive 1
conprises an electric notor 2, for exanple for driving a fan not
illustrated. As becones clearer as this description continues, the purpose
of the drive 1 is 10 to obtain information relating to the position of the
nmotor 2 rotor by detecting the zero cf,0ssing of the counter electronotive
force (also referred to in the abbreviated formc.e.mf.) in a sinple and
econoni cal manner. By way of exanple, without limting the scope
of the invention, this specificationkefrers to a permanent magnet brushless
notor 2 wth isotropic, tw- 15p Fé6bqkor and t hree-phase stator w ndi ng.
The stator winding conprises three windings with identical shape and nunber
of turns, spatially phase-shifted by 120° and connected by a wye connection

whose centre is not accessible. Figure 2 illustrates a circuit nodel of the
not or 2. OEa he three dlngs s, characteri zed g% a phase
reS|stan@’eﬁ& ndIS %ﬁﬁ@ 8%%%@‘F%ﬂ%@ﬁ%ﬁ@%nfgnln“mmf 1 Heige? VS & appl i ed

to the matu@ber2of pdikd of ehevotooranlEs “Keprie dentmnteheldcrdmogd: re: tarfstani n each

of the t t ndi ngs. The c.e.rn.f has a sine waveform and
is due t§k§ﬁ33¢%h§§m%% of the pernmanent 25nmagnet rotor; Is is the phase
current, also sinusoidal, which flows through each of the three w ndi ngs

Fi gure 3Bshem@mhbemy@mh®Dnﬁhﬁg;an1of t he electrical quantities Vs, Is, Es
just nention e direct s.d is oriented |n the otor flow
direction Or Pf%rt er (hharaclemglcs anQ § 1%1(%65 0?)&1&3 knven’slon are qlore C?P th t he

di rect axlf:@ﬂutmn below,A@ﬁbrdﬁmlg:etlo & hl@felmadv i~ Hlmdngtenﬂoﬂdmntofearaeiwnc) t he

i nduced grige mrﬁgeml%aeﬂt@négh& bshie® mBoRdbLOGulm @l WaYS1 Bl B dBhaRg, t he
guadr at ure gxhs q, i.e. it is phase-shifted by 90 with respéct to the rotor
flow Q. MWl The voltage Vs applied by the drive 1 to the stator

wi ndi ngs for -aFi3bpr ¢déiesm neccphe daferang ofothdi dlécric ibsyshiss manbi dried,
represented BYs IRe RGN, Vs

- Figure 2 illustrates an equivalent circuit of a phase of an AC brushless motor;

- Figure 3 illustrates a vector diagram of the circuit of Figure 2;

- Figure 4 illustrates a vector diagram representing optimum operation of the
circuit of Figure 2;

- Figure 5 is a diagram showing an example of a portion of the drive according to
the invention;

- Figure 6 shows a circuit diagram of a first detail of the drive of Figure 1;

- Figure 7 shows a circuit diagram of a second detail of the drive of Figure 1;

- Figure 8 illustrates a procedure for controlling the drive of Figure 1 until
optimum operating conditions are reached;

- Figure 9 is a diagram showing the voitages applied to the brushless motor;

- Figure 10 shows the diagram of Figure 9 in a particular operating condition.



5 The stator current vector |Is makes an angle wwith the vector
difference Vs - Es. The angle w depends on the characteristic paranmeters of
the notor and on the supply frequency according to the relation: w =
arctan(coLs / Rs). 5The el ectromagnetic power yield of the notor is given
by 3Esl scogfphioiifke ¥ is the angle made by Es and Ispcﬁlmznwa;ﬁ%zpomr
absorbed by the notor 2 is essentially the sum of the electromagnetic power
yield and of the power |osses due to4the Joule effect in the three phase
resistors. 10OHence, given a certain electromagnetic yield, the absorbed
power is | owest when the angle y is zero, that is, when the c.e.mf. Es and

the current Is are in phase, as illustrated in Figure 4 As illustrated
in Figure 1Ds Eng@iof o ciiged Eanbbliirreets phas &nvbiiticdlge 3 or i nverter for

powering the no ferencail BE 6L : ] - [ Wi nduct ance
shunt 3a con c?ﬂg%lrgsmshm ?nC%%Fégﬁglrng v?t%dészéﬁdel_}ltp%@g%%l‘@%ge%f&%he inverter 3
and crossedt(’dr‘:xe}g‘{r?]éﬂ&ed?lfné deRplER I itV R e e R B EREINCs  descri bed i n
nmore detail bel dWs invention is baséfihe tok priceiple @lobringgpivinggisn, aowtinua@st current
stage 4 for ;pouerbRGdSo BidvIeR sl 0 %@a r@yel 1'ing
capacitor 5 Q)Cbﬁs% dré%o%i !:I er.isﬁ% ind%%%a#{%gog L%]ﬁu%@ﬁa (Jf@n\éBy way of
exanpl e, t h&HPE qr% I §§EYS3 generates, through sine-delta PW

modul ati on of siibstrEnetli @hippsek aowncittiy peior £hioe exawplet fagdsingtrageaghi f t ed by
1200 from eaghr@isher at variable frequency "freq". Advant ageousl vy,
t he anplitude of,_the f ntal. supply voltages can apr ogr anmed bot h
as a linear fun(f:_j‘tS ?)%cﬁmg%cg eg% i %}%qdﬁsé:ﬁg%l%’w%trl{l&l e %ﬁg&gﬁ%ﬁ?}%@gﬁ Pghe latter.

It shodt d b& ¢isrip ddermetng relagng foghqpasitiog 9biha matere? fotor hrdeedtingtignet bnshl ess
mot or 2 devedropSsdinpr dfide onhiyt ddetrbrh&ive FRed (200 Q&Grane adhamhdvhgef ore it wil |
rotate exacgcdréﬁc%t% 'iﬁQgﬁggﬁeg;nﬁgg&%’%g&[(ng&g&;i onal to the frequency f of the

appl i ed vol tages accord ? ] known relation RPM = 120 x freq/p,
where p is the RUNEEr Obr*aulicesvigrut Heitper harsme padietrvengprpr this The
drive 1 conprecifiegion refers dub perbabar ndedee biushiess ivgorCourtt abr@lieedd-onoti ve force

and, mpse SpeCididread ke phi€ sZEF Qinf@ssi ngs of the c.e.mf. Es, hereinafter
also referred t(} a

c.e.mf. zero _crossi,ng detect.i circuit 6. 35The
det ection circui e%at%ré’ﬁfﬁ‘i{%‘gs@é“pﬁ‘sqsiﬂ?r%etmﬁ’ﬁ e‘f"gﬁ ‘g?“li}g‘a?gﬁ%ﬂldinﬁm?‘?fgur e 5 and a
6 of turns, spatially phase-shifted by 120° and connected by a wye connection whose

centre 1s not accessible.

Figure 2 illustrates a circuit model of the motor 2.

20 Each of the three windings is characterized by a phase resistance Rg and a
synchronous inductance Lz,

A voltage Vg is applied to the motor 2, while a vector Eg represents the
induced c.em.f in each of the three stator windings.

The c.exm.f. has a sine waveform and is due to the rotation of the permanent

25 magnet rotor; Is 1s the phase current, also sinusoidal, which flows through each of
the three windings.

Figure 3 shows the vector diagram of the electrical quantities Vg, Is, Eg just
mentioned.

The direct axis d is oriented in the rotor flow direction @, and the quadrature

30 axis q makes an angle of 90° with the direct axis d.

According to the law of induction (e = d®/dt) the induced c.e.mf. Eg in the
stator winding is always directed along the quadrature axis g, i.e. it 1s phase-ghified
by 90° with respect to the rotor flow &..

The voltage Vg applied by the drive 1 to the stator windings for a

35 predetermined operating condition is, as mentioned, represented by the vector V.



second stage, illustrated in Figure 6. The second stage processes-the

out put signal fromthe first stage. In the preferred enbodi nent
illustrated, as will becone clearer as this description continues, the
information on the position of the rotor is obtained by 5detecting the zero

crossings Qb hRRskse- Mmf. generated by only one of thg. three phases of the
not or . In alternative enbodi nents, for exanple i n nore sophisticated

applications that require higher trahsient response speeds, a rotor
position signal is detected for all the phases by replicating the circuit
descri bed above for each phase. 10Considering, for conveni ence of
description, the phase quantities of a we connected notor 2 (it is also
known t hat a deTtestmanneat echorid wakes su fuigiecol ot alel wetbndlifsticadyi-shabl e from

its we co [JEVF- 1M} Nty and Lven by the
rel a\tA?/on: 2@556 %@%ng%lﬁ} R frt thetfﬂﬁ%ll{ﬂﬁ@?zg&%%gﬁ%a@m&\% ﬁ%g%f e, ?/t i's

es = VS - s +
t herefore n@@%?ﬁ?@nﬁy&g?@ﬁﬁfi@%&%@%: val ue vs of the voltage Vs applied to
t he phase of theg=ratiowl/&d the resistive-inductive drop due to the flow

of currsent in thg WcadhRSsEAowkhBeldBt QL mdior 2R 8E9EIIDRH wWigkqw, the drive
1 according. t.o the | nve IO% has for an aimto find the resistive -

i nductive dfS o P Vo1f%e applied to the phase of the notor 2.

For finding theThespsei gesorbed nfudtei wotadr dpis eskemtilhi Wee sume odfpiieses, as

i |1 ust r at edelbdrofiagidfi@pEver 3idid HUE iR wor ogl Gid W¥ehelcaRRIbeSh geNnect ed in
series Wththé?%ﬂa‘%e?efsigt%r@e t hree phases of the notor 2, as described bel ow
t onp

The el enen rises a first inductor La and a second i nductor Li2 with

a mut udl magnet Henceodijhi neriais elerirepaghttioeqly, e shserbedpawer is lowest  The two
i nductors Livhenthe kgl vas gor€ annBokied ther.4.QF Mand e lcatdnansf-anpeke 9a and,

preferably, .around a magnetic core illustrated schematically and
30l abel | ed %gﬂ&ﬁwggjﬁ%;%y By way of exanple, the aag%neti c coreisin

Inr D Y
the shape of a GOHHBFEE BAGeUS Ikl dry] ¢ KEWPHES Rityre-Plogybitlsey Fenite or of
pl ai n st eel infoter foagmeting the nate <. The first inductor Li is connected in

seri eSESWi th OneP@fera%{}gﬂBrtﬂﬁf@ lv@ogf%iﬂ%sa %ﬁv—iﬁg\%}; ﬂ%t Q{ugfif&&ﬁ&%s itutes the

a
primary of the autot sformer 9a. , efera e I nductor 1.41
has a | ow niieBBr™ KisuEs Foa'gaéhr%ﬁ ]ﬁﬁse?fefge PP % BN 2Pt AEHBwer | oss due

to t he Joul @cefafimrin the inverter, as described in more detail below.
The drive 1 also comprises a direct current stage 4 for powering the bridge 3
and in turn comprising a levelling capacitor 5 (Cbus) and a filtering inductor Sa
20 (Lbus).
By way of example, the three-phase bridge 3 generates, through sine-delta
PWM modulation of substantially known type, three voltages phase-shifted by 120°
from each other at variable frequency “freq”.
Advantageously, the amplitude of the fundamental supply voltages can be
25 programmed both as a linear function of the frequency f and independently of the
latter.
1t shouid be noticed that, as is well known, the permanent magnet brushiess
motor 2 develops torque only at its synchronous speed and therefore it will rotate
exactly at a speed directly proportional to the frequency f of the applied voltages
30 according to the known relation RPM = 120 x freq/p, where p is the number of poles
of the permanent magnet rotor.
The drive 1 comprises a circuit 6 for detecting the counter electromotive force
and, more specifically, the zero crossings of the c.ean.f. Es, hereinafter also referred
to as ¢.e.m.f. zero crossing detection circuit 6.
35 The detection circuit 6 comprises a first stage, illustrated in Figuare 5, and a



12.11 represents the resistance of the winding of the first in
The second i nductor La, which constitutes the secondary of the
autotransforner, has a nunber N2 of turns much higher than the
turns of the inductor Lh and is not crossed by the current is,
therefore provides a voltage Vu that depends on the derivative of the

current
vol t age

Is flowng on the primary Wth reference to Figure 5,
at the termnal 10, 11 of Figure 5, that is, at the te

ductor Lo.
5
nunber Ni
and

if: 10vt =
rm nal s of

of

the inductiveeznd @tﬁ%eztﬂ;ﬁdéﬁ"at@é ERLre®. THR steon@l tR0rdbQRs B8 dulpd: resi stor Vii

= voltage drop on t

I rst inductor Li; Va = voltage drop on

i nduct or siggel fremheliii §3881 | nduct ance between Lj and Lo; then:

20 dtdt
expr essi

di VIrd prefdrredt embodiment illistiased] Apoxilabécotne cledrer bhattis
n f

or V, js formaldy identical t : i
R o L Rt S R R R e

The fdl |
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detiatige dguratc wessieanclithes.efot acnseategy it qndnene of the three phases
of the motor.

In alternative embodiments, for example in more sophisticated applications
that require higher transient response speeds, a rotor position signal is detected for
all the phases by replicating the circuit described above for each phase.

Considering, for convenience of description, the phase quantities of a wye
connected motor 2 (it is also known that a delfa connected motor is functionally

indistinguishable from its wye connected equivalent), the value of the c.em.f. is

qr%—[&g+gd%J
dt

To find the value of e, it is therefore necessary to know both the value vg of

given by the relation:

the voltage Vs applied to the phase of the motor 2 and the resistive-inductive drop
due to the flow of current in the windings of the motor 2.

As described below, the drive 1 according to the invention has for an aim to
find the resistive — inductive drop and the voltage applied to the phase of the
motor 2.

For finding the resistive — inductive drop, the drive 1 comprises, as
illustrated in Figure 3, an inductive — resistive element 9 connected in series with
one of the three phases of the motor 2, as described below.

The element 9 comprises a first inductor L;; and a second inductor Li, with
a mutual magnetic coupling coefficient very close to 1.

The two inductors Lj; and L;; are connected to form an autotransformer 9a
and, preferably, are wound around a magnetic core illustrated schematically and
labelled 60 in Figure 3.

By way of example, the magnetic core is in the shape of a double E and 1s
made either of high-frequency ferrite or of plain steel for magnetic plates.

The first inductor Ly is connected in series with one of the phase windings

of the motor 2 and constitutes the primary of the autotransformer 9a.

t he second
VR Ira +Vi2
t he

stive -

of current.



di, +vVil+ ? =dt di "is + L-dt , 30 where a =i s an attenuation
coefficient. WD 2009/ 034455PCT/ 1B2008/ 002372 8 Si nce the synchronous
i nductance Ls of the notor 2, the self-inductance of the primary | au and
the rel ated nunber of turns Ni can be used to find the nunber of turns N2

of the sec@pdasMsdi2 Which satisfies the equation: 5 1%&{1%263%0237})\ Li |

Thus, by making a resistive - inductive elenment 9 wit e paraireters
speci fied above, the attenuated valug of the resistive - inductive drop on
the phase 10of the notor 2 can be obtained using, in practice, a measuring
circult
Preferably, the inductor Li; has a low number N1 of large diameter turns to
minimize the power loss due to the Joule effect.
Ry represents the resistance of the winding of the first inductor L;;.
The second inductor Lp, which constituies the secondary of ihe
5 autotransformer, has a number N2 of turns much higher than the number N1 of
turns of the inductor Liy and is not crossed by the current i, and therefore provides
a voltage Vi that depends on the derivative of the current is flowing on the
primary,
With reference to Figure 5, ift
10 V= voliage at the terminal 10, 11 of Figure 5, that ig, at the terminals of the
inductive — resistive element 9;
Vr = voltage drop on the resistor Ry
V4 = voltage drop on the first inductor Liy;
Vi = voltage drop on the second inductor Liz;
15 M = mutual inductance between Li; and Li;
then:

Vx ':VR +Vfl+sz

di, Y ai
di

20 Vz = Rﬁ I, + Lil

V, =Ryl + (Lil +M)%:§”

It is important 1o note that the expression for V; is formally identical to that
25 for the resistive — induetive drop in the windings of the motor 2 due to the flow of
current.
The following eguation can therefore be written:

di R
Ryi + (L, +M e Ri +L, di,
dt dt

30

R. . ) ]
where o = 7{“— is an attenuation coefficient.

iy



corresponding to the equivalent circuit of the phase of the notor 2.

It should be noticed that the attenuation coefficient a indicates the

i npact of the c.e.mf. detection circuit 6 on the total |oss of the drive
1: the lower the coefficient, the |lower the |loss. 15The information on the
vol tage VsyuabRloly§dsd 0 the motor 2 is obtained using gl ﬂﬁﬁﬁ%&nﬁg for
measuring the app |ed vol t age. The measuring circui conpri ses
three we connected resistors 13, 143 15 illustrated in particular in
Figure 5. By attenuating by the coefficient a both the contribution of the
applied 20 equivalent voltage vs neasurable, as described in nore detai
bel ow, by the set of wye connected resistors 13, 14, 15, and the
contribution of the resistive -- inductive drop supplied by the nutually

coupl ed i ndu Ct Y rSﬁlCE!‘éJtl sﬁﬂﬂroh(%%’m&\ﬂﬁn&' G 19&01':1 gy s%%fﬁncﬁ%%ﬂée' &S an

attenuat ed a Itu |ven =av - adi
Based on th eéWF@WJ&t gﬂ“ﬁ%@?&P@F‘ﬁPfgnﬁ 11 &ﬁ@&%*ﬂ@ﬁ@nWV@“connected
resi stors 18ftufind N215the seedndagy Linwhsh satisfestthecgsatppl y vol tage Vs is suitably
unbal anged. 30Figure 9 shows the real first harnonic voltages V1, V2, V3

generated by the i rter, 3 and applied to the notor 2, each schematically

represented yphthpag Fespective ideal voltage generator. As illustrated, the

vol tage aVl nust a Fear the termnals of the resistor 9 13, also

| abel | ed Ra. r ef er bly, the values of the resistors 13, 14, 15 can be

calculated, at a given point in tine, with reference to the symetrica

thr ee- phase tri adus Batmanoes $esis'ﬁﬁ‘e mlh@fctv?e elé;'ﬁ&it sewnh@ fpa%f;et%ﬁg {)/gi nt in
an ar e

Ebgelghe%ﬁey C&%§%¥$?t&%§mn ﬁd 80 % Fﬁ%r%'ngm%ﬁg ORé gﬁ&%ﬁ in Figure 10.
Appl yi Ay thef dbﬁerm%p?n@aneﬁaﬁe@ht@n@r UpiEE-pite Prastiesal & Uity £il@itvol t age dr op
on Ra in theoedspading tohe Equiiateat GRulio¥®s phatOofids Rotor 2.
It should be noticed that the attenuation coefficient o indicates the impact
of the c.emm.f. detection circuit 6 on the total loss of the drive 1: the lower the
coefficient, the lower the loss.
15 The information on the voltage Vg applied fo the motor 2 is obtained using
a circuit 12 for measuring the applied voltage.
‘The measuring circuit 12 comprises three wye connected resistors 13, 14,
15 iltustrated in particular in Figure 5.
By attenuating by the coefficient a both the contribution of the applied
20 equivalent voltage vs measurable, as described in more detail below, by the set of
wye connected resistors 13, 14, 15, and the contribution of the resistive -
inductive drop supplied by the mutually coupled inductors Ly and Ly, the circuit
of Figure 5 supplies an attenuated c.e.m.f. signal whose amplitude is given by:

— r S
5 a'eg'—-a"lfg Qf'RS‘ES CZ'LS.'— i‘

Based on the atienuation coefficient o defined above, the wye connected
resistors 13, 14, 15 used for measuring the supply voltage Vs is suitably
unbalanced.

30 Figure 9 shows the real first harmonic voliages V1, V2, V3 generaied by the
inverter 3 and applied to the motor 2, each schematically represented with a
respective ideal voltage generator,

As illustrated, the voltage ¢'V1 must appear at the terminals of the resistor



R Ra R +R fromwhich the relation between Ra and R can be derived for

the previously fixed value of a: 15 Ra=R a 3 - 2a where Ris a generic

resi stance value for the resistors 14 and 15. Applying the signal aes to

the signal conditioning circuit shown in Figure 6 20gives a signal for the

zero crossypgeRfzdfe counter electronotive force that, .ﬁggmgggcessed by a
e

m crocontrol |l er 26. It should be noticed that the avl our obtai ned
is substantially the sanme as that obfained with a digital output Hal
sensor. As illustrated in particular in Figure 6, this circuit conprises

two 25 conparator stages connected in cascade: the first stage 7, with a
respective conparator 16, does not exhibit any hysteresis and spurious
swi t chi ng cEh)abelatidleé®ized at its out put. At | ow rotation speeds, the

ciroui t of Fi QuperfnfOfABhRcty ad fdiSuaer0 18! @ aﬁ%&m&,% .mf. gives
1

n
&1

vol tage values of, a . tew hupdred mlliyolts and, 30 owng t e | ow

at t enuat i onBVHCcPYRt B TPfHeWER dﬁj‘gﬁeg‘f?ofoséerwtqc% PRARS ’E’é‘géé@ t he above

nmentioned spwrarotismeisk 2.ching at the output of the first stage 7 of the
circuits of Fi QUEG Bampifler B8SORALInSHAISe 0O ML &S ndxSREONGhe WYSt er esi s
conparator 17 awﬁg,an(i %0 Bg%%gput filter 18 to limt the signa
osci | | ati on&°VHKE %V gAte &F F§r&Blsl y trigger the conparator 17. The RC
filter 18 conpr Meexcwt wadpaeilysed istoerefpe the e shaymor Faprealid i s of
substantial |y kagwhing yeeoveSdipieSErRon ristifg o Salall8Re GRMMHagL 80 I esi stive
network to ﬁﬁa%ﬁﬁe&%hﬁSPhQ@eﬁ@%ﬁ%@°|d and the rel ated hysteresis.

10

R, IR

Ve =ij{§g*—“+me
R +R, "R R+

from which the relation between Ro and R can be derived for the previously
fixed value of a:
I3

R, =R-Z
3-2«

where R is a generic resistance value for the resistors 14 and 15.
Applying the signal oes 1o the signal conditioning circuit shown in Figure 6
20 gives a signal for the zero crossing of the counter electromotive force that can be
processed by a microcontroller 26,
It should be noticed that the behaviour obtained is substantially the same as
that obtained with a digital output Hall sensor.
Ag illustrated in particular in Figure 6, this circuit comprises two
25 comparator stages conmected in cascade: the first stage 7, with a respective
comparator 16, does not exhibit any hysteresis and spurious swiiching can be
detected at its output.
At low rotation speeds, the circuit of Figure 5 for detecting the zero
crossing of the c.em.f gives voltage values of a few hundred millivolts and,
30 owing 1o the low attenuation factor «, the signal-noise ratio is low and causes the
above mentioned spurious switching at the output of the first stage 7 of the circuit
of Figure 6.
The second stage 8 comprises a second, hysteresis comparator 17 having an



In the enbodinent illustrated, the resistive network conprises four
resistors 21, 22, 23, 24 suitably connected to each other. Thus,
there is no spurious switching at the output of the hysteresis l1l0conparator
stage, with obvious advantages in tem s of the processing efficiency of the

m crocont r @l 6ks /02055 To maxi m ze the efficiency Oﬂcﬁlﬁ‘ibuﬁ%% 2 the
current flowin the stator wi ndings nust be in phase wth the rel ated
c.e.mf.. Wth reference to the vector diagramof Figure 4, it is

possi ble to obtain an 15approxi nated expression of the optimum advance
angle opt for the applied voltage Vs with respect to the c.e.mf. Es.

If the resistive drop in the phase is negligible (the higher the efficiency
of the not oRippidthHéientd o lingighe gl escilhdodting migia ssurbndy #6Gkerdie t he c.e. mf.
constant nmeasured.i 4 V/ rpmandp as the nunber of poles, then: 20 mei Ls

| S71- prt- Ls t , .= toe, Ls Is | s Es60 K E toe 60 K

Mor eover, if thég%ﬁgi%ﬁﬁiV%Fﬁ%P SFH@@§H@1EgéﬁgﬁfF%ﬁWég%a% #°D0 el ectrica
degrees, theuvltsengeiytknofn tyhe angl e can be approximated with the angle itself
and 25hence: 71'Tpe k&ond RagdOPhiso SonbRists Freiife et RVNCHE QR Nduct ance Ls
IS preferab?% gx@regﬁfqlln an%%s. 30 In other terns, if the Tesistive
drop Rsls is hegliy eé?ﬁf%%”? Pect to Es and the tangent of the advance
angl e 8opt can Wbethappbofingd tibutryipd, thetrhwstan géteoiktoompfises fve resisiors practi ce,
the advance 2angl 23,64 tuideRpedsscibd ReAFH yhenl y on the phase current

Since the drive ceordin 1 he i aventi C ris an extrenely sinple
and econom cal g%%?d%%ﬁt?o éﬁ”ﬁgﬁngﬁsn gﬁg%%%%%m89§?¥i%{%?%%%ntroller,

t he abdVe mSAEPBHETAETEH ohvisapdvaRasse ivferns Gdistoressebingedicancy ent draw | s;

can be st or &g miprocdntroflar2eéexanpl e in table format, making available to the
m crocontroller 'I%Gmécimize the efficiency of the motor 2 the current flow in the stator
windings must be in phase with the related c.em.f. .
With reference to the vector diagram of Figure 4, it is possible to obtain an
15 approximated expression of the optimum advance angle 8o for the applied
voltage Vg with respect to the c.e.m.f. Ex.
If the resistive drop in the phase is negligible (the higher the efficiency of
the motor 2, the more negligible the drop), assuming Kg as the c.e.m.f constant
measured in V/rpm and p as the number of poles, then:
20

95, = w,; - Ls+Is

opt =

=@, Ls-Is- zp  _rlsp s
bs 60-K, -0, 60-K,

Moreover, if the optimum value of the angle 8,y is less than 20 electrical
degrees, the tangent of the angle can be approximated with the angle itself and
z5 hence:

w-Ls-p
opt = 'IS
60-K,

where the synchronous inductance Lg is preferably expressed in Henrys,

30 In other terms, if the resistive drop Rgls is negligible with respect to Eg and
the tangent of the advance angle 8y, can be approximated with the angle itseif,
then, in practice, the advance angle 8, depends linearly only on the phase current
Is.



5signal proportional to the current Is and the mcrocontroller 26 wll be
able to control the bridge 3 according to the correspondi ng 8. It is
for this purpose that the drive | conprises a circuit 25 for indirectly
detecting phase current anplitudes. Mre specifically, the circuit 25

conprises @@ 6R%slPi ng detector or 10detector stage %Zmﬁgjo%}upf?ocesses t he
vol tage signal present at the termnals of the shunt 3a, directly

proportional to the current flow thridugh the shunt 3a itself. As is
known fromthe literature, the maxi num val ue of the voltage peaks on the
shunt 3a is proportional to the phase current peak of the notor 2. Since

t he phase current is sinusoidal, the reading of the envel opi ng detector
1ﬁ27 is Iequal t Rintdrie @fifet hdcyingab Ue ihentidn doh@ri@éﬁ?ﬁ%x@dﬂidiﬁﬁhplﬁw L iplied by.
The envel opj 0, : r I.Se {.:0 L and the

m crocontro e?gggggg'&F%%mﬁﬁﬁﬁfzg %ﬁ?ﬁgﬁ%%g% %F@é@éﬁ%&hﬁﬁ%hﬂ%hat of the

_a
carrier P\/\P\/Pb"t"ﬁg’@@%qnieg})”ﬁ??r wlatiop petyvern Semidi e urgnighas snt8 o8 sBipdt he fact t hat
t he changi nip 8 peedxzafpid netaelnVatmp inndind etveitsbir to 2K sidr@ontrolishzélh is directly

linked {0 tlg&gna%%mﬂghﬂqo%m@%eg{ LG HEERAR G 98wt eI | oW 't

shoul d be no i,ct-:Atg1 ég‘?t t he di scharge constapt of the detector 27 is
suitably di AEHEBA gceg Eotola IB%W@S GRS therenvel ope of the current peaks
on the shunt 3altis for hiBawiposd thyt, the Hdveni cormopont # olrdudr 25215 indjreclanpl i ng t he

out put si gnakedhg bhee ol ARjNGedet ect or stage 27 through its
anal og-t o-di gi tﬂf i ndi measures the,current val ue of

orecgn%ﬁ{céﬁ[ f | ndi r‘te%' 2 F
the phase currentand, as a Peslrdt de”g%%?ﬁe§lFW@CESEr$3?%ﬁang opt i mal
angl e to bedeppirisage owkisk propgsees dipprvoipge signalinesset ahibe terminatsef them f . .

gi gure 7 Zg@mﬁ%& dir@gpmﬁio@mtoaﬁé)@ﬁgeﬁﬁmw@fougﬂmegﬂmn%'@é%fr en]E_ Ienve! opi n%
etector 27. r &-ag e iltering the
shunt current e%%g?%%%ﬁ%ggnhgqﬁéﬁﬁgﬁg§?or a%%%%%%ﬁﬁ%%%ggggémcircuit 29
for char gi nfcahEhpaEivtwertiopaldytn rhesqayrepheek ghenmeweZnon- i nverting si gnal
is lower than tBinct the@hdst ograt nalsoiddehcepind sfahe artiopeg désgdrar ged t hrough
the resist 0%?is%%ﬂﬂﬂﬂ@’éffecﬁ@é%ﬁeﬁ?éﬁ'tﬁ 25 @MWl hieate U tably connected

e € 12 o K

to enable t vice to, I ow t he shunt current peaks.
he enveloping detector 27 keeps track of tfhis information and the

microcontrolier 26 samples it at & much lower frequency than that of the camier
PWM: the validity of the information is guaranteed by the fact that the changing
speed of the enveloping detector 27 output, which is directly linked to the
20 changing speed of the mechanical load, is very low.
It should be noticed that the discharge constant of the detector 27 is suitably
dimensioned to correctly follow the envelope of the current pealcs on the shuni 3a,
Basically, the microcontrolier 26, by sampling the output signal of the
enveloping detector stage 27 through its analog-to-digital converter, indirectly
25 measures the current value of the phase current and, as a result, determines the
corresponding optimal angle to be applied to keep the current in phase with the
c.em.f .
Figure 7 shows a diagram of an embodiment of the shunt current
enveloping detector 27. |
30 The detecior 27 comprises an RC filter 28 for filtering the shunt current
envelope.
The detector 27 also comprises a circuit 29 for charging a capacitor in such
a way that when the non-inverting signal is lower than the inverting signal, the
capacitor can be discharged through the resistors 30 and 31,
35 The resistors 30 and 31 are suitably connected to enable the device to



Figure 8 illustrates the procedure for controlling the brushless notor 2,
conprising the follow ng steps: A) step parking or alignment; 5B) step of

accelerating according to a predetermned ranmp V/f; C) step of
"engaging” the c.e.mf. zero crossing signal, where "engagi ng" neans
reachi ng ag,;on4s operating condition; D) ste im.zed drive.
In steps Aa[gnd 9§§%&E§e inverter 3 powers the notor 2 eﬁ%ﬁlg%%ong}ﬁopen | oop”

tonode, that is to say, without usint either of the two avail abl e feedback
signals, nanely, c.e.mf zero crossing and shunt current envelope. In step
Conly the c.e.mf zero crossing signal is used. Lastly, in step D
both the c.e.mf. zero crossing signal and the shunt current envel ope

si gnal s ar e fdlpedhafndnt kechipeest er 3 drives the notor 2 under optinmum
150perati ng congjt | OnSy .S | 1.he. : t he phase
current in phasgi_%%“’t ﬁ%@g&%@%{: e&rg&d&g%bb%nﬁﬁg&g{q%‘%b%st S%ené&@g%’st ant

vol t ages ar E°BHHedhe PUCYRESHBY or, suitably defined to enable the current
to flow in suchaaswaparimgboaligakentt he rotor turn until it is at a known
posi tiogn where %Z?tfﬁbﬁc%l@rgﬁx%]agco% ]gg*ﬁooﬁrgd@geﬁﬁinédﬁlng\ﬁﬂe aligned. 20This

step ensures th e .maxi num drive % ue possi bl e Hndgr "qpen | oop”
control conditi GRSTRAh BEHBRPE CEPRT FOF FEOSHER £o8ile BPEE 1228 step B the
nmotor 2 i s pewsredthing at hptewuss brivgiop dalditipel t ages phase shifted by 1200 from
each other so ag)t@pef§ake-A det.ary stator field at increasing frequency

and whose anplitude i rtional to the frequency itself. 25During this
Slep the anpl il P BURLEIEEE! Pl BE e R RrpoS var | og

pr opor tif onalmogeaihatis i sayvf withoe nepe tithep gl the 490 iavdilgble feadbarkistgefisgur e 8.

The frequengymell r@Qn f Sy dr&ssidl azbihontangkenk Sndept.cased until it reaches the
"fset" value sh Fi set .in the sof. [ the mcrocontroller 26.
The "fset" val ugr\f@%p %rgtélg'?l%erc' ’%Léf'nzgﬁohcéosﬁ%%%%%mgﬂs%{it rical frequency at which
30 the c.e.mf l28Folcteds Poth tsicgiat zemirraseing geet yndide dePeee8o t hat t he
phase rel at iefvtldpetsisealn athese¢ andhthe imettect tdvmttha/mofooroad&sopandmt he appl i ed
vol tageg. Vs, el 0 the et SIERS.Gud ) woddkeS relation is
t he angfe Sgﬁ%ﬁt%%t;)ggt_ es’qu%r%%]%otslgsés Es eancfﬁVs sho aglgﬁu%?néalrpesé3 and 4.
35The sl ope V8% i &%ccel eration ranp is a parameter of the drive and nust
be During step A three constant voliages are applied to the motor, suitably

L

defined to enable the current to flow in such a way as to make the rotor turn uniil
it is at a known position where the stator field and the rotor field are aligned.

20 This step ensures that the maximum drive torgue possible under “open
loop” condrol conditions can be generated in the next step B.

In step B the motor 2 is powered by three sinusoidal voltages phase shifted
by 120° from each other so as to create a rotary stator field at increasing frequency
and whose amplitude is proportional to the frequency itself.

2% During this step, the amplitude of the mean voltage applied to the motor 2
varies proportionally with its frequency “freq”, as iltustrated in Figure 8.

The frequency “freq” starts at zero and is increased until it reaches the
“fset” value shown Fig. 8, sel in the software of the microcontrolier 26,

The “fset” value is greater than the minimum electrical frequency at which

30 the c.e.n.f. zero crossing signal can be surely detected, so that the phase relation
between the counter electromotive force Eg and the applied voltage Vs.can be
measured in the next steps C and D,

This relation is the angle 6 made by the quantities Hg and Vg shown in
Figures 3 and 4.

35 The slope of this acceleration ramp is a parameter of the drive and must be



i

13 nodified according to the inertia of the notor 2 + | oad system The
brushl ess notor 2 subjected to the rotary stator field generated by the
drive accelerates until it exactly reaches the synchronous speed related to
"fset". In step B the brushless notor 2 is controlled in exactly the sane
way as an godgMRshionous nmotor but, unlike the |atter, {b.hEashes the end
of ranp speed since, during the ranp itself, the angle between rotor field
and stator field never exceeds 90 degrees representing the condition
necessary and sufficient to generate the drive torque for the pernmanent
magnet brushl ess notor which, as is known, is a "synchronous" notor. 10The
sl ope value of the ranp V/f is chosen in such a way as to guarantee that
the notor recei.ves sufficient current hence torque, to accelerate it
in the reun?%%e ?ﬁ%HP%t %“%B%@ﬁﬁﬁ8¥%%23§ﬁ%fﬁﬁme the frequency "fset",

for exanpl e as B mdidsomotr Zanbeiehivebe witarp sieRnbeidrasnagygehbatei nverter 3
supply vol t age :aqtk-ashinglit ct-eMpeidtithesyndibReas Bhoag rdhel b raguency 'r']f set |
triggers step r . %gg¥ S t the val ue
"fset" and thecgﬁ%%ﬁ% &%&%%QE£Q§r%§q%%%?%%§£ ajn%B%%QH%%g%ﬁ?ned rate.

As menti onetfyrshipngtseigoter ?Lﬁe“‘g‘.l{%ﬂﬁlﬁerd@ie@h%? s sphef BrgrBtedisgcavai | abl e and
t he phase béiringele Map dndf, B® ahgle biteraf otoe find asd piedr fikid aegh etdaals

m cr ocont 1 obd Qe rofafheliify Bt AHRHiof RELEAS GmlaulfRidhP dEGRdNGCUT T ent dr aw

I's until it reaches e mnimim val ue r uired to keeg t he nmotor turning:
when this cORGiPIABh IS0 BELARE DeEIeREESS Hopr &hti'PYY ¥ A phase, the
m cr ocont r ol'dyedhr@6udeteat s the in phase condition between Vs and Es and

considegs step GEMIRGauShERe fanlpSy i Qlcheweth S 8hePadflo gRbileshgp D, only the
anpl i tude V, i s set amjégf.tPe n%ﬁﬁggqgg "fre "f Thﬁ.rﬁ%crocontroller
26 cont i nuotr§I§ " HetCBYS THE B EHF ¢ B TEREy© KEYTRFIhE e time

i nterval betoaritad timedo dermesiroitspondigmialtheelimgaency Wivef hier caomsiasgous or

non- honol 0gaMsHonObf EhSrodEERA pSingiiat sharom LRerd. ©.siddly veRie 4EOSSIng
detection cireult GSEQthlch the frequency of the output voltage

30f undament a0t ?ﬂ% Inverter 3 corresponds. ~ In_order to obtain

opt i mui oper at i Berckipg thveagpensy “Bet” dnggersestont ¢ BIripe SEEdUIRCIRBEYI si ng t he

st eps descr idanths ettt hishaksae gt aneht eghlied voltag e ipdedeava as@ of t he phase
current is g@@ig%ggdg¥&the m crocontroller 26 through the shunt current
envel opi ng detector 2/7. 35The_m crocgntroller 26 dete%%% thg_c.e.n1f. zero
crossi ng t hr oughs fsationgd: i gemb disic i §SEREEISHRE Eppal i qvaigble and the

phase between Vs and Eg is therefore measured through the microcontroller 26.

20 The gradual decrease of Vg reduces the current draw Ig until it reaches the
minimum vaiue required to keep the motor turning: when this condition is
reached, Vs and Eg are substantially in phase, the microcontroller 26 detects the in
phase condition between Vg and Eg and considers step C ended.

Step C is followed by step D.

25 In step D, only the amplitude Vs is set and not the frequency “freq”.

The microcontroller 26 continuously detects the electrical frequency,
acquiring the time interval between two consecutive signal edges, whether
homologous or non-homologous, of the output signal from the c.em.f zero
crossing detection circuit 6 to which the frequency of the output voltage

30 fundamental of the inverter 3 corresponds.

In order to obtain optimum operation of the motor 2, an iterative procedure
comprising the steps described below is also implemented.

The peak value of the phase current is measured by the microcontroller 26
through the shunt current enveloping detector 27.

35 The microcontrolier 26 detects the c.em.f. zero crossing through the



The m croconrroller 26 then applies the advance 6opt between Vs and Es,

since the software installed in the mcrocontroller 26 incorporates the

rel ati on between the advance angl e nade by Vs and Es and t he peak val ue of

t he phase 5current corresponding to optinum operati on. At this point,

t he proceda%gm%ﬁﬁhéits fromthe neasurenent of the peﬁﬁmﬁﬁ%ﬁ&nf@ t he phase

current. e above nentioned optim zing procedure catses e brushl ess

notor 2 to operate with the c.e.mf.14n phase with the respective phase

current. 10ln this situation, as nmentioned, absorbed power is mnimzed; by

suitably setting the time interval of the optim zing procedure, it is

possi ble to make the system reasonably reactive even to sudden | oad

vari ations Qegectiv@bet@xan@ilaitet 0 tenporary choking of the delivery and/or

suction ducts of.the air-hydr i.C_circuit .an h ubsequent. renoval of

t he choking itsgw?PﬂT§¥ﬁgQ%%&$ﬁ%?lﬁ%ﬁl% ¢ g%%%?%@§E§F§3%§ngJ%’naxinum

ef ficiency ofcpbicoritgrieviastpiedcigle micteepatrellft rPénincirperatat reselaior wi nding to

bﬁ i n phase baivichn tﬂaadvmega@é WRdChEeViahd Es andhthe peakTm'&,ofLmee%m ﬁlr gener at es

t he maxi-nmum ] in other terms, the brushless notor
AR LR

is driven efticClent, stator current has no 20conponents in the
axis d but only “HE Pranigiep grogedure l'esmfﬁsrfémﬁ&?\?f@a%‘ff’é?eé}f eidhg prak tdbe a way t hat
once the st afthempbast carewi.ent is over, notor power consunption is mnimzed
under all |oad c@pdidvkoRatidRd optmBlls ppREGES cfesiOd BhdQRs mbfd:- 4§/ M8 of the
vect or d|agrag;ttq§ﬂ$hase_cur£ent.¢§%;n gQasehmnth t he respective c.e.mf.
15 O aims 1.RAYEPERNS B ) 8 E6 AP Fgretve Phase girfsphish| ess not or and a
power bi dge forn foweiphg thaenied, absabdd pives é& niondized) tofsuitdbdy not or havi ng
a resistancecanda Ex -0t thel RUREARNEScedlRei dE bYgibhelnF.xe Ry act eri zed in
that it cong;gag;fg%mﬁlg§£.%;g§u%t L&fngghqgﬁln %heﬁgero Cr 0ssi ngs of the
counter el ectTomdtiva forca i RAdcRETR" (e CHaYBF Wrndi f pk@({he rotation
of the rot ortemporary choinge ghediebvert aid/orduttive daets of G airfuradistceetii ng t he peak
phase curr enhd il @stfhetiRerhdvg] SRhOFhoWnpadidgs and a third circuit for

cont rol i ng tne RoWsT s PRl RLLAIS: LA, Tl lul LiEEULL, GOMRGI ST NG an

i nductive and resistive elenment which is an_anal og yepré%eﬁ?atlon of the
phase wi ndi Ve P8 cersitgaihe] fysHaicech SEY Vindaste 8 EnethapeeiBithye el enent
bei ng connectwpetiiveicseri es with a phase wi nding of the notor and having

scal ed-down val ueg, #RGEALMAGatkOmA M@k e HALL &sggﬁﬁﬁﬂggs% oty » Of the

resistive and inductive | npedance of .a phase nai r not or, the
first circui't™ish SEsHEHARIY; A 5@%#?@?#@1@8ﬁ§?§FﬁﬁgﬁﬁFﬂgﬁ@§%mhye connect ed
first, 29econdmandnts vi thelaxis d but only in the axis q.
The drive operates in such a way that, once the starting transient is over,
motor power consumption is minimized nnder all load conditions and at all speeds
of rotation: in terms of the vector diagram, the phase current is in phase with the
respective c.e.m.f.



resistors respectively valued " Ra - R 12", "R', being -a" the above 3 -
2a nmentioned attenuation coefficient, for nmeasuring the voltage applied to
sai d phase wi nding, the output of the circuit being an attenuated c.e.mf.
signal: a-es.--avs-aRsis -a Ls dis ; dt.20the third circuit conprising a
controller in communication with the first circuit providing the zero
crossings of the counter electronotive force and with the second circuit
provi di ng the peak phase current flowing in the notor w ndings, said third
circuit applying an advance angl e between the notor supply voltage and the
i nduced counter electronotive force, €himds advance angl e being a
predeterm ned 25linear function of the peak val ue of the phase current
according to the equation. 7C Ls p =1s 60 .KE 16 where "Ls is the
synchr onous I.ndubt grddc dfive hempipting: neasured in Henry, "p" is the nunber of

poles of the rmt@lbnémiss %Enorl adlhBowQUHRE 18} P@%érﬁl@ﬂx’ewﬁotf)ﬂreﬁﬁl gRst ant
measured in V/rpm The drive according to c aracteagéed in that,

t he |nductl@@nQﬂaQ§ﬂﬁé@PgF@@@ngﬁéﬁﬁﬁ@nﬁﬁﬁﬂﬁi@@g 8“@#1§¢K§ﬁﬁma t'8hd
i nduct or, mHeitad dhyracRtpdded tleandk doaprings mut ual i nductance "M', said

attenuation coeffi.cient i fined as.the.ratio h tance

" Ro" of %he first? ﬁﬁﬁﬁ@?%?q?rE%ﬁ%g§q§%5@Pe5|%Pghégtﬁismug?‘%%%n§§%g§ and as
the ratio offotdeenduwtdin thadustriwiadmgt bethelrotaiin pithe ketosynchr onous i nduct ance
-Ls- of the motog Joﬂ@'i:hrluﬁ]g detecths ég@for%u Y AEE el PHack QuikAl fmv%n

characterized in't I'rst secon I nductors are nutually %onnected
to form an auﬂwtmgﬁ%WQﬂdﬁﬁsan§a|d first and second i nductors bei ng wound

around a magneti gaGQf &rcuitfor RGoBHoRe B&FQTHhRNY bhigg@ny of the foregoing
cl ai ns 2 or 3, characterized in
the first circuit comprising an inductive and resistive element which is an analog

representation of the phase winding electrical impedance, said inductive and
resistive element being connected in series with a phase winding of the motor and
having scaled-down values, according to an attenuation coefficient “«”, of the
resistive and inductive impedance of a phase winding of the motor, the ﬁrst circuit

15 also comprising a circuit consisting of three wye connected first, second and third

. : a 2% 4 Ea) (33 0 k4 M [19 ”
resistors respectively valued “R, = R——z—— , “R”, “R”, being the above
-2a
mentioned attenuation coefficient, for measuring the voltage applied to said phase

winding, the output of the circuit being an attenuated c.e.m.f. signal:

. di
q-eg =& Vg —a.RS.IS _a.LS __S._,
dt
20 the third circuit comprising a controller in communication with the first circuit

providing the zero crossings of the counter electromotive force and with the
second circuit providing the peak phase current flowing in the motor windings,
said third circuit applying an advance angle between the motor supply voltage and
the induced counter electromotive force, said advance angle being a predetermined

25 linear function of the peak value of the phase current according to the equation:

Lo -
(5:“7:‘:___5;__3.13
60-K,



15t hat the second inductor has a nunber (N2) of turns higher than the
nunmber (NI) of turns of the first inductor. 5. The drive according to any
of the foregoing clains from2 to 4, characterized in that the nunber (N2)
of turns of the second inductor is the groduct of the nunmber (N) of turns
of the first inductor by the differencé between the ratio of 20the
synchronous i nductance of the notor nultiplied by the attenuation
coefficient and the inductance value of the first inductor and one, that
is: 25 N2= N1 a L sl Li

where “Lg “ is the synchronous inductance of the motor measured in Henry, “p” is
the number of poles of the motor and “Ky” is the counter electromotive force
constant measured in V/rpm.
2. The drive according to claim 1, characterized in that, the inductive and

5 resistive element comprises a first and a second inductor, mutually coupled and
having mutual inductance “M”, said attenuation coefficient “o” being defined as
the ratio of the resistance “R;;*of the first inductor to the phase resistance “Rg” of
the motor and as the ratio of the total inductive value “Lj;+M” to the synchronous
inductance “Lg” of the motor, that is:

R, L,+M

R, L

10 o =

3. The drive according to claim 2, characterized in that the first and second

inductors are mutually connected to form an autotransformer, said first and second

inductors being wound around a magnetic core.

4. The drive according to any of the foregoing claims 2 or 3, characterized in
15 that the second inductor has a number (N2) of turns higher than the number (N1)

of turns of the first inductor.

5. The drive according to any of the foregoing claims from 2 to 4, characterized

in that the number (N2) of turns of the second inductor is the product of the

number (N1} of turns of the first inductor by the difference between the ratio of
20 the synchronous inductance of the motor multiplied by the attenuvation coefficient

and the inductance value of the first inductor and one, that is:

N2=N1-(“’LS *1}.

il

25



