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ABSTRACT

' Mayer, Jeﬁrey S., MSEE; Purdue University, August 1988. Analysrs and

Modelmg of a Smgle—Phase Blﬁlar-Wound Brushless DC Machlne Major Pro-
fessor Oleg Wasynczuk.

A smgle—phase brushless de motor utlhzlng a blﬁlar stator W1nd1ng and

v havrng asymmetrlcal stator pole faces 1s 1nvest1gated The form of the
leermanent—magnet component of the stator Wlndmg ﬂux llnkage is analyzedf
' _’con31der1ng the asymmetry of the stator pole faces Equatlons descrlblng the B
electromechamcal dynamlcs of the motor are then derlved along with ank
v expresswn for the electromagnetlc torque. The requlrements of the de-to-ac

L lnverter Whrch drives the motor are. determined. Usmg the expression for elec-. -

tromagnetlc torque and inverter characterlstlcs, the form of the so-called statlc

electromagnetlc torque is analyzed The so—called cogging’ torque is establlshed 2
“and in con3unct1on w1th the static electromagnetlc torque, used to explain the ’

'startlng characterlstlcs of the motor The equations for the electromechamcal

dynamlcs are converted into state—model form and two mathematlcal models of

3 . fthe 1nverter are developed for use in a computer srmulatron ThlS computer‘ S

s1mulat10n is then used ‘to demonstrate steady—state a,nd dynamlc operatlon of

- the- motor.



CHAPTERl R
INTRODUCTION

e '-such as blower motors, computer dlSk drlve splndle motors, and 1n cop1ers andf'._-*'_

. -’;:f'» Brushless dc motors are becomlng Wldely used 1n low-power appllcat1ons-"‘ T

“"‘[v-vlasel' Pl‘lnters lll For these aPphcatlons, ‘the" brushless dc motor oﬁers the‘r

‘followmg advantages small 51ze, rehablhty, no carbon dust from brushes,;
‘preclse‘ Speed control and potentlally hlgh efﬁclency The most commonly', -

B ’-'used brushless dc motors are two— or " three—phase permanent magnet“:

R 'synchronous machlnes dr1ven by a dc-to-ac 1nverter The three—phase machlne."

’;,'Icomblned Wlth a’ 31x-pulse, full-brldge 1nverter usually represents the best ’.

. : trade—off of mach1ne iron and copper utll1zatlon with the cost of the 1nverter". -

[ ] Because of the prevalence of two- and three—phase dev1ces, they are the o

‘ i:brushleSS dc motors whlch have been analyzed the most extenslvelY

On the other hand there has been l1ttle 1nvest1gat1on mto the operatlon of o

. : the smgle—phase brushless dc motor Smgle—phase motors generally suﬂ'er from' o

--""‘-slow startlng characterlstlcs, poor ut111zat1on of machlne 1ron and copper, and' I

o hxgher losses Because of these undesuable characterlstrcs, smgle—phase motors -

:'are hmlted to apphcatlons -where rapld response and hlgh eﬂiclency are not ‘

":',‘requxred The Iack of general apphcablhty of smgle—phase motors is, perhaps, R

]the maJor reason that there has been 11ttle 1nvest1gatlon 1nto thelr operatlon



The pr1mary advantage oﬁ'ered by smgle—phase dev1ces is- the srmphﬁed‘ o

1.;source requ1rements For example, a sxngle—phase brushless dc motor requrres '-

- .only one—thlrd the number of tran51stors and pos1t10n sensors needed by a

three—phase motor and can be powered by a umpolar voltage supply Thus, in »l

:.'appllcatlons where cost is of greater unportance than performance, the srngle—

o -v‘phase motor may be a superlor alternatrve to a two— or three—phase motor

'_'Examples of appllcatlons for Wthh the smgle—phase motor is Well su1ted are
}low-ﬁow—rate air blowers used 1n computer and copymg equlpment and low—w

e cost computer drsk drrves

For the present research & smgle—phase brﬁlar—wound brushless dc motor,’- .

- des1gned for use. as a computer dlSk drlve splndle motor, is 1nvest1gated The

' 1nvest1gatlon encompasses experlmental analytlcal and s1mulat10n results’

y;;The experrmental aspects of . the research Were performed us1ng several .

‘ ,.'_v".‘-,‘ldentlcal motors Exper1mental data collected from the motors 1ncluded the v

j.Wlndlng re51stance and 1nductance and the open—cu'cult 1nduced voltage created
,:;by the rotor permanent magnets These data were used throughout the
';analys1s and s1mulat1on of the motor A dc-to—ac mverter Was des1gned and :
'f:“v:buxlt to dr1ve =~the motor Measurements of Wlndmg currents and voltages ;
v‘ ’..“vdurlng operatlon of the motor—mverter system prov1ded a benchmark for B

B ,f the research 1nc1uded

'sxmulatron results The analytlcal aspects

Lo _derlvatron of the permanent-magnet component of stator Wmdmg ﬂux hnkage, -

-*development of a mathematlcal model for the motor, determlnatlon of the

‘ 'requrrements for the dc—to—ac 1nverter, and an explanatxon of the self-startmg v
'icharacterlstlc of the motor A computer 51mulat10n of the motor was’

i _developed and used to 1nvest1gate both steady-state and dynamrc operatlon of



‘ the motor.

b_ In thrs the51s, Chapter 2 contalns a phySIcal descr1pt1on of the dev1ce, 1ts R

‘ ""dlstlnctlve features, a blﬁlar stator wmdmg and asymmetrlc stator pole faces,";. "
‘are emphasnzed Followrng the phys1cal descrlptlon, the permanent-magnet-'.j
'component of stator wmdmg ﬂux lmkage is analyzed The second chapter 1s"-; _j._'

concluded w1th a der1vat1on of the machlnes electrodynamrc and torque"-"i

v ~eq'u‘atlon’s A dc-to—ac 1nverter de31gned to drive the brushless dc motor is

: descrlbed in- Chapter 3. In Chapter 4, the startmg characterlstrcs are analyzed' )

o 1n terms of the so-called static electromagnetm and cogglng torques ~In '-

"Chapter 5, the electrodynam1c equations derrved in Cha.pter 2 are expressed ih

; state—model form and two mathematlcal models for the 1nverter are developed'ﬁ'ﬂ- '

for use ina computer 51mulat10n Slmulatlons using each model of the 1nverter'-f -

are performed and compared to experlmental results Fmally, the computer

‘-'s1mulat1on is used to demonstrate the motors steadycstate operatlon and.,"-"

: dynamlc »performance‘durlng startlng. :



CHAPTER 2
MOTOR DESCRIPTION

2.1 Introductlon

- In this chapter, a physical descrlptlon of the smgle-phase ‘brushless de
ﬁOtor is provided In addltlon, a mathematlcal model is estabhshed ,Whlch -
may be used to predlct its steady-state and dynamic electromechanlcal
behawor An unportant feature of this rnotor is the asymmetry of 1ts stator
pole faces. An analys1s of the stator ﬂu*{ hnkage which considers the eﬁects of
"the»statOr as‘ymmetry is presented and supported by plots of the measured
open-circuit induced Voltage. " Electrodynamic equations 'relating the stator
vol‘tagesf ‘zind-. currents, | and expressions for cou‘pling: field energy -and -

B 'electrornagnetic to‘rque are then developed: The characterization of the

- electrlcal magnetlc, and mechamcal systems is completed with measured .

.Values of re51stance 1nductance and 1nertla

2.2 Physical beééﬁ;stion
The- brushless de motor analyzed is a four-pole, smgle~phase, permanent-

‘magnet synchronous machine. There are two stator windings with three '

termlnals, two ends of the stator wmdlngs are connected to a common



'ternlinal.f This winding arrangement is referred to as a ‘biﬁlar v‘vinding.v The
" : stator vwinding terminals -are connected to a de-to-ac : inverter and the.
comblnatlon of -the inverter and synchronous machine is referred to as a
brushless de motor The motor has three distinctive features: a sallentfpole
‘asymmetrlc stator, an external bell-type rotor, and the so—called bifilar stator |
| ) Wlndmg The sahent features of the synchronous machine are descrlbed in the
. followmg paragraphs, while a detalled descrlptlon of the 1nverter is given in thev
‘:next»chapter. | |
' A cross-sectional view of the stator and rotor assembly with the air gap »
v exaggerated for clarity is deplcted in Fig. 2.2—1. The mternal stator is-a 3mm_
| stack of six steel laminations shaped like the section deplcted in Fig. 2. 2——1 andv
- has an outer drametertof 53mm. Four distinct poles extend from a central ring
, t_hen fair to form ‘pole faces spanning approximately 80°. Some portions of
the stator- pole faces are augmented with extra steel. larninations which rise
2mm ahovethe rest of the stack. These portions are depicted b,j double arcs
~in Flg 22—1 -and are more clearly seen in the ,orthographicview of the stator
" in - Fig. 2.2—'_2. The Stator asymmetry refers to the presence of these raised
portions of the stator po_le_‘faces, T_hev, asymmetry manifests itself in detents
(positions for’ which the ’rotor'as an affinity). The detent positions play‘ an
important role_ in starting of the I‘notor,-'w»hich is analyvz‘ed‘_iniChapter_ 4. The
' veﬁ”‘ects of the stator "vas‘yrnmetry‘ on the stator flux linkage due 'to the rotor
_perrnanent magnets are discussed vin the next section. R
A unlform a1r gap separates the stator from the external rotor whlch in
'Flg 2 2 1, is shown rotated by the angle 0, m The rotor has four ferrite

magnets bonded to the' 1nterlor of‘a soft steel cap. The equally sized _magnets



. l-winding - 2-winding

”Flgure 2. 2—1 Cross—sectxonal view: of the stator and rotor assembly and
schematlc dlagram of the blﬁlar stator Wmdmg :



Figure 2.2—2 Orthographic view of the stator. v

are arranged such thét their interior surfaces alternatev north-sduth-northésouth
(N-S-N-8). The interior diameter of the rotor surface is 54 mm, leading to a
uniform air gap of 0.5mm. The magnets have an axial length of 6 mIVIn;."'Here,_
axial direction‘is taken as perpendicular to the cr‘oss—sectﬂio,nal View. The rotor
cap has a 68 mm outer diameter and»an axial 1ength of Smm.. T_he. rotor is _
supported by a thrust bear.ing,"whi‘éh fits ’tﬁrough the stator central ring.

| The bifilar stator winding is depictéci in F‘ig. 2.2—1 by two oppositely
directe_d coil symbols on vevach stator pole. “A coil symbol shows the cross
section of one coil turn and iﬁdicates a positive direction of cur‘fent into the
page with & ~and out of the pége with . The 61-turn co‘ilsj _repre_sehted by
the outermost coil symbols are ser_ieé—connected and form a ..stator_:wiliding'

which will be denoted as the 1-winding. The innermost symbols represent a



’ b_second s1mllar W1nd1ng denoted as the 2 w1nd1ng The serles connectron of the )
- ’::'four c01ls in each w1nd1ng is more clearly seen in the Wl]ldlllg schematlc below,‘”‘f
i 'the'cross-sectlonal View 1n F1g 2. 2—1 The corls are constructed by Wlndlng a: :

' 'gpalr of conductors around the stator poles As a result the two c01ls on each o

D v»pole share the same (opposrng) magnetrc axis and are trghtly coupled Because

E the mach1ne has a s1ngle magnetlc axis (for each stator pole), 1t isa smgle—; '

:"'phase" dévice:

the pos1t1ve termlnal of the power supply, the other termlnal of ‘

~each W1nd1nggvls connected to ground through a SW1tch1ng trans1stor The' :

N v'”b1ﬁlar stator ‘Wllldlng and sw1tch1ng c1rcu1t (1nverter) afe’ deprcted 1n s1mphﬁed -

s ,‘-v‘form in. Flg 22—3 It should be emphasrzed that the two W1nd1ngs are“ :

The 1- and 2- W1nd1ngs share a common termmal Wthh is :

g tually wound as 2 palr of conductors around the same steel However,_““ '

:because the opposrte end of each wmdmg is connected to the common_ L
:terrmnal the Wlndlngs have opp051te magnetlc sense, pos1t1ve current 1n the 1- .

= }Wlndlng produces magnetlc ﬂux wh1ch is opposnte 1n dlrectlon to the magnetlc

N »ﬁux produced by p051t1ve current in- the 2- W1nd1ng The sw1tch1ng 51gnal 1nput ‘f

.‘,,”:to the mverter controls current 1n the 1 w1nd1ng, erther there 1s p081t1ve‘

current or the Wlndlng is open-mrculted The SW1tch1ng s1gnal for the 2-‘

- :""“:;"iw1nd1ng is. the complement of the 1 wrndlng s1gnal as a result there is posmvef T

‘f',:current 1n only one w1nd1ng at a tlme By alternately supplylng a pos;tlve‘;‘ll._l.

R f’;current in: the two stator wmdxngs, an alternatlng magnetlc ﬁux is produced

R The blﬁlar W1nd1ng comblned Wlth thls sw1tch1ng c1rcu1t has the advantage of RS

requmng only a umpolar Voltage source to produce the eﬂ'ect of a b1polar'

o isupply




- _rotor
position
sensor - "

o Flgure 2 2—3 Sxmphﬁed schematlc dlagram of the blﬁlar stator Wlndlng and’
L sw1tch1ng c1rcu1t o , . . .

The SW1tch1ng s1gnal supphed to the mverter 1s based ‘upon. rotor p051t10n 5 =
.A statlonary sensor 1nd1cates rotor p051t10n by 31gna11ng the polarlty of the

' 1nner surface of the rotor magnet splnnlng past the - sensor The sensor is

- v‘_'j mounted on a pmnted c1rcu1t board wh1ch hes parallel to the rotor (cross—. S

"sectlonal V1eW) The sensor - cons1sts -of a- Hall—effect element Whose output‘ :

voltage depends upon the magnetlc ﬁeld d1rectlon and 1ntegrated c1rcu1try to'

‘ :;amphfy, square, and buﬁer the sensor s, output 31gnal The.‘ resultlng _outpu‘t is

'ra TTL compatlble loglc 51gnal
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2.3 Ana.lytlca.l Derlvatlon of Permanent Magnet Flux Llnkage s

Predlctlon of the ﬂux 11nk1ng the b1ﬁlar stator w1nd1ng due to the rotor
permanent magnets serves as a startlng pomt for the analy31s of the glven ‘
'_brushless de motor A d1st1nct1ve feature of the motor is the stator asyrnmetry’f
: _created by dlﬂ'erences in axial length (he1ght) of sectlons of the stator pole
"faces The stator asymmetry aﬂects the reluctance of the ‘motor’s magnetlc
c1rcu1t and is cons1dered in the followmg derivation of the ﬂux hnklng the -

stator wrndmg due to the permanent magnets

Although the glven brushless dc motor 1s a four—pole dev1ce, it
‘convement to con31der a two—pole version - to fac1htate analys1s. The equatlons
Lof the two-pole equlvalent dev1ce are read1ly modlﬁed w1th a sunple",

| “substltutlon of varlables to represent the the actual four-pole motor A cross—_: .

sectronal view of the two—pole machlne is shown in Fig. 2: 3 1. The two- stator‘ ' “

; poles extend from a s1ngle stator sectlon, rather than from the central stator '
‘,,rlng Wound around each stator pole are two c01lsy one for each of the two
: 'vstator w1nd1ngs Whrch comprlse the bifilar winding.: In Flg 2. 3—1 corls 1 —-1’ ¢

"l'and 1b_1b are serles-connected formlng the 1- w1nd1ng Slmrlarly, c01ls 2, 2 L

. r_and 2,=2y’ coxls form the the 2-w1nd1ng POS1t1ve current in the 1 Wlndmg -

”f,"(both the 1~ —1 . and lb—lb c01ls) produces pos1t1ve ﬂux horlzontally to the: :

-?‘rlght an axis in that dlrectlon is shown and labeled as the 1-—ax1s Posxtron on:

| "f,the stator is measured by the" stator displacement - ¢S from the 1-—ax1s The""' e

. rotor quadrature-ax1s (q—axis) extends outward from the center of the rotor -

fibetween the north (N) and south (S) permanent magnets Rotor pOS1t10n is.
'.'_1nd1cated by the angle 9 measured between the 1—ax1s and q—ax1s, ‘while

) 'pomts on’ the rotor are located by the rotor dlsplacement ¢ measured from the 4 f
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i q——a)&is A p051t10n on the rotor may also be measured relatxve to the 1—ax1s

B2 usmg the rela.tlonshlp ¢ =0, + qb

. v}

~ :
=>» 1-axis -

"Filgfu'fe 2.3—1- Cfoss-seetion\el view of the tvpvo-pol‘e.macfhine; .

The analy31s of stator ﬁux hnkage due to the rotor permanent magnets
' beglns w1th a descrxptlon of the machme s macrnetlc c1rcu1t The topology of

'the magnet1c CerUIt, d‘epends upon rotor p051t10n Two extreme rotor



oz

jvv‘-po51tlons, the stator and rotor poles ahgned and the stator and rotor poles/ P,
.unahgned are shown in F1g 2 3——2 The dashed hnes in Frg 2 3—2 deprctl
o dmagnetlc ﬂux hnes Flux crossmg the air gap from the rotor north pole 1sif :
""v,vprlmarlly radlal because the unlform air gap is small relatlve to the ax1al ]
" . length of the permanent magnets (about one-twelfth the length) The non—;
'radlal components of ﬂux 1n the stator and rotor steel and in the space above:_
and below the stator stack are 1nconsequent1al When con51der1ng the eﬂ'ects ofi. }
- 'the a1r-gap ﬂux Flux 1ssu1ng from the rotor north pole wh1ch passes through a. :' B
stator pole face 1s channeled W1th1n the hlghly permeable stator steel throughfd, o
‘ l,"the coxls, thereby hnkxng the COIlS on that pole Wrth the stator and rotor
s vlk"'.poles allgned as in F1g 2. 3—-2( ) the ﬂux 1ssu1ng from the rotor north pole
nd crossrng the a1r gap 1nto the: stator hnks the c01ls on both stator poles and
.:Ivv'crosses the air gap agaln toward the rotor south pole Wlth the stator and‘
,f‘.frotor poles unallgned as in F1g 2, 3-—2(b) the flux enterlng the upper—left polei',‘
- o face W1ll return to the rotor south pole w1thout llnkmg the w1nd1ng The total'v
. 'ﬁux hnklng a turn of the stator w1nd1ng is equal to the net ﬂux entenng both’*_i .
B halves of the left pole face. Flux whrch does not pass through a pole face does L
o not llnk the w1nd1ng because of the low relatlve permeab1hty of the air- and the

B Elocatlon of the spaces between the stator pole faces

»An expressmn for the ”stator w1nd1ng ﬂux hnkage due to the rotor
'A;“f?':;éormanent magnets 1s obtalned by mult1p1Y1ng the ﬂux through a smgle
e ’_'nglndmg turn by the total number of turns 1n the w1nd1ng In order to srmpllfy .‘ o :

o :_,v:_"freferences to wmdmgs, the smgle turn consrdered Wlll be that shown for thel'

:'»A_-‘- 1‘ c01l in Flg 2. 3—-1 W1th a change in srgn, the results obta1ned for the‘f‘

' :‘,1 W1nd1ng apply to the 2-W1nd1ng The permanent-magnet ﬂux llnklng a smgle'v"
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The magnetic.c.ircﬁiﬁ when the stator and rotor p_bies are (a)
aligned (6;=90") and (b) unaligned (6,=0"). '



R turn of the 1-W1nd1ng may be expressed

fB dS

":where the surface S over. Whlch the 1ntegratlon is performed may be chosen to R

) :»be any open surface that has the smgle turn of the 1 Wlndmg as’ 1ts perlphery o o

o ‘-,(boundary) The ﬂux den51ty, B in (2 3- 1) depends 1mphc1tl}r on the locatlon_ |

-. vof the dlfferentlal surface element dS In addltlon, because the ﬁux den51ty, B e ’

- varles as a functlon of the posxtlon of the permanent magnets, the ﬂux dens1ty": R

= ‘,‘vl,and consequently, ﬁux hnkage are functlons of rotor p031t10n, 9 Multlplyrng:

o fv‘.:‘the ﬂux through a smgle wmdmg turn, <l>pm1, by the total number of Wlndlng" e

L "turns produces an expresslon for ﬂux llnkage : " SR

The 1ntegral of (2 3 2) can be 31mp11ﬁed by con51der1ng the surface of'; S

1ntegratlon, S and ﬂux den31ty, B in terms of the magnetlc c1rcu1t descrrptlon

] It Was reasoned that ﬂux passmg through the stator pole faces llnks the stator

s .:.;."_w1nd1ng As a. result the rlght pole face in F1g 2 3— 1 Wlll be used as the open..-'

: ,v surface of 1ntegratlon, 1nstead of the 51mpler planar surface bounded by a turn -

| 5"'of the 1 coxl The pole face has & umform radlus, ro, and spans an angle:‘ et

=y from @s = @so to qb ' P The amal length of the pole face is'a functlon of thef:

’-"'.',;",’f;'stator dlsplacement a plot of aX1al length versus stator dlsplacement f (gbs) 1s

o g.-r,,shown in Flg 2. 3—3( ) Expresslng dS 1n terms of 4,”( S) ro, d¢s, and a ylelds <

\Pml NfB @s, r ‘ (¢s) To d¢s'{fr Sl (23'3) o

- where B ,vrsj»e)v'cpress‘edb_ as-a function of ¢; and 0, and }-‘pml s expressed as a



‘%V‘ . )

T"}The derrvatlve, ‘
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*‘»":i‘lfunc’tion’-V'Of‘ 9 The assumptlon that the a1r—gap ﬂux den51ty 1s rad1al '
B Bar,’ allows the dot product 'in" (2.3—3) to‘rbe rep-laced- by :scalar

{"multlphcatlon

pml r)-NfB ¢S, r)[( s)rod¢s ,."".,‘-.'_’7"-;","(2'3‘,4) e

I

e The functxonal dependence of the radlal flux dens1ty, Br, on- stator locatlon, ¢
. ,‘and rotor pos1t1on, 9r, can be shown eXphcltly Recall that the ﬂux dens1ty, B
L s produced by the rotor permanent magnets, s ‘an’ approx1matlon of the:

- t:dlstl‘lbuthD of ﬁux densrty as a functlon of rotor dlsplacement B, (gb ) is shown‘
'm Frg 2 3-—3(b).' The north pole occuples the regron, 0 < ¢r < , ﬂux from'
;lthat magnet 1s radrally mward and that reglon 1n Frg 2. 3——3(b) 1s shown as
| ‘ ﬂnegatlve From Flg 2, 3 1, ¢ d) - 9 Thus, (¢s, 1P) may be estabhshedii '
- “from B (qbr) plotted in Flg 2 3——3(b), by replacrng the. argument gﬁ Wxth ¢ 9 o

o 'In thls case, (2 3 4) may be expressed

- ‘Where B, ( ) is defined in Flg 2. 3——3(b) viﬁltﬁef’ms of gy

Usrng the functlons, ( S) and B ( ) and approprrate values for T and N

e -jthe convolutron-llke deﬁnlte Integral 1n (2 3 5) can be evaluated numerrcally'
- oVer a range of 9 A plot of >\pm1 Versus 9 1s glven in- Flg 2. 3—4( ) -Taklng‘

fdthe derlvatlve of >\pm1(9) W1th respect to 9 ylelds the plot in, Flg 2 3—4(b) o |

 Dpmill)

‘, 1s 31gn1ﬁcant because 1t appears in the expressron ,

: for electromagnetic torque devel‘oped -_l.at‘er‘ and :can_ be Aexperimenta-ll}f' obtaine’d
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(a) L » ’ ¢s

'Flgure23—3 Plot of (a) stator axial length and (b) approximate flux

denSIty distribution.

by dividing the measured open-circuit induced voltage (back emf) by the rotor -

speed.

The assumptions and simplifications used in the analysis appear justified

~ when the results are compared to measurements. The open-circuit induced

voltage (back emf) for a mechanically driven motor is shown in Fig. 2.3—5(a).
Ihtegrating ‘the measured emf waveform gives the flux linkage shown in-
Fig. 2.3—5(b). “Comparison with the analytically established results in

Flg 2.3—4 reveals excellent agreement.
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" Figure 2.3-4 Analytically derived plot of a)i the permanéntQmagnet,
A . component of flux linkage and (b) its derivative with respect
to rotor position. : e P

. ﬂux,lirvlkage .

®

@

-~ Figure 2.3—5 'Expérimehtally ‘recorded p.lo\‘t‘ of (2) open-cireuit - induced
e e voltage and (b) its integral. - - ‘ ‘
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2.4 Ma.thema.tmal Model

“In thls sectlon, a mathematlcal model of -the smgle phase brushless dc

' ,“motor, capable of predlctrng its steady-state and tranS1ent response, s derlved :
"Thls model consrsts of dlfferentlal equatlons descrrblng the dynamrcs of the
_electrlcal and mechamcal systems and an algebralc express1on for the

: electromagnetlc torque, whlch mathematlcally couples the two systems

The electrrcal system dynamlcs may be descrlbed by two equatlons, onev

for each stator Wlndrng, whlch relate Voltages, vcurrents, and changes in ﬂux :
'lhnkage From Faraday s laW, the 1nduced Voltage across each stator Wlndlng 1s, » -
: _.equal to the tlme rate of change of flux linkage. Taking 1nto account the‘r.

. re51stance of" the stator w1nd1ng, the applled stator Voltages may be expressed

Y1=r111,+p}\1',- S » R (241)
B e

Where p is the Heawsrde notation :for the time d»1ﬁerent1atlon operator_ T

B Assumlng that the stator ﬂux llnkages are’ hnearly related to the currents, the‘»."
i W1nd1ng ﬂux lmkages N and >\2, may be expressed in terms of self— and mutual
: -1nductances multlphed by currents and a permanent—magnet component of ﬂux

- lrnkage, ice.

*%r%Lmr+Lmt+%w¢*“1*“+-\‘?*7'~7”?’l?4”

>‘ —L2111 +L2212 ‘l' Npm2 ' IO o (24-4)

“":-Measurements conﬁrmed the assumptlon that the stator Wlndlngs are 7

: symmetrrc They have the same total self—mductance, resrstance, and number_
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_of turns Since the self-lnductance is the same for both Wlndlngs, Lu and Lyy

S in (2 4- 3) and (2 4- 4) Wlll hereafter be denoted as Lg,. Slnce the stator W1nd1ngs ,

“are tlghtly wound on hrghly permeable stator steel, the numerlcal Value of the
’ r,mutual rnductance is nearly equal to the total self-lnductance However, since

: the magnetlc axes are in opposrte dlrectlons for positive current in each

: __wrndmg, the mutual mductance is negatlve A mlnus srgn and the symbol Ly N

o will replace le and L21 in- (243) and (244) The symmetry and

'conﬁguratron of the wrndlngs 1nd1cate that both ‘have the same permanent-}
magnet component of flux llnkage but with oppOS1te 51gns The symbol Ay, Will
: be use‘d‘ for: the permanent—magnet ﬂux llnkage term; a posrtrv}e 51g‘n“ for the 1-
windin'g chosen arbltrarlly With the‘se | subsjtitutions, _the »'resulti_ng ,
’expressmns for stator ﬂux llnkages become | o

B )

: ’f’hetvalues for the Windi‘ng'parameters (resistances- andinductanCes.‘) were
measured experrmentally ‘The measured Value of stator res1stance, Ty is 3.7 (L.
'The copper w1nd1ngs demonstrated expected thermal characterrstlcs In
i’ partrcular, resrstance 1ncreased w1th temperature, but remarned less than 4 1 0
even under load Skrn effect at the normal operatrng frequency (120Hz) is
vnegllglble Transformer open-c1rcu1t and short-clrcurt tests were performed to -
determrne the stator Wrndmg self- and mutual 1nductances In the open-circuit
test,: a srnusordalyoltage: was appl,l_ed to the l—wlndlng, Whlle the'2"-winding was

open-circuited; Wa_yeforrns of the 1-Winding voltage and current were recorded
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‘ simultan'eously ahd used-to de“ternline a volta'ge phaSor and a current —phzisor,.
.respectxvely The ratio of the voltage phasor to the current phasor 1nd1cated‘
.that the self-lnductance, Lss, is 2 4mH Usmg 2. 4mH for the self—mductance
‘and data collected w1th the 2-wmd1ng short-c1rcu1ted 1mpedance calculatlons‘ :

1nd1cated that the mutual mductance, Lm, is 2.3 mH

The ﬁnal form of the electrlcal dynamlc equatlons and the values for its

. ‘pagrameters are
vy =rely + Lply —Lipply + 02 (24

zw' =r512_ mell + LS'S‘p’i2 — p)\m | - .. _‘ e : | o (24_8) ».

- Table 24—1 ~ Electrical system pare_;me.ters.‘

s Lss Ly

1370 | 24mH | 23mH

The mechamcal dynam1cs may be descrlbed usmg Newton S second law
"apphed to rotatlonal systems ‘The torque developed by the electromagnetwr”. :
'%'system 1s countered by the inertial accelerat1on torque, the torques due to -

- .W_lndage andfmctro.u, and the load torque, i.e. R
LedetmrT
: An expresswn for the electromagnetic torque,' Te, will 'be' gdeveloped'-f ?

,subsequently The term Jpw represents the acceleratlng torque Whlch 1s_
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, :needed to change the angular veloclty of the moment of inertia of the motor
' and connected load. Manufacturer s spec1ﬁcat1ons hst the moment of 1nert1a of

- the motor as 1.70 ukg m2

It will be assumed that w1ndage and fr1ct1on for the _
- motor can be modeled as a torque whlch is proportlonal to angular veloclty

' ) The proportlonahty constant B 1s used for both the w1ndage and frlctlon, its
value w1ll be determlned from -consrderat1ons dur1ng s1mulat10n The l‘oad,,‘
torque, TL, represents an externally applled torque which, 1f | negatlve, -

-accelerates the motor The load torque w1ll be cons1dered as a mechanlcal

:1nput durlng s1mu1atlon of the motor

The 1nteract1on of. currents in: the stator electrlcal system w1th the
':magnet1c ﬁeld of the rotor permanent magnets creates an. electromagnetlc
. .torque ‘An express1on for the electromagnetrc torque may be derlved by: ﬁrst
v‘;expressmg the- ﬁeld energy and then the coenergy [ ] For a two .w1nd1ng‘

system, the ﬁeld energy may be expressed

i BTN B0 “:fﬁ - IR
Wft(i;lziz’.er) = fg_l(g':_ldf IR EITTRER
R I AR | P

Cn aneh) e
= 1‘;;' N (5; )lds

Y
| +w (9)” e (24 10)"
‘The ﬁrst term on' the rlght hand s1de of (2 4- 10) represents the couphng field - |
energy. contrlbuted by current 1n the 1- W1nd1ng The second term i is. analogous
for ‘the 2-w1nd1ng The th1rd term represents the couphng ﬁeld energy

: contr1buted by the permanent magnet The funct1onal dependence of >\1 and

o /\2 on ij, 12, and (9 in (2 4- 10) 1s shown exphc1tly for clarlty Substltutlng thev
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-.expressrons for ﬁux hnkages, (2 4 5) and (2 4-6), mto (2 4-10) and takrng the |
| .partlal derwatlves ‘ ' ‘ '

oo gl

Wf(ll’lz’ )=/ gL“dc +f (L) d¢ +f dEr W) (2411)
' Evaluating the given V'in’tegral
Wf(11’12’ r) = —Z_L,SS h= Lm Ly Ig + ;Lss I’ + wpm( r) o ‘.(2'4'-,'12)‘

For 2 tWO Wxndrng system, the coenergy may be expressed in terms of the

- _:ﬁeld energy as :

W, (11;i2,9 )-=vi1 A (11>12, 0,) +1i 12 >\2(11,12,9r) Wf(i1,12,9 Yo (24_13) -
Subsmutmg the eXpressms for the fux hnkages, (2 4 5) and (2 4-6 ), and for

the ﬁeld en,ergy., (2.4-12) 1nto (2 4 13) Ylelds U : .

W (11,12,90 =i [Lssll 12 4 A F iy [“Lip iy + Lagly = M)
;Lsslr_Lm lgly =+ ELSSIQ +me(9r) (2'4"14)

- Simplifying:

f Wc(1171270 )= %—Lss 1’1 + Lssl2 Lm iyl +. ‘(il —lz)l\m—wpm : (24-15) ,

Frnally, the electromagnetlc torque is estabhshed by ta.kxng the partlal

v_derrvatrve of the coenergy Wlth respect to rotor posmon In partrcula.r,

Oy _ Wpm
12) ”
80 (%)r o

T, L (iy ,(2:;'4-165 |

B .,I:I'ance >\ and me a.re functrons only of 9r, the partial derlvatrves in- (2 4- 16)‘._
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- may be replaced by total derivatiues-, i.e.
1') dhy 5 dWom
2. do, dé

T

g ;'T‘e =(1 | ‘(2.4_-’17) |

| ‘The first term on the rlght hand s1de of (2. 4-17) represents the electromagnetlc

' torque produced by the interaction of electrlc current in the stator wmdrngs‘

»w1th the magnetlc ﬁeld of the rotor‘permanent magnets The second term

represents a torque that is due to the attractlon between the rotor permanent
magnets and the stator steel and acts to drlve the rotor to a posrtlon having
" the lowest permanent—magnet component of couphng ﬁeld energy Thls torque
‘,-ensures that- the _rotor pos1t10n of the unexclted motor is ‘such that an
,electromagnetlc torque sufﬁclent for startlng is developed when the stator
:'Wlndlngs are suddenly energrzed Chapter 4 is devoted to the issue of startmg

torque,
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CHAPTER 3 |
 INVERTER DESCRIPTION

3 1 Introductlon

In a brushless dc motor, a dc—to—ac inverter supphes the stator wrndrngs of

a permanent—magnet synchronous machme Wlth a set of ac Voltages whose

ffrequency corresponds to the' rotor speed In thrs chapter, an 1nverter de51gned '

o for the grven brushless dc motor is. descrlbed The’ descrlptron is broken into [

j-two parts "In- the ﬁrst part the operation of the 1nverters sw1tch1ng
transrstors and the requlrements for ‘the: Zener drodes whrch protect “the
. _tran51stors are presented The logic Whlch generates the gatlng 51gnals for the

"sw1tch1ng transrstors 1s descrlbed in the second part

A ~3 2 Operatlon of the Inverter .; .

The purpose of the de- to-ac 1nverter for the given brushless de motor is to'

' :k“supply the blﬁlar stator wmdmg (1- and 2- Wlndlngs) Wlth a set of aé voltages" R

‘ Whose frequency corresponds to the rotor speed An 1nverter des1gned for the

B 'present research connectmg the bifilar stator wrndlng to a dc voltage supply, is-

g shown in Flg 3 1 Each leg of the 1nverter is ser1es connected to one of the e

,stator W}lndlngs The operatrng characteristics of each 1nverter leg are
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: "ddehtical For convenrence, equatlons in the followmg analysrs are written for
the leg connected to the 1- wrndmg, but are equally valrd w1th an - approprlate

‘change of . subscrlpts for the leg connected to the 2- w1nd1ng

Flgure 3. 2—-1 Schematrc dlagram of the dc to-ac 1nverter and blﬁlar stator
: Wlndlng : :

The b’ipolar:‘tranSistore T1 and T2 ‘are onerated as switc‘hes’ that ‘contr.ol _
'the voltage (current) supplred to ‘the 1~ and 2 winding, respectrvely The
vv ‘transrstors are drrven 1nto saturatlon (on) or cutoﬁ" (oﬁ) by the gatrng srgnals
gl and g2 whlch are generated by a swrtchlng logrc c1rcu1t descrlbed in the
next sectron When the gatlng s1gnal to a tran51stor is h1gh the transmtor is on
"-’and the voltage apphed to the w1nd1ng is approxrmately equal to. the dc supply
voltage, v, = Vdc, a- small collector to- emltter saturatlon‘ Voltage,

. sat

VC&

0 25 V Whlch lowers the applred stator voltage wrll be con51dered in

>Subsequent wanaly‘ses.. When the» gatmg; slgnal to a transistor is low,_‘ the



B f‘sectlon

o ’:Substltutlng (2 4 7) for the 1 w1nd1ng voltage, vl, y1elds

% e

‘ tran31stor is oﬂ' and the Wlndrng 1s essentlally open-crrculted 11>—>- 0 A p031t1vel"
: g open-c1rcu1t voltage, 1nduced by the tlme rate of change of the 2-wrnd1ng
L "lcurrent p12, and the permanent-magnet ﬂux hnkage, p)\m, appears across the'r
:—:;tranmstor (dlode) Generally, the gatlng s1gnals are complementary, when one"y
B :.ilS hrgh the other is- low and‘ V1ce versa Durmg the so-called commutatron
1nterval however, both srgnals are momentarrly low, that 1s, the low- o—hrgh |
"b‘itranmtlon of one slgnal is delayed relatlve to the hrgh—to-low transmon of the_- R

Hl”-.‘lot'her More 1nformat10n about the gatlng s1gnals w1ll be grven 1n the next '

The Zener dlodes, D1 and D2 connected between the em1tter and collector' g :

| "termln‘als of transrstors Tl a.nd T2 protect the transrstors durlng commutatlon “
o ::The Zener voltage, IVZ’ is con31dered to be a posrt1ve constant value and is " 'f» g

. selected to be less than the transrstors collector-to— mltter breakdown voltage,,vv”‘. -
.‘:_i.vareak’ and greatel‘ than tw1ce the dc supply Volta,ge, ,Vdc In Partlcular,b .
o terrea!k >V > 2Vdc These bounds are’ determlned by analyzlng ‘the voltage‘l o

‘developed across transrstor T1 durlng the 1ntervals in whrch that translstor 1sl' o

B ' be1ng commutated off or'is already off _An equat1on for the collector-to-emltter; P
5 'f',.,;ri:VOItage, Vcep is obtalned from Krrchoffs voltage law apphed to the loopi i

:'contamlng transrstor T1 the dc voltage supply, and the 1—wmd1ng, 1e TN

cel. “"Vdc —_V1 - o . “: o (32-1) , L

&

V'e‘i =Vdc“—r11 Lsspll +L P12 p% g e ~‘I-;;(3',.2-,2)5;_:»

e 5‘ f'f.i.A value for Vce1 durlng the 1nterval in Whlch transrstor Tl is belng commutated'f:\f :

ﬁ can be estlmated from (32 2) : Observatlons revealed that dur1ng"'_,l
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v commutatlon, the algebralc sum of the ﬁrst second and last terms on the
| rrght-hand srde of (3 2-2) is approxrmately zero. The fourth term is 1dent1cally
zero because the gatlng sighal g2 is low dur1ng the commutatron interval and
the 2—W1nd1ng current remains constant at zero. Only the third term of (3.2-2),
;l.e. Lsspll, contributes to the tra.ns1stor s collector-to—emltter voltage during
commutatlonof transistor T1. The value of thls term was estlmated from‘
,exper'rmental measurements as three hundred volts. In order to prevent»such a
vlarge vv‘oltage, which would damage the traneistor, the Zener diode is used to
liniit the collectbr;to-emitter voltage to a valué below the brealc—down troltage.‘
Thus, the‘upper hound for the Zener Voltage, V,, is the collector-to—emitter
‘break -down Voltage, v, < Vbreal‘, j ’

The.lower limit for the Zener voltage, 2V, <~:.VZ, is needed to_prevent the
voltage induced in ‘the 1-winding from zenering thediode during .the interval
T1 1s off. --Duringv k_the. interval in Which_ T1 is off; the 1-winding current is zero
: and (3.2-2) sim}“)likﬁes_ to

‘;cel’v='vdc +Lr;,piz — P S '(3-}2—3)1
. An expressron for the tlme rate of change of 2-w1nd1ng current, p12, can be

obtamed from (2 4- 8) whlch is repeated here
V2= rsip = mell + Lssplz p% R | (3.2-4)
" Solving (3.2—4) for piy and substituting into (3.2-3) yields

el = Vg -+ -I:—m—[vz,-— gy + Lyply + pAp) — PAy | -~ (3.2-5)

ss

Substituting V4, for vy, setting piy to zero, and collecting'terme yields .
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-’V_cel.,,=~('1_ )Vdc SO (3.2-6)1

i : ,T h1s represents the collector-to—emltter voltage of Tl When T2 1s on (Tl is off)

S ,The ratlo of L to Lss 1s the coeﬂiclent of couphng between the Wlndlngs and s

k 'nearly unlty, so. the ﬁrst factor of the: ﬁrst term is nearly two and the ﬁrst :

:‘rffactor of the last term 1s nearly zero Neglectmg the Voltage drop across the

--I.T?S%SF@DC@,.:l’slza,, L DL

"f?Thus, durlng the mterval that trans1stor T lis oﬁ a Voltage of approx1mately;

;.f'wtwme the dc supply Voltage is: 1nduced across: the parallel combmatlon of:‘»"

- 'tran51stor T1 and dlode Dl The Value selected for the Zener Voltage, .VZ, must'ﬂ-

‘: _;j'be greater than the 1nduced Voltage, 2Vdc, in order to prevent the dlode from '

T zenerlng and thereby perrmttlng current to ﬂow 1n the 1-W1ndmg

L 3 3 Inverter Sw1tch1ng Loglc .

The 1nverter sw1tch1ng log1c utlllzes a rotor posmon 51gnal prov1ded by the =

| 'ﬂ_fmotors Hall—eﬁect sensor to generate gatmg 51gnals (base-drlve) for the’?;‘,

”’..‘:“';‘:SWItchlng tran51stors descrlbed prevxously The use of sensed rotor posmon to -

R :fcontrol swrtchmg ensures that the requlsxte synchronlsm between the brushless.'f‘ S

"':n"_”‘dc motor § electrlcal frequency and rotor speed is malntalned A schematlc‘ n

v ':‘::d1agram of the swrtchmg loglc is shown in Flg 3 3 1 Two paths of standard"? V‘ ‘»‘_ " '

".--Y:and open-collector (oc) TTL. gates process the rotor pos1t10n 51gnal 1nto'

-'“f',,complementary gatlng srgnals, gl and g2 The rotor p051t10n srgnal and“.' :




e correspondlng gatlng SIgnals for the actua.l four-pole machlne are shown in

' :"‘;_:";‘Flg 3 3—2

Hall—eﬁ'ect

sensor - __. TN

- F1gure33—1 Sehernati_e"‘diag',rani.of;thé,__.ln’vert'er':'fst\flr_itch'i'n‘g':*l‘ogiC';

Slgnals propagate from left to rlght in the schemat1c d1agram, the

L llmportant features of the sthchmg log1c W1ll be dlscussed in a srmllar order

. -,‘The output of the motor S Hall effect sensor 1s the 1nput to the sw1tch1ng loglc

b "The TTL compatlble sensor output feeds one 1nput of the nand gate shown at

»the far left-hand 51de of Flg 3 3 1 The other nand gate 1nput is- not used '

The nand—gate serves merely as a buﬁer, 1solat1ng the motor and mverter o .

) "electronlcs and prowdlng suﬁiclent fan-out for the two s1gnal paths A nand-

,' ."Gate W1red as, a loglc 1nverter in. the lower path results in the gatmg s1gnal g2



" Hall-efféct

30 -

sensor 1
‘ T i
]
&2 . :
B 1 s
: I ~ :
g i i e
, | :
L —t ; — — 0
R T 3T Jrm
0 1 - i —_— 27
. R )
VB =41

Flgure 3.3—-2 Plot of the transistor ’gating signals versus rotor position.

Beiﬁg‘ the"‘co‘mplement of »gating' signal gl; except during commutation. Aside -

- from the ‘additional-nand-ga’te in the loWer. path, the two paths are identical. .

Beyond satisfying the frequency a.nd phase requlrements for the gatlng

" ‘51gna.ls, ‘the sw1tch1ng logic produces small delays (approx1mately 10 us) in the .

‘low-to-hlgh transmons of the gating 31gnals to allow for commutation. The

delay permrts commutatlon of a tran31stor to be completed before the other

tranmstor is energlzed The gatlng 31gnal trans1tlons are dela.yed by the

‘ comblnatlon of an RC network and nand-gate.
The ﬁnal level of loglc prov1des the” base-drlve necessary to switch the =

’ ’blpolar transrstors As a convenience, the TTL gates are used. to dr1ve the

s ,_'SW1tch1ng transrstors d1rectly ThlS obv1ates the need for addltlonal transrstor]

networks or darhngton transistors. But because'standard TTL gates -do notv

“source’ the current requlred to drive the bipolar transrstors 1nto saturatlon,‘_
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open collector TTL gates were used instead. The use of open collector gates
also allows the facility for pulse width modulation (PWM) td be incorporated. |
in the sﬁvitching'logic. The so-called "wire-tied and”, indicated by a dashed
and-gate syinbol in Fig. 3.3—1, allows a gating signal to be forced low
regardless the state generated by the previous switching logic. - V'An external

source provides the PWM signal.
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CHAPTER4
STARTING CHARACTERISTICS

41 Introduction”

It mlght be expected that a s1ngle-phase brushless dc motor Would be
”unable to accelerate from stall (self-start) The given smgle phase brushless dc
| ,_motOr,ﬂ .hoWéver,' does accelerate from stall with one hu_ndred ‘vpercent

B -repeata';bil'ity" In thls chapter, the motor’s starting characteristics are_ analyzed

» in terms of the: so—called static electromagnetlc and cogging torques ‘"The static L

' electromagnetlc torque characterrstlcs for the given motor are derlved from
, 1nformat10n presented in prevrous chapters Followmg‘thls-derlvatlon, an
V'emplrlcal approach s used to approxrmate the “motor’s cogglng torque :
1F1nally, the two torque characteristics are superlmposed and used to explam

~the starting response.

s 42Stat1c E‘l:ectromaignetic Torque -

‘In order to accelerate from stall, an initially une‘{clted motor must develop‘

‘sufﬁclent electromagnetlc torque to overcome torques due to frrctlon, magnetlc .

attractron between stator and rotor members, and any external loads A ,‘

' :problem--assocrated with commutated srngle-phase motors 1s,that if the rotor



T

torque, T
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initially‘ rests in . certain positions called dead-points, little or no (s‘tatic)
electromagnetic torque is developed. Static electromagnetic torque is the
torque developed by the interaction of stator curreqts wit.h the fnagnetic field
of the rotor permanent magnets when the motor is at or near stall and the
stator cﬁrrents are limited primarily by the stator winding resistance (the back
emf is small by comf)arison). Generally, the static electromagnetic torque for a
éoinmutated single-phase motor varies widely with rotof pésition, including

zero or negative torque for some rotor positions.

Using the expression for electromagnetic torque derived in Section 2.4, the
inverter gating sequence in Section 3.3, and a scaled plot of measured open-

circuit induced voltage (back emf), a plot of the static electromagnetic torque

versus rotor position for the given motor will be derived. The expression for

electromagnetic torque, T,, given by (2.4-17) is repeated here for convenience

d, 4w |
T, =(i; — 1 - — | 4.2-1
e (ll 12) der der ( | )
. , N dWon ;
The second term on the right-hand side of (4.2-1), — 0 represents torque

T

related to the magnetic field of the rotor permanent magnets and. is
independent of the stator currents. This torque will be called the cogging

ec?

and is the subject of the next section. The first tefm_on the right-

da,
hand side of (4.2-1), (i; — iy)—5—

, represents torque due to the iﬁteraction of

the stator currents with the magnetic field of the rotor permanent magnets.
This torque will be called the dynamic electromagnetic torque and denoted as
T.q- The term dynamic is used because, in general, the currents involved in

this torque are determined by the stator electrical system dynamics. 'When the



' ,rotor 1s at or-near stall however, the electrxcal system dynamlcs (descrxbed byv

.,."-dxﬁ’erentlal equatlons) s1mphfy to a statlc condltlon (descrlbed by algebralc; :

;equatlons) Under the statlc CODdlthIl, the" stator Wlndlng currents w1ll be',_. SR

denoted 110 and igs: and the first term of (4 2- 1) Wlll be referred to as the statlc
: -?-electromagnetxc torque, o | n

The value of the ﬁrst factor on’ the rrght—hand 31de of (4 2 2) (110—120) :
'depends upon the rotor posxtlon, ﬁr, through the gatlng sequence of the 1nverter ‘

b'supplylng the motor currents (Voltages) Plots of the static Wlndlng currents.'- ’

L ';versus rotor pos1t1on appear 1n Flg 4, 2—1 The plots of 1lo and 120 have the» :

same baSIc form as the gatlng 51gnals, gl and g2 shown in Flg 3 3—2 'A‘

i .mmor dlfference 1s that a. commutatlon 1nterval 1is not 1ncluded for the statxc"- :

";_"currents, the small tlme delay accounted for. by the commutatxon 1nterval 1n_~"’ o

- -“V'the gatlng s1gnals is 1nconsequent1al When the rotor 1s at ‘or near stall The :

S 110 or 120

":"Vvalue of the statxc stator Wlndlng currents, 110 and i 120, 1s calculated by d1V1d1ng" e Ll

j .ﬁh’é;, dc supply voltage, Vdc, by h stator Wlndlng ‘re51stance,'

12V
370

R ',‘,';di‘fference, 1.10'——~i26,v“is“ also plotted in Figg.;4.2,——1, ‘

can be '

| A plot of the second factor on the rlght-hand sxde of (4 2 2) d (9

RO ‘obtalned from measurements of open—c1rcu1t 1nduced voltage (back emf)

S Usm;r vFaraday s. law, the open—c1rcu1t 1nduced voltage across the 1 Wmdlng can._”

o :‘be ertten as

: -—32A '..’_I_“hisfvalue 1nd1cated 1n Flg 42—-1 The,"-:l-:r T
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j» 'Applymg the cham rule of calculus ylelds: |

dx d@
d0 dt

a2y

\ Replacir_lg- dt— With Wy 'yie_lds‘ o

UL Wy e T T (4.2-5)
: -'ﬁ_thuS,,‘_‘diVi'ding the measured c'pe"n-c'ircu:i“t .V;oltage, _Vl, fdr ’a-me‘chaniCal‘l‘y driven - .

A motor by __the r,oto‘r s‘pee‘d,‘ 'rcgri' y,itelvds_‘ =

P o Because TR

rep_r,eseht's theback
S S : T )

emf when the rotor speed is unlty, 1t Wlll be referred to hereafter as’ the

J:».:.Jumtlzed back emf The unltlzed back emf is plotted in Flg 4. 2—2




o Flgure 42—-2 :Plvo't of the unii:ti‘_zed”back emf. '_ |

Multlplyrng on a pomt by poxnt basrs, the quantlty 110 : ;iéd'v, -p’lvott'ed.' 1n ‘

P Flg 4 2 1 by —= plotted m Flg 4 2—2 ylelds T esy plotted in Flg 4 2—3 ERRCE

e,

r:‘ .

ks The plot of Tes 1nd1cates that When the rotor is stalled a pos1t1ve acceleratlngl'-_ L

: torque 1s developed at most rotor pos1t10ns In some rotor pomtrons, however,»

: a negatlve (or ﬂyback) torque results from energlzlng the motor The purposev‘ "

e of the coggmg torque and detents dlscussed in’ the next sectlon, is to ensure :

o "f’that the rotor posxtron for an 1n1t1ally unexclted ‘motor. is in one of the reglons

' 43 Cogging Torque and Detents

. :Where posrtlve statlc electromagnetlc torque is developed

i

| 7‘v”I"he, second":terr_nion: thev’right—hand-'slde.ol‘ (42-1),—— d R

; represents R

.;torque due to the 1nteractlon of the magnetlc ﬁeld of the rotor permanent

- F"magnets Wlth the stator steel In partlcular, 1t is con51dered to be a torque“i'
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| “Flg’ure,4.2—'3"- Plot of ‘the'static‘ electrOmagnetic torque.i N

B '.wh1ch acts to move the rotor (magnets) toward a pos1t10n at whlch the stator
':.steel oﬁ'ers a mlmmum reluctance path A derlvatlon of the exact form of this
"term requlres advanced analy81s However, an_--.em_p1r1cal approac‘h is used
--ii_‘herem in which: the coggmg torque-ls Jmeasur'ed'at- several ‘rotor ,positions.q
The ﬁrst‘ rotor pos1t1ons con81dered a.re the so-called (stable) d'etents‘

] '"These are equally spaced posrtxons for Whlch the rotor has an aPﬁnlty The

:‘j‘» -stable detents are the 1ntentlonal result of the stator asymmetry At the stable L

: “detent posrtlons, the rotor poles cover the ralsed portlons of the stator pole face_
as deplcted in Frg 4 3 1 Any small d1sturbance that moves the rotor away |
from a detent results in a torque whrch acts to return the rotor to the detent _

:iThIS 1mp11es that at a detent the coggrng torque is zero, T 0 and that the

e -“'slope of the coggmg torque characterlstlc is negatlve These features arei |

o »mcluded in, a plot of the coggmg torque charactenstxc in- F Ig 4 3—2

Located mldway between the stable detents are unstable detents I 'the‘
B rotor is moved to an unstable detent 1t w1ll have an equal tendency to rotate
»v,1n the clockw1se (cw) or- counterclockwrse (ccw) dlrectxon However any small

o perturbatlon near an unstable detent Wlll cause. the rotor to move away from



E V‘Fi‘gur‘le, 43341 The rotor posi-tiongd at a stable detent. - -

= } _ f’stableadete_nts.f
TSN

| . Tec,mNm 0'

linstzible -
- detents

Flgure 4_.3'——-2"” “Plot of the coggihg torque.

* - the unstable detent toward a stable detent. This implies that at an unstable
"',~dete1:1_{;b,fthé ~cogging torque is’ zero,’ T, =0, and ‘the slope of the Te-

“characteristic is positive.
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’- Mot'ing cOuntercl'ockwi{seu(in,'the direction of i'ncreasing '5) from a stable

o detent the coggmg “torque decreases to a minimum of —11 mNm mldway'.. :

between the stable and unstable detents A maxrmum cogglng torque having
o - approx1mately, the‘same- magnltude occurs midway be_twéen ‘the unstable -

" detents arnd ,det‘ents:.' vIn‘subsequent discussions,' ‘the cogging’; torque‘ is 'assumed'. |

' _to be sinusoidal, connecting the zeros and extrema as depicted inF ig. 4.3—2.

44 Starting Characteristics

o Using the derivedstatic electromagnetic ,torque curwre, and the approxim‘ate' .

coggrng torque curve, the srngle-phase brushless de motors self—startmg

- ».capablllty can be explamed It w1ll be assumed that near stall frlctlon can be."
',neglected and that .no external loads are. present »Only the statlc-
: electromagnetlc torque and cogglng torque are consxdered Plots of both

V:torq»ues are superlmposedrln Frg. 4.4—1. -

For an 1n1t1ally unexclted motor, the cogglng torque drlves the rotor to

. rest at one. of the stable detent p031t10ns 1nd1cated in Flg 4.4-1. When the
| approprlate stator wmdlng 1S energlzed a positive statlc electromagnetlc torque‘ RS
/ (approx1mately 18 mN m) acts to accelerate the rotor The rotor moves. away
' :from the stable detent in the drrectlon of i 1ncreasmg rotor pos1t10n (toward the _
‘rlght in Flg 4. 4—-1 or- counterclockw1se 1n Flg 4, 3 1) As the rotor pos1t10n
ncreases, the cogglng torque acts to return the rotor to the detent p051t10n -
i The pos1t1ve statlc electromagnetlc torque, however, has greater magnltude and

» the net torque contlnues to create a posmve acceleratlon - the rotor p051t10n

contlnues to increase. Upon reachlng the unstable detent the coggmg torque'
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Flgure 4.4—1 Supenmposed plots of the stat1c electromagnetlc torque and
- the cogging torque o

becomes positive and contributes to positive rotor acceleration. The positive
oogging torque combined with rotor inertia prevent the negative static
eleCtromagnetic torque immediately following commutation from bringing the

motor back to stall.

The static eleotromagnetic torque continues to accelerate the rotor until
“the back emf created by the rotating magnetic ﬁeld of the permanent magnets
Begin‘s to appreciably reduce the stator currents at rotor speeds around
100 fad/s; For wrv> 100rad /s, the accelerating torque is attributable to the
v, 'thamio eiectfomagnetic torque, rather thau the stetic electromagnetic torque.
'-‘Also, at these speeds, the instantaneous pulsatlons in the cogglng torque
become l’ess significant because of rotor inertia. Under the influence of the

dynamic electromagnetic torque, the motor continues to accelerate until the
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v i_nci#easing back emf decreases the winding currents (»electro‘maﬁg'netivc torque) to
a level 'at which the electromagnetic torque equals the torque due tovwindagve‘

v zindv.‘fri_ctioni. |

A load torque can be vacchuntéd for during starting by'devcreasing the net

 "accelera‘tihg.‘.torque.. 'At higher- Sp‘eeds, ’vchle' dj?nami_c‘_electrdmagnetic torque

. must counter both: the‘ Io.ad-‘torquev,and,t'ofque; d:ue' to friction and -'Wizildage.v:_ . v

Sy
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| CHAPTER 5 T
' COMPUTER SIMULATION =~

5.1 'Intr'dduction

A computer s1mulat10n of the s1ngle-phase brushless dc motor Was PR

developed to 1nvest1gate its steady—state and dynamrc performance In’ thls_

: ;chapter, the mathematlcal model derlved in Chapter 2'is expressed in a form

amenable to computer s1mulat10n After developmg an approprlate computer B,

Jmodel for . the synchronous machme, the 1mplementat1on of the computer'_'_

: s1mulat1on is descrlbed Slnce the brushless dc motor is supplled by a dc-to-ac

llnverter, the s1mulat10n also requires a mathematlcal model of the 1nverter

’Two dlﬁerent models of the 1nverter are developed and 1nvest1gated Usmgﬂ" '

each model the steady—state and dynamic characterlstlcs of the motor,
,?operatmg at rated speed and without mechamcal load -are estabhshed
Experlmentally measured voltage and- current waveforms serve as a benchmark,"‘
for the srmulatron results and 1nd1cate that the computer modellng of the

‘motor is fqulte aécurate.
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" 5.2 A State Model for the Machine

' 'In ' Order ‘to facilitate development of a computer “simulation, the o

' ‘;"v_"mathematlcal model derlved in. Sectlon 24 was rewrltten in- the followmg '

state—model form [4]

| x-—f( (),u(t)t) | : 7 a _‘ N ,-,7(5.2."”1')'-

whel“ex(t) _is e“'v’ector, of .‘state’ifarié;bleé; u(t) is a vector of ’iﬁPut‘variébieS,ﬁ and

. .f('v,°,f) IS va...w’}ector+valued fu”neti'on{ In this section, th_e state'. variables ‘are' |
'.fldrentiﬁed avn’d the derivation of the state model is presented.
The computer s1mulat10n is based upon the equatlons descrlblng the- '

“dynamlcs of the electrlcal a.nd mechamcal systems derived in Section 2. 4 and_

. repea.ted here for convenience.

o vy =rsl1 + LssPh — Ly +PAa " : | . c "(5.2}2} |
Vg = rsiz.-{ Lppiy +LgPly —PAy T (2l

A11 approxunate express1on for the electromagnetlc torque is obtalned from"

~(24 17) by omlttmg the term assoc1ated Wlth the coggmg torque, Tec- In :

: ‘partlcular’ ot o
To=(y—i g

T his OmiSSion ”is reasonable because the“ eogging torque has zero average-value.

_over one revolutlon and even. at low speeds, the eﬂ'ect of the coggmg torque‘ o

",‘pulsatlons on rotor speed is ﬁltered by the rotor s relatlvely large moment of

' ,1nert1a.- IR



Four state Varxables are needed to descrlbe the combrned electrlcal and

mechamcal system The stator Wlndlng currents, 11 and 12, are selected as state»

B f’varlables The rotor speed e is also a state varlable Because the mach1ne 1s

-g-'a synchronous machlne, and in" partlcular a brushless dc motor Whereln’ IR

o 1nverter sthchmg 1s related to rotor p051t10n, 1t is necessary to 1nclude the "

| '.roto_r posltr_on, 9 as a state Varlable The resultlng Vector of state var1ables 1s :
x-lll !‘2»% l9rl o R (526).
where the superscrlpt T denotes transpose

The process of convertlng (5 2- 2) to (5. 2—4) to: state-model form 1nvolves-' N

- solvmg each one of the equatlons for the tlme rate of change of one of the state o

=,varlables In order to s1mphfy mampulatlon of the voltage equatlons, _(5 2 2)

and (5 2 3) are put 1n the form of a matrrx—vector equatlon ‘

- Solv1ng for the vector contalnlng p11 and p12 by collectmg all other terms and

o '.pre-multlplymg by the 1nverse of the mductance matr1x ylelds

. 'jpiz,x Lfs — L2 L Lss Vz rslz + px e

: ;The coefﬁclent of coupllng, k w1ll be deﬁned as the ratlo of the magnetlzmgv‘f L »". 4

) inductance, L to the self— nductance, L " and is used in rewrltlng (5 2 8) as

pl TR 'S [y = rdiy ‘pxr;ni P
P12 "L (1—k2) k1] V2—1“12+P>\

: 'Thls vector equat1on may be expressed as two scalar equatlons, ,one for each of -

(629 L



,dxmf ,’

“the two stator w1nd1ng currents. In addi‘tiond,'-nx can be expressed as d 0,

(RO = rdy) + (Ve = Tady) + (1~ k)_wr_,,dT

The equatlon for the mechanlcal dynamlcs (5 2 4) prov1des an expresswn for

the tlme rate of change of rotor veloclty,
P ?(T Bw —TL) S (6.2-12)

An ?:'éxp'ressi\on for,j:the’ time rateiv of change .of ‘. rotor:'pos‘ition‘is (')-btainedv‘ by
eduating p9rW1th Wy,

j' '(5.2.-1'3,)
In (5 2- 10) to. (5 2—12) the applled stator voltages, vl and Vo, and the load'

'torque, TL represent 1nputs varlables The Vector of 1nput Varlables may - be ‘

f'wrxtten
o quuatlons (5 2- 10) to (5 2- 13) along w1th the state and 1nput vectors deﬁned by =

'(5 2- 6)‘ and (5 2- 14) respectlvely, comprlse a state—model descrlptlon of the

o :electromechanxcal dynamlcs of the s1ngle—phase brushless dc motor

l?(s.z:n)f AR
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5 3 Computer Slrnula.tlon '
The dlgltal computer s1mulatxon of the motor uses an Euler—predlctor,, -
"trapezmdal-corrector algorlthm thh varlable length tlme steps [5] to 1ntegrate |

_"the state equatlons, (5. 2 10) to (52 13) In order to calculate the rate of

rchange of the electr1ca1 state varlables usmg (5 2- 10) and (5 2-11), the value of

d>\‘ ' t b
g st be

the_‘inp.ut ,v;ariables vy, and v, along with the unitized back emf,

. ] determlned at each tlme step

The applled stator wmdmg voltages, Vi and Vg, are calculated us1ng a
mathematlcal model of the dc to-ac 1nverter whlch dr1ves the brushless de

motor For convenlence, the schematlc dlagram of the 1nverter, descrlbed in

Chapter 3, is redrawn W1th each 1nverter leg connected to a termlnal of the"

stator W1nd1ng equlvalent circuit in Flg 5. 3—1 Two dlfferent mathematlcalg

models of this 1nverter were developed for the computer 31mulat10n The.
g 1nverter model Whlch will. be descrlbed 1n the ‘next sectlon uses 1deallzed :
rcurrent—voltage (I-V) characterlstlcs to model the 1nverters transxstors and _

| - ‘dlo'des In Sectlon 5. 5 a so—called functlonal representatlon of the 1nverter is -

: presented

In both models, four 1ntervals of 1nverter operat1on (comhinationsv of

,‘ tran51stor conductlon states) are con51dered In the 51mulat10n, the procedure"‘

: ‘f'lf“for determ1n1ng the approprlate 1nterval of inverter operatlon emulates the =

_;functlon of the sw1tch1ng loglc in the actual 1nverter Accordlngly, the cr1ter1a )
- ‘used to determlne the conductlon 1nterval are: ( ) the rotor pos1t10n and ( 2) -
| the elapsed tlme since the last change of mterval The commutatlon angle, 9c, o

s a 31mulat10n parameter ‘that deterrnlnes the rotor po&utxon at wh1ch,
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' Flgure 5 3 1 Schematic dlagram of the w1nd1ng equ1valent c1rcu1t and de-
o to—ac 1nverter . L

’ commutatron from transxstor T1 to transrstor T2 ‘begins. The normal Value for

'che commutatlon angle, 6’ =827, was. obtalned experlmentally by notmg the

’ dlﬁerence in rotor posrtlon between transitions in the Hall—eﬁ"ect sensor output

and the zero—crossmgs of the open-c1rcu1t Voltage for a mechanlcally driven -

motor Generally, for rotor p051t10ns less than the commutat1on angle (and '
’greater than the commutat1on angle plus or mlnus 180 ) the s1mulatlon
g »consxders transxstor Tl to be on and T2 to be oﬁ' The 1nterval When T1 is on
and T2 is off will be referred to as TlON At the instant the rotor passes
through the commutatlon angle, the txrne, t, is stored as the commutatlon‘ -

tlme, bes and tranS1stor Tl 1s subsequently consrdered to be commutatlng off,, |

‘ ‘Wh1le T2 remaxns oﬁ' Th1s 1nterval is the so—called commutatxon 1nterval of o
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transistor Tllvand-vyill bevref'erredto asTlCOMM .The‘ T100MM lnteryal
lasts for a ﬁxed time commutation delay, tgeay- The value used for the |
" commutation delay is 10 Us, Whlch was the value. measured for the actual
1nverter At each time step, the elapsed ‘time since passmg through the
commutat1on angle is compared to the commutatlon delay When the elapsed
tlme 1s greater than the commutatlon delay, the simulation conS1ders the
commutatron of T1 to be complete and T2 to be on. ThlS 1nterval w1ll be
j 'called T2ON An 1nterval T2COMM Wthh is similar to TlCOMM begms
- 'When the rotor posrtlon passes through the commutatlon angle plus 186° The
»trans1stor conduction states and bounds. of the fOur mtervals are summanzedv
in Table 5.3—1.

’ d\, . o 1
 The unitized- back ‘emf, -d—er-n—, appearing in- the state model equations
r : ) ’ .

(5.2-10) and (5‘”.-2-111) and the torque equation (5.2-5), is a function only of rotor
pvosvitio,n‘ and is determined using a simple data look-up procedure. Data for
the unitized back emf was digitally recorded and is loaded into an array prior -
to. entermg the 1ntegrat1on loop. At the start of each predlctor and corrector

: ,'1terat10n, the value: of the rotor position, 9r, is used to calculate an array 1ndex

which, in turn, is tused to access the value of ——— which corresponds to that _

dé.
: -rotor posrt1on

The procedure for updatlng the state variables at each time step in the _
51mulat10n is br1eﬁy outlmed as follows. At the start of each time step, the -
1nverter interval is determmed based upon the rotor pos1t10n at the end of the
prev1ous tlme step. Next the umtlzed back emf and applled stator voltages for

- the predlctor iteration are determmed All calculations durmg the predlctor
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 Table 5.3—1 The four intervals of inverter operation.

T1 T2

o | (<8 or (6, = 6, +180°)
T10ON on off R ~and '
| E | t — b >_vtdelay

o b= 6 <6, +180"
TICOMM | commutating ' off  and
o off - b—te <tgelay -

| , | 0, <0, =6, +180"
T20N | “off on | ' and
| | b= te > tgelay
| (B, <6)or (6, = 6,+180°)
| T2COMM | off | commutating | and

- off | b= te < taelay

iteration use vthel'v'a.luc of the state variables at t:he ’end Qf the previous 'time
step.- "The electrcmagnetic torque is calculated from the winding' currents and
- the unitized back emf. Then, the rate of change of all state variables is
ca.lcula.ted and a predicted Value for each state variable is determined. Usmg

" these predlcted values, the unitized back emf and applied voltages are

recalculated for the corrector iteration. The calculations of torqu"e. and rates of
cha’ngé are repeated. Finally, the updated value of each state Variable is

determlned using the a.verage of its rates of change calculated in the predlctor

- and corrector 1terat10ns
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k “5 4 An I-V Characterxstm Model of the Inverter

The ﬁrst method developed for calculatmg the applled stator voltages'

o utilizes p1ecew1se-11near v characterlstlcs to. calculate the voltage across the“:' '

- ".,vlnverter sW1tch1ng elements (tran51stors and dlodes) In th1s sectlon, the I—V-

- charactenstms (c1rcu1t models) for the tran31stors and dlodes are presented

: ’I‘he'use of th'ese‘models in the computer s1mulat10n-1s ‘then dlscussed.

v Eduatlons in the followmg der1vat1on are wrltten for trans1stor Tl and '
dlode Dl but are equally Valld w1th an approprlate change of subscrlpts, for -

' | tran51stor T2 and dlode D2. A sw1tch voltage, szl: is 1nd1cated in F1g 5. 3—1 &

as the voltage across the parallel comblnatlon of trans1stor Tl and dlode D1.

"E-xpress1ons for :the tran51stor voltage, ‘Vcev and diode voltage le, w1ll be:"" R

' ‘related to the sw1tch voltage, Vewls Wthh, in turn, is related to the apphed_" _

i 'stator w1nd1ng voltage V15 by the equatlon -

w=Ve-Yen e

‘When a transistoris on (operated in 'saturation) 1t is modeled s a small S

resrstor connected between the collector and emltter termlnals [6] In th1s case, -

" the switch voltage, which equals the trans1stors collector-to—emltter

Vswis
. voltage, is given by
' (5;4-2) -

szl = Veel = Tatll - »

where Tgat IS the transistor’s collector-to—emltter saturatlon res1stance and is

o approx1mately 0 5 ﬂ Because the svntch voltage is also across the parallel"‘:'

idlode, 1t is restrlcted to values between the Zener and forward conductlon

‘ voltag_e‘s o_f the .drode as descrlbed in the subsequent drscuss1on. :
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then a transistor is off (operated in cutoff) or being commutated off, the
transistof is éonsidered to be an open-circuit and the I-V characteristic of the
parabllel diode determines the switch ’Voltage. The diode I—V‘ characteristic used
for the simulation is depicted in Fig. 5.4—1 with the slopes exaggerated for

clarity. ‘In the diode’s reverse bias region of operation, between the negative

. Zener voltage, —V,, and the forward conduction voltage, Vy, the characteristic

has a positive slope of , and the diode voltage is related to the diode |

rrev

(negative 1-winding) current by
Vay = —Ireyly for —V,<vgy <V  (5.4-4)

Diode voltages calculated using (5.4-4) which are'less than the negative Zener
voltage are clamped at vq; = —V,, but generally this is. not necessary because
the value selected for the.v‘Zenerv voltage prevents zenering except during
commutation. Voltages above the forward conduction voltage are fixed at the

forward conduction voltage, v4; = V. From Fig. 5.3—1, the switch voltage

equals the opposite of the diode voltage, Vg, = —Vq;.

The model used for each transistor-diode pair in a given interval follows

directly from the conduction states listed in Table 5.3—1. For example, during

T1ON, transistor T1 is on and mddeled by a transistor saturation resistance

while T2 is off and modeled by a diode reverse leakage resistance. By

symmetry, the models are exchanged during T20N. During the commutation

intervals, T1COMM and. T2COMM, both 'transisto‘r-diode pairs are modeled by

‘the diode I-V characteristic depicted in Fig. 5.4—1. Models for the switching

elements are summarized in Table 5.4—1. After calcu_lating_i’che switch

voltages, the applied stator voltages are calculated by subtracting the switch
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iq

-V, =-30V

Vy, =05V

Figure 5.4—1 Diode I-V characteristic used in the computer simulation. .

voltages from the dc supply voltage.

~ Although the previous I-V characteristics of the transistors and diodes are
easily implemented in a computer program, the resulting simulation requires
extremely small time steps. The need for a small tlme step can be explained
by consrdermg the ergenvalues associated with the circuit shown Flg 5.4—2.
This circuit, for the situation when transistor Tl is on and T2 is off (T1ON), is
a‘special case of the equix‘ralentb circuit in Fig. 5.3A—1 and has a resistor
(rrev.—'-: 2 k(1) replacing the reverse biased diode D2. The circuit eigenvalue
with lyargest modrrlus is on the order of 107, indicating that s‘imulation time
steps should be on the order 107 7s. In fact, by trial-and-error, 2.0x10™ s was
found to the- largest time step that dld not result in a numerical instability
using the- glven predlctor corrector algorithm. Although larger time steps are

- possible by decreasmg the value of rqy, thls has the adverse effect of permitting
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| ) Table_¢5;4-¥1' The I-V characteristic model for the sw1tch voltages in each
: o '»1nterval of inverter operation. ‘

T ~Switch Voltage
Interval ‘ ‘
o Vswl . o L o "rvswi
~’T1-ON ) vclel = I'satil if rsatil > —Vb 1 T Vde = rreviZ if» rreviz <Vz
v S Vel = —"Vbb if'rsa.ti:t=<= _"Vb T T Vaz = Vz - if I.rev‘i2 = Vz .
- TlCONlM | ';le = I'1'evil | if Freyiy <V, | —V4a = I"revi2. k_if Treylz >—Vy
—'le = V cif Trevl] = "Vz —Vd2 = be - if ,rrevi? = —Vb
T20N .i : —le rev11> if I'revil <Vz ‘ "Vce2 = Igatlo if I’.sra.tiZ > _Vb
| ) _le = V i.f I'revil g Yz Vce2 = h'Vb if 1'sa.tiZ = ’;Vb
lT2COMM‘ | '_vv’dll = Trevii if‘.rrevil > :Vb —Vgo = I'r‘evié f Treyly <Vz
i » —;Vd_l_’=:—vb lf l'rev _-,Vb ; ;vd.2 =\Vzk if I‘rev 2 = = z

a larger leakage current in the Wlndlng Whrch for practlcal purposes should be
:zero Decreasmg the value of the coupllng coefficient, k, also permlts a larger
'tlme step, but: alters the nature of the electrodynamlcs A second approach for

: ;rnodelmg the 1nverter 1s developed in the next, section.

Operatlon of the actual motor inverter system provrded a benchmark for

';the sunulatlon Instantaneous Wlndrng currents and voltages for a motor
.~ :operatlng w1thout external load Ty, ——0 and at a (mechanlcal) speed of‘r
:3600 rpm (377 rad/s) were recorded experrmentally The dc supply voltage

,requ1red to maintain a no-load speed of . 3600 rprn was determmed through ‘
: trral—and-error as 6 3V. Because the glven motor 1s a four pole device, the

" mechanlcal speed of 3600 rpm corresponds to an electrlcal angular frequency of

’- 754 rad/s. Thus, the slmul'atlonbw-as performed Wlth Wy = 754,rad/s_. : The dc



n,,

.54

t, Ly—Lm  Le—Lm T
A | L . o ;_f‘
V";‘ <t> . : T : ; Trey = .2kQ
A o
AN : m
Tgat = O.SQ - ‘ U

v

de

Figure 5.4—2 Schematic diagram of the equivalent circuit for sitiuation»

when T1 is on and T2 is off.

supply voltage used in the simulation was the same as fqr the actual motor-
inverter. I‘n’vpar’__ci‘cular, Vdc=6.3V. Traces of the 1-winding current and
voltage from the siﬁiulation are shown along with the experimentally recorded
ﬁraces in Fig. 5.4—3. The simulation results compﬁre well with the meﬁsured
waveforms. A more complete set of traces in Fig. 5.4—4 includes the 2-winding |
curfent and voltage, as well as the electromagnetic torque, T, and the (back)

emf.
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" 0.60 4
0.40 -

iy A 0.204
0.00]-
20.20

8.0 4
o 4.0
v, V00
-4.0 4
-8.0 4

0.60 4 -
0.40 -
iy, A 06.20 4
0.00
-0.20

B

.8.0 5
404
v, V 0.0
404y
—48’.0‘#

Flgure 5.4-3 Comparison = of traces from (a) simulation us;lng' -V
‘  characteristics ‘and (b) experimental measurement for a
" motor. operatlng ab wp = 754 rad/s and TL =0.
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‘ 55 A-FunctiOnal'Representa.tion of the Inverter

In the so-called functlonal representatlon of the 1nverter, the switch

L :,voltages, szl and szzi are calculated at each tlme step using relatxonshlps‘

der1ved from the voltage equat1ons (5.2- 2) and (5.2-3). In partlcular, 'modehng

'of the 1nverters sthchmg elements 1nvolves calculatmg the open-clrcult
. Voltage whlch should appear ‘across a tranS1stor-d10de pa1r Whenever the «

'vtrans1stor is not on. By sett1ng the sw1tch voltage to th1s calculated open—‘

circuit value and determmmg the correspondlng applied stator voltage, the
approprlate Wlndlng current is ma1nta1ned at or driven toward a value‘l

correspondlng to an, open—c1rcu1t' condltlon.

The schematlc dlagram of the wmdmg equlvalent c1rcu1t and 1nverter T
,shown in Fig. 5. 3 1 Wlll be cons1dered again. In the followmg der1vat10ns, the |
: ,voltages across tran51stor T1- and dlode D1 during each of the s1mu1at1on‘

:v1ntervals are considered, but in. order to s1mpl1fy references, some of . the

correspondlng equa.t;lons w»f‘or transistor T2 and diode D2 are given w1thout' .

o derivation.

In the: funct1onal model the -voltage apphed to the stator wmdmg whose'

‘, transrstor is o must be determlned before the sw1tch voltage of the trans1stor
v wh1ch is off can be calculated When a trans1stor is on (operated

i saturatlon) as durlng the 1nterva1 TlON the trans1stor is modeled as a voltage

J

' ‘source connected between the collector and ermtter termmals In thls case, the

sw1tch voltage and trans1stor voltage are glven by

swl =

_ Likewise, during T20N,
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sw2 = Vee

“where Vcs‘eatls 'the transistor 'collectOr-to-emitter satnration_ vOltage and 1s "

approx1mately 0.25 V. As with the I-V characteristic model (5.4-1) is used to
’vcalculate the apphed stator Wlndlng voltage from the sw1tch voltage
Central to the functlonal representatlon of the 1nverter is the relatronshlp .

between the electrlc system dynamlcs and the switch voltage for the transrstor -

whlch is not on The dlode I-V characterlst1c places constralnts on the sw1tch

- voltage, and it is convenlent to Wrrte expressmns for the dlode voltage rather_.'_ o

than for the negatlve sw1tch voltage The voltage across diode Dl is obtalned
from K1rchoﬁ’s voltage law applied to the loop conta1n1ng diode D1, the 1-

E 'Wlndmg, and the dc voltage supply, le.

B R

o ‘ ’Siibst:ituting ‘(5._,2-2)"‘fo,r vy yields

»_vdl = I‘si'l + Lsspil — Lypiy + P?\m - Vdc ' | .‘ (55-4) E

V'Solving (5.273) for pi, and substituting into ‘(5.'75-4) yields’

S8

- Vay = Iy o+ Lgply — —Lfm-[v2 — rip + Lippiy + p/\m‘] + PN = Ve _.(5;5-5). L

‘ ’Collecting'terms iandv using‘ the coupling’ coefﬁcient, k, to replace —
D 8 |
to replace p)\ y1elds
: Ydlj"‘ r ll (1 - k )Lssp_ll - k(V2,—- 1'512) + (1.— k)wr_d_ﬂ—- —'YVdc .

* Similarly, for diode D2,

and
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ar = e+ (1 = K)Lupiy — k(vy = 1) = (1 ~ K)oy

: Constramts on the dlode voltage ity expressed in (5.5-6) result from the

- dev1ce s physlcal charactenstlcs ‘In particular, the diode voltage must remaln

—vdc | (5.5-7)- co

~ greater than the negatlve Zener voltage and below the forward conductlon o :

f ‘.voltage, Vz < le» <Vy. Equation (5.5-6) represents a general» expresslo_n _:for;;_._:__-»-;—

the voltage develo‘ped across diode D1 due to 'the electrical dynamics wheneVer_‘ S

ftran51stor Tl is oﬁ' or be1ng commutated off. Specxﬁc 51mp11ﬁcatlons of (5 5—6) '

are, made when cons1der1ng each of the 1ntervals T20N, T2COMM and'

TlCOMM

When tran51stor T1 is oﬁ' and T2 is on, namely the 1nterval T2ON the'- '
functlon of Tl and D1 is to prevent current from flowing in the 1- w1nd1ng, e
_ open—c1rcu1t the: 1 winding. -In, thls case, i and p11 are: zero and. (5.5-6) may be

simplified to - I

dé

T

Vo ==k o) (1 -ku—m = Ve (558
' Likew-ise','during interval?TlON‘wh‘en"I‘zis‘oﬁ' '('5’.‘5-‘7 ) reduces to - .

N CdN,
Ve = kl"l = rd;) — (1 = k)w ¢

- —V :
» r der 7 d

, ,Before',eva»luating (5.5-8), the "2¥vvinding voltage, ¥y, is .determined using '(5.-5-'.2)' o

~and the re'lationship Vo = Vdc"— Viwo. - The other’ expressmns on the rlght-hand '
| ‘side of (5 5- 8) are readlly established from 51mulatlon values By applylng the
‘-stator voltage correspondlng to the open-c1rcu1t dlode voltage calculated with

(5.5-6), the value of the 1—wmd1ng current is held at zero throughout the -

mterval T2ON A dxﬁ'erent equatlon, however, must be used to calculate the o "
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. stator voltage necessary to drive the 1-winding current from a non-zero value

' toward zero, i.e. commiutate off transistor Tl

Whlle tran31stor T1 1s be1ng commutated off (1nterval Tl(]OMM) nelther"'_”_"_

the 1-W1nd1ng current nor 1ts time rate of change are. zero Thus, all terms on"

the nght-hand Side of (55 6) contrlbute to the dlode voltage, vdl, _The'_.'

tjdlfferentlatlon of the state varlable i, in the second term of (5.5-6), however,.

: makes lise of thls equatlon, as ertten, unde51rable Instead an algebrarc

: relatlonshlp between the diode voltage and 2 predlcted value for the 1- Wlndrng'l_-_ :

current at the end of the t1me step will be der1ved from (5 5- 6) by solvrng (5 5- e

.,6) as a dlfferentlal equatlon Usmg the der1ved algebralc relatlonshlp, the drode
:voltage whlch Would dr1ve the 1- W1nd1ng current to zero at the end of the tune'..' :
step is calculated In order to avo1d carrylng compllcated expressmns through ..
the derlvatlon of the fiew express1on for th new varlables, L and vc,. are .

: ,“deﬁned 45 . 7-

m

do,

br.'All expressmns on the r1ght hand side of (55 11) ejrcept vy are. read'ilv'_.

estabhshed from 51mulatron valués at each time step However, as T1 is belng_ _

commutated oﬂ' the 1- wmdmg current rapidly decreases to zero and a pos1t1ve~?.‘ T

" voltage is 1nduced in the 2—W1nd1ng ThlS induced voltage forward b1ases dlode o

" D2 Whereupon Va = Vb during thls commutatron 1nterval leen v2, : 1s

‘.readlly calculated from (5 5—11) The value of v, obtamed from (5 5-11) is -

B assurned constant throughout the tlme step Usmg (5 5- 10) and (5 5-11) (5_;5__-_ o |



61

6) may be rewritten as

R T | ‘
PL -+ -Iill == rc—(vc -+ le) | ’ | (5.5-12)

Thls is a linear, ﬁrst-order, 1nh§mogeneous differential equation which is tlme-_
1nvar1ant over a time step and can be solved in closed form. It is applicable -
'»thro‘ughout'the interval TICOMM. At the start of each time step during
T1COMM, the value of the 1-winding current calculated during the previoué
time step serves vas the initial condition i;(t,) for (5.5-12). The solution to
(5.5-12) with the given initial condition and assuming vy, is constant is |

N o S P
i (t—to) =1y(to)e + ?(Vc + va1)
s S

. (t=to) :
1—e ] - (5.5-13)

Evaluatying (5.5-13) at the end of the time step, whose length is h, yields

g . Irfh 1,
ij(h) =i)(te)e ™ + r_(Vc + v4)
s e - Ts

P ‘ ~£_h )
1—e  (5.5-14)

Thus, the value of the 1fwinding current at the end of a~tvime step can be
predicted using (5.5-14). Because the purpose of the diode during
commutation is to drive the l-winding current toward zero, vy, should be
calculated so thaf i;(h) =0. Setting 11(h) =0 in (5.5-14)Vand solving for vy,
yields | o
. o Tsb/Le

Va1 = rgii(tg) 1_“‘—_ AL, - Ve | R (5-5'15)

Thus vduring TlCOMM the value of the diode voltage, irdl, Whlch ~when

applied over the time step h, will drlve the 1-winding current to zero is



62

_'calcu1ated "using (55-15) If the calculated Vqp IS less than Vz,vdl 1s set to
- =V, to take into account zenermg | ‘ BESRY:

The appl1ed voltages dur1ng the remalmng 1nterval T2COI\/M are‘
calculated in the same  manner as during’ TlCOMM The sequence of-
- 'calculatlons durmg all the mtervals of 1nverter operat1on are summarized in

: .Table 5.5—1. . |

The use of the functlonal representatlon of the 1nverter permlts ‘much
longer tlme steps than the I-V characterlstlc model Durmg the 1ntervals‘
TlON and T2ON the time step can be'as large as h =500’ s, an- 1mprovement‘
‘of 250-fold Elgenvalue analy31s of the W1nd1ng equlvalent c1rcu1t Wlth one
termlnal open c1rcu1ted (the effect of the functlonal representat1on) indicates

:even longer time steps are p0351ble, but further 1mprovements are llmlted by

the h1gher space harmon1cs of the un1t1zed back emf Dur1ng the intervals -~

TlCOMM and T2COMM, it is necessary to reduce the t1me step to 5,us in
order to accurately model the zenerlng of the 1nverter dlodes

-_ iTra_ces of the vvl-winding t:urrent and Vo‘ltage from a simulation cat
v w =754 rad/s and TL = 0 are shown along with expermentally recorded traces

‘1n Fig. 5.5—1. A more: complete set of traces in Flg 55——2 mcludes the 2

W1nd1ng current and Voltage as Well as the electromagnet1c torque, T and the o

' 1 T(back) emf



_:T'a.bl,e"5.571‘- Sequence of calculatlons durmg each 1nterval of 1nverter

opera.tlon
:;Iﬁri‘;'erva.l Sl Sequence of calcula.tlons -
- | : | : Vcel = V(feat a .
E 'T‘]-ON o= V_de ' .vcel' ' .
i Vaz = .-_k(vl r 11) ( - k)wr _ _,Vdcv o
dz T g, :

Vo "‘Vdc"'de
Vo =Vdc—vb ‘

‘vc = Vdc + kj(vz—krsi‘Z) _(1 — k)wrd—em ‘
N o -rsh/LcAv ' S
, TlCOMM vy = rsll(O)m : ’Vc' ‘

| . if v4; < =V, then Var = ——V
Vi =Vg+va

' T20N v2 .=Vdc. l~ce‘24 T
v ; -

‘le [T — k(Vz’— r 12) + ( k)WrF - Vdc .

Hr

1 = Vdc + Vg

v, = Vdc» +k(v; — rdy) + ( k) R (i;;
1 ‘ y i L —rsh/Lc . ‘ o

1 T2,CO:M]\/I | de =T IZ(O)W ‘Vc_‘

| . 1fvd2< -V, thenvd2=—V

v —Vdc + LR -
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Flgure 5. 5—1 Comparison of traces from (a) simulation using functional
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Figure 5.5—2 Functional repreéentation simulation results for ~a motor
' operating at w, =754 rad /s and Ty, = 0. ’



CHAPTER 6
STEADY-STATE AND DYNAMIC SIMULATIONS

6.1 Introductlon ’

The pulsatlng startrng torque and large moment of 1nert1a of the s1ngle-

phase brushless dc motor make it 1mpract1cal for posrtron—control or. fast-

) response speed—control apphcatlons The motor is, however, Well su1ted for.

e constant—speed (steady—state) operatxon In thls chapter, steady—state operatlon‘

of the motor is investigated using data produced_ by computer srmulatlon., In

' ’particular,- a2 family“ Of ; 'steady‘—‘state. torque-s'peed"'l* and" current-'spe}ed
;characterrstlcs are generated From these characterlstlcs, the normal operatrng
p01nt for the motor i is determlned Operatlon near this p01nt is then s1mulated
'and ‘(the motor eﬁicrency is determrned. Finally, the»computer 51mulatlon vl‘S

E used to demonstrate the dynamic perfolrman'-c.e of the motor during starting. ‘v ’

k ‘6 2 Steady-State Characterlstlcs :
| In order to 1nvest1gate the steady state performance of the. motor, - o
'_._"electromagnetlc torque-speed (T —cu) and current-speed (Il—w) characterlstlcs .
: were generated usmg the computer snnulatlon descrlbed 1n Chapter 5 Here, I1

represents the average current in the 1- wmdmg and T is the average torque | |
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Families of the simulated T,—w, and I;—uw;, characteristics are depicted in

Fig. 6.2—1 and Fig. 6.2—2, respectively. The families consist of curves

cbrresponding to dc supply voltages ranging from 4V to 12V. Each curve was
generated by simulating the motor at several consta.ntk rotor speeds (electrical
angular frequencies) ranging from 20rad/s to 1200rad/s and recording the
average electromagnetic torque and 1-winding current during oﬁe revolution.

The functional representation of the inverter was used in the simulations in

~order to reduce computation time; even so, this procedure for generating the

characteristics was computationally intensive.

| The torque-speed characteristics in Flg 6.2—1 are typical of a brushless de
motor. In particular, the slopes of the curves are negative throughout the
region where rotor speed and electromagnetic‘ torque are Both positive '(m‘o‘tor '
actioﬁ), and, at rotor speeds between stall and 377 rad /s, the charactgristics, are
nearly linear. The upward concavity for speeds above 377 rad /s is»at.tributable
to. commutation effects which become more prominent at higher speeds (larger
number of comﬁlﬁtétions per unit time). v

Using the family of T,—w, characteristics. and manufacturer’s
specifications for running torciue, the normal operating voltage for the motor
was éstablishgd,_ The running torque is the combination of load torque, T,
and ‘the Windage and friction torque which is modeled as Bw_r. Manufacturer’s

specifications provided the normal running torque as 4.9 mN'm and rotor speed

(elec_f_,rical angular frequency) as 754 r:id /s. In the steady state, the torque due

to inertial acceleration can be 'neglect,ed- and the electromagnetic torque

_ydev'elopédfbjz the motor counters only the iju_n‘,nin‘g torque. - Thus, the point on

'the TéF-cA_zr _characteristic whose ordinate 'is_ T, =4.9mN'm and é.b‘sciss_a_ is
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Figure 8.2—1 Tbrque-speed charactei‘istics for Vdc =4,6,8,10,and 12'V.
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Figure 62—-2 , Cbux‘-renbt~spbeed ’c’haLractéristics{_fQi‘ dec =4,6,8,10,and 12 V.



w = 754 rad/s corresponds to the normal operatlng p01nt of the motor Th1sv

3 ,pomt lS lndlcated in F1g 6 2—1 The dc supply voltage (applled stator Wlndmg, .

V"-j"‘voltages) requlred for the motor to develop 49mNm at 754 rad/s was S

R estlmated as 8 3V by 1nterpolat10n between the 8 and 10V curves i"n'__" -

[ "Flg 6. 2——1 In practlce, the applled stator Wlndlng voltages Would be regulated e

"~ to malntaln ‘the approprlate operatlng p01nt (rotor speed) That 1s, pulse' »

vw1dth modulatlon (PWM) Would be employed to reduce 4 de supply voltage of

L -»12V to an eﬂ'ectlve apphed stator Wmdmg voltage of 8 3V Voltage reductlon

N through PWM is achleved by perrodlcally swrtchlng the applled voltage to zero,

L thereby reducmg 1ts average value The length of tlme that zero voltage s

_applled Would be determlned from a comparlson of the measured rotor speedfl »

JW1th a reference speed For. purposes of srmulatlon, however, 1t is: assumedi"‘ :

- .‘?‘:that the dc supply voltage has. been set to @ constant value of 8. 3V and PWM o

IS not cons1dered

The motor operatmg at W-—754 rad/s Wlth Vdc = 8 3V was. s1mulated} o

E ‘WIt:h the 1nverter sw1tch1ng elements modeled by thelr I—V characterlstlcs

o Resultlng traces of the machme varrables are given in Flg 6 2——3 The most-*v‘

notable aspects of the traces pertaln to the Wmdlng currents n partlcular, 1t-"“ L

: -‘f"_:lS noted that at the 1nstant the Wlndmg currents are commutated the value of R

:_the two currents are nearly equal in. magnltude but opposrte in- S1gn -

- 5 ‘1Con31der1ng the commutatlon of the Wlndlng current from the 1 Wmdrng to0 the dwni

S ,2—W1nd1ng, 12 is zero prlor to commutatlon and the ﬂux lmklng both Wmdlngs is

: s ,’.related only to iy and the rotor permanent magnets Durlng the commutatlon. ‘_

'l,,__.flnterval, 11 decreases rap1dly But because the Wmdmg ﬂux hnkages have a

B tendency to remaln nearly constant throughout the commutatlon 1nterval thel"'
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“decrease in iy require‘s a corresponding- (negative) increase in i2' ‘The ;increase in-
L ;12 must have a negatlve sense because the mutual 1nductance is negatlve The

B ‘forward-blased dlode connected to- the 2-W1nd1ng prov1des the conductlon path" ,

for i Ig. After the commutatlon 1nterval 12 increases- under the 1nﬁuence of the

vz:'t_'”‘applled stator voltage, v2, untll the mstantaneous back emf counters v2 The'.
~'~:’«.£»--»_-'ﬂ‘l»:;.mstantaneous current, 12, decreases as the back emf reaches a maxrmum durmg
‘: ‘_the latter part of the cycle After reachlng a max1mum, the back emf;
By decreases and 12 agam 1ncreases rapldly 1mmed1ately prlor to commutatlon At

,commutatlon, the cycle beglns to repeat for the 1-w1nd1ng current

“In addltlon to traces of the 1nstantaneous machlne varlables for motor

' . ’operatlon at Wy = 754 rad /s, torque-speed and current-speed characterlstlcs for o
V ‘-=-—-83Vv were generated These characterlstlcs are. glven in- Flg 6 2—4‘
""':"From these data, a plot of motor eﬂicrency, 17, versus rotor speed can- be_ ‘

'obtalned usmg the relatlonshlp

H S -:P.out L T Ty o

dno

T ;«Where Pln and Pout are. the average 1nput and output power, respectlvely F or
*’[the brushless dc motor,- the average - 1nput power 1s the product of the dc
| ‘supply voltage (constant) and the average dc current drawn by motor' The

average dc current is. obtamed by doubhng the 1 Wlndlng current Il, to

account for the second w1nd1ng The output power of the motor 1s the product

":of electromagnetlc torque Wlth rotor mechanlcal speed Because the motor is a

i"‘four-pole dev1ce, the rotor mechanlcal speed is equal to one-half the electrlcal v

an_gular speejd-,;l;e,_ ;wr; ‘ Thus,;the.expr'es,slon for eﬁic1ency becomes SR
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Figure 6.2—3 Machine variables for motor operating with w, = 754 rbad/s
and V4, =8.3V.
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Figure 6.2—4 C'haracteri'sti‘cs for ‘Vch= 8.3V (a) Te—iur‘and.(b) L —w,.
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(6.2-2)
Using((6;2-2) and the data from Fig. 6.2—4, the pIot,of efficiency given in
F’i‘g. 6.2—5 was produced. The motor has an- efficiency of 0.34 .at
w, =754 rad/s,r_ while a maximum efﬁciéncy‘of 0.37 is achieved around
w, = 900rad/s.
1.00 ;
0.75 4

N 0.50 4

0.25 4

0.00 - , S , .
377 754 1131
w;, rad /sec

O

Figure 8.2—5 Plot of motor efficiency for V4, = 8.3 V.

| 6.3 Startmg Chéracteristics
Th}e starﬁng characteristics analyzed in Chapter 4 can be demonstrated
using the computer simulation of the motor. In order to accurately simulate

the starting characteristics, the cogging torque, which was omitted from the
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.expression for. electro'magnetic‘, torque,,: is represented_ here as a position
| ‘d_ependent load torque.. In particular, the form of the load ’torque is given by
Ty =11sin(26, —44°) mNm = S (6.3-1)

'b-‘,bwvhere ]1:_1mN1n 1s the 'maj(irnurn cogging torque. The argument‘ of Slne.

function in »(63 1) follows directly from . the plot of cogglng torque in

‘ fFlg 4 3—2 " The rotor position must be 1n1t1al1zed to a stable detent ‘the value

i c9r =1292° is used. All other state v‘arlableSvare initialized tozero‘.‘. Durmg
" starting of theactu‘al motor, a maximum bvoltage» ofb'12V is applied to the-
- stator wmdlngs,vand in . the srmulatlon Vdc—12V The proport10nallty
'constant B for the w1ndage and fr1ct10n torque was calculated as 6. SMNms‘v AY
' “ by d1v1d1ng‘ the manufacturer spec1ﬁe}d runnrng torque by the specrﬁed ,rotor
epeed. Usmg "these"‘-da‘ta, the dynamicf pe‘rformance of »the motor ‘during
:_sltarting-‘v:vy_as‘,,eirnulated_.‘ Resulting traces of machine rrariables ‘are g‘ivent in
_Fig:‘j ,6.3—17 o : R v .
These traces,.dernonbsl.trate many of .tlle featu.rea ihypothesiz‘ed du.ring.ithef_

v‘analysis of the starting charaCteristics in Ghapter~4. - In particular, for the'ﬁrst ,

' vseveral revolut1ons after energ1z1ng the motor .the W1nd1ng currents are nearly IR

rectangular and the the electromagnet1c torque developed by the motor -
_ ,resembles the der1ved statlc electromagnetlc torque The. algebralc sum of the
. electromagnetlc, load Wlndage, and fI‘lCthIl torques 1s labeled as »Tnet in
: F‘lg.75.3.ﬁ1. ;The net torque remam_s pos1t1ve, at.all rotor pos1t10ns and,the ;moto,r

has a continuously positive acceleration.
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CHAPTER 7
,'Y AND CONCLUSIONS

In tlns thes1s, models of the permanent-magnet synchronous machlne and

- dc-to-ac 1nverter Whlch comprlse a s1ngle-phase brushless dc motor have been -

o _developed Central to the model of the brushless dc motor 1s the form of the L
chronous machlne s stator Wlndlng lux hnkage due to the rotor permanent »

;»magnets The permanent-magnet component of stator ﬂux hnkage has been»’i A

: ‘.‘derwed analytlcally and compared w1th measured results reveahng excellent,' o

i _agreement Two dlfferent mathemat1cal ‘models of the dc-to—ac 1nverter haveb ‘

"A‘.:,been estabhshed one ‘in whlch the current-voltage characterlstlcs of the»

x.lmverter sw1tch1ng elements are 1ncorporated the second ‘is a reduced model

- mdlcate that the computer models are very accurate SR

vbwhlch permlts a more efﬁclent computer 51mulat10n Operatlon of the}
. _'brushless dc motor Was 31mulated usmg each 1nverter model. Comparlson of '

: '?:.»‘,51mulatlon results Wlth measurements of an- actual motor 1nverter system:',_.f RIS

The startlng response of the " motor was" analyzed us1ng statlc'-v

’ :_f;electromagnetlc torque and cogglng torque characterlstlcs The cogglng torque .

'.:"‘,results from varlatlons 1n the stator reluctance Wlth respect to rotor pOSItxon._ '

;;'"and is- accentuated 1ntent10nally by the asymmetry Of the stator pole faces -

.'”v_The cogglng torque acts to drlve the unexclted motor to a posxt1on at whxch-'?_’ A o



T8

sdfﬁeient ‘(stat‘i‘c) electromagnetw torque 1s developed upon energlzatlon to
accelerate the motor ThlS method of ensurmg that the motor develops -

suﬁic1ent sta.rtmg torque lS well sulted for the smgle—phase brushless dc motor
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