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ABSTHACT

Thiz paper presenbs & cosprebensiss soalysis ef the Lranslsal
parfornance af [pverisr-Ted permanenl wagrel eynchronsuys sstor (PHEH]
uslng damping ard gynchroniging {ergue bechnigue. & nomericsl algoriths
hug  b=dn Applled to predist ike  bLrangient perfornsnce unlng detslled
nanl lneir model of parmanent nogprel syachronous moter, A =l of resulis
far the digital simulstien of & nolor With snd withoul Inverter
it Abfferent podss of opsratlond, ore presenbed in & comparative form,
Thals gonparative form of study chows the differences In  trenslest
Lermvisur cauded by inbtroducling Lhe \nverter. The Iniluence af [Fequency
warlation on melce tramslénl perfornanee e ObLalned ang whe  opllaim
rarge of freguency LE CisEyERed.

L. INTROOUCTIOM

Th# prediction and anslyels oF Lranslent pe, forpence of permansai
nagnal synehronous noter (PHSHM) [ very lnporiant, wince many PHEHs are
rus-ux from slandsiill By & direct coppectilan with an ae supply with no
ned=d fgr dc fisld curreml.

-ﬂ'—-"'l-'-w perioraafhcs =wE FifeL Jdizcsusssa by Hanai miger [L0.  He
lnvestiigated Lhe sfifeciz o roLoer Jage rll' abaplelfs S LAS FUR=uR
eharscier i sLiOx MLl ler 131 e caloped & h.ﬂ. b s Ll L SR Afd ELUSLes

Lhe run-up charagtesislics of line gierly pe-sandnk naghel mselars.
Ansl FLicel ssoesls) ang  Dof L Fuf-up EERELLL AR AFE  given  and
provided by fanman oo, &l (3 oDzrecs #L al (L] pressnled Lhe sbtark-up
Pt loraafce. arilef s (o= - AL e Baiangwd aprrall@en and  Mmas mam
BLAFLimg Lormuw &L a1 Line (remwvensy [dl. & fomprefsnsive anal waim ol
Lt Lrasagies, perlo Sahde UbiRg dasping sned I¥reraniCiAg Lornues are
Gl e by Oshess = &l 131
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Internal damping Ls nodelea and optimum wvalues of design parameters
which Improve transient perfarmance are obtalned,

The results of digital comsputer simulatlon of the translient
perfoermance including Lhe effects of saturation are presenled by
Rahman el al (&].

However, Lhes¢e previous published works have not dlscussed the
transient gerforaance analysis of the inverler-fed FHSM when the meter is
subjected to a large disturbance.

The object of this paper Is 'o gstudy the lrznslent perfocmance af
the Laverter-red PHMSH using damping and synchronizing Lorgues technlque.
A ccaparison of transient performance when the motor iIs operated wlth and
without laverter is presented. The effects of [requency variatien om the
motor performance and response are lllustrated and Lhe opl!mum range of
operating frequencies are dlocussed.

2. HODELING OF HOTOR EQUATLONS

This section geals wilh the modeling of Lhe Lransient performance
of PMSM. During L‘ransient condiiliens, various disiurbances can cause
Lhe armalure anc rotor fluwes Lo be changed both in magnitodse and
angular displacéement as Lhe rotor deviates froa Synchranous =pewd.
Thesa disturbances affect Lhe transient currents. load angle changes,
speed, =lip and Lhe wlectrical Lorque reaponsas.

Yhen the machine Is running at a gpeed & dif{erent than synchronous
speed w Lhe equatlons for polyphase PMSM Uhen lhe reference frase s
fixed In the roter [7.8] are -

vdu-'n'nlnal?iﬂtr'lﬂ -*lqur {1)
(2)
\'q- \!cunll-?lqv rllq ).d u. =
i] =P hnc rnzn 5
q

0 -PAQ+ rtllﬂ
(5)

T. = Ad !q— l‘t I.rl
Witn a fiwed magnel strenglh. exciialion say Dw represented by an
wquivalent fleld current 1.0 the axes fluses Linkage may be given as:

Ay =lyly * bats *laalr (&)
- (7}

J'q Lq lq . an "Q

:gn .Lu Iﬂ * le 1.d ole ![ (8)

;.q a l.(1 g LM‘ _Jq (L1
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Where & ls the torque angle which Lls gliven as :

d=uwl -wt
r
From the equatlons (1) to (9} the 1y and lq can be solved.

3. HOOELING OF TORQUE COMPONENTS

Deviations in electrical torque at any frequuncy of rotor motloon,
can be decomposed into Lwo compenents; (i) A& synehronizing component
in phase with the rotor displacement and Ci.) a damping component in
phase wilh tLhe rclLer speed. A numerical algerithm te model both
damping and synchronizing torques s presented [(B8B)., Synchreniz=ing
Lorques based on a time domain analysis of nonlinear responte. '
Following a =small load <hange, the mechanlcal equation can be
writien as:

& o, = ( aﬂn - ::T‘} T | (10])
The change in electirical torque, ti can bo deocomposed as
at, (t) = Ty (t) « rs (t) (11)

The above torgue components can be representsd by the damping torque
coefficient Kﬂand the synchronizing torque coefficient Ks. Therefore ;

aT_ (t) = in . Bult)e K_ . 68 (t) (12)

For a stable permanent nagnet motor, the torque component coefficlents K
and K_ must be positive. The predictlon of these coefficienls provldas
quanta!lve assessment of translent performance under different operating
conditlons. For the purpose of cowputing these coefflcients, the error
between the actual torque deviatlon and that obtalned by summing bLoth the
damplng and synchronlzing components c¢an be defined (n the tlme domaln
from Eq. (12) as [?7, 8] :

E(U) = [ AT, (6) = (K, B0 (L) + X_ a8(t))} (13)

The summation of errors squared over a perlod of Lime Lt can be written as
follous :

L] 2 N 2
LIEM)] = [ (aT ()} - ¢ K, dolty + K as(t) ) {14)

Where t = N.T (N !s the number of iteratlons and T 1s the sawpling
interval). Minlmlzatlon ¢f the summation of errors squared, E3. (13)
leads to the following algorithm ;

L3 " L
L AT (t)hastt) =Kk F (A8(t))% + K T gwlt) astt) (i5)

L L H
L 8T (0. 8u(t) =K F{a0(t))® o K [ eult).aslt)
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Boiving Lhe above equations gives the tlme Invarieast wvalues of
tarque coefficlents K and K, which can be selved numerically wits
diglinl skmulaklen, :

4. PULSE - WIOTH HODULATION IHVERTER CONTROL

The systen undér consideratlen iz shown In Flg. (1), A pulse-uidth
nodulation inverter utilizes a ] phasa controlled rectifiser ta generate
the reguired d o, voltage level for the desired volls/frequency ratle
The voltage 18 Lhen flltered by & large d.e. 1ink reactor and capacitor
befers being lnverted to the required frequency for the deslred motor
speed. The (requancy of the oubtpul veltage correspand ta the required
gpeed L% obtakned by ihe Lranslators or Lhyristors In ke nverier
secLisns. This Etype af Inverter produces wveltage with high jewvel of
harponic contenkt. The resulting hsrsenlad  currents dépend on the laad
impsdance st the harmonlc (reguensy.

The pulse—widih podulation Inverter is conirolled bs produce &
wvarlable=voltage, warlable-frequency oubput, The output wolbtages is

contrelled by varylng the width of the pulses symmetrically { 8], [n some
applicatisra the pumber of polses per half-cycls le kepl (lsea =t mil
wollages. Hore complex schewes allew for Increasing the number of palass
per half=eyele =l lowver oubtpok volbtage to reduce the harsofls contests of
ithe wivelorm. Fowever ihe relative pulze—widih 1s daflned as i

rpe =g J ¢
Where
T i is the theereblchl masiais pulss-oldth (T =8/ 3n]
# : iz lhe werlable pulse=-widlh
o= 1. & K e

The amcunt of harmonlc conbent Ln Lthe aulpul veltage usvalorm af
inverter—f{ed PHSH i1z of concern o the maships designer bscause of the
impact on torgoe pulsaticns, nelses, losses and  efflclency |10-12]

However, shen Uhe PREM fed From pulas-oldih sedulation Lnverbsr the
wolinge applied fo Lhe malor Lo the Summdtion of Rernanlc contents :n'
ebtalned from Fowrlar series as (allovs :

=
¥lwti =F C min fnat » 0§
il - L]

A nuperlcal integraillosn precedurs may b weed io delerming Lhe constants
l::“ in the Fourier series sxpansion

173
c = | Ij - I:E b
L] L] ~
Uhare
[ En=1}
lhlfll:q' F ol T | o n { Inf@d = (Kndm]] =
o W=D

{{ coe m ((mfl) « [ Endm) = §})
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2Zn=1
b =(2E _ 7ar) F (sinn{ (n/6) + (Kn/Im) + 8 } -
k:0 .
sla n {(n/6) + ( Ku/3m)})
y TO0 mem L35, <0

The p.u. values of harmonlc contents of the output  vaoltage
waveforms for rpw = 1.0, 2m = 2 are shown in Tabte (1). Table (2)
tllustrates the values of harmonls conlents of the voltage waveforms for
:g:-;n.75 and ?h different values of number of pulses per half-cycle

. 4, 6, B). .

From these tables it is notliced that as the nusber of pulses per
half-cycle Increases the ratlo of the harnonics to the fundamental
approaches the value for an equlvalent square wave, l.e. for the fifth
harmonke it approaches one-f1lth for the harmonic content waveforms at
rpw=1.0. When rpu is Increased, the fundamental component Is Increased,
while the harronlec contenls are decreased, due to decreasing of turn off
period.

S. TRANSIENT PERFORMANCE

i This sectlon s concerned with the predictlion and :unalysis of the
translent performance of PMSM with and wlthoul voltage-frequency control
when the motor ls subjected to a large disturbance.

The ebject of thils comparatlve form of study (s to deflne the Influence
of \inverter on the motor Ltransieat performance. The p.u, values “of
the parameters of the motor and lts data are glven In the appendix with
thelr base quantitles. The waveform of the time-lnvariant of load angle,
speed and electrical torque are presented. The performance ls carrled out
for two operatlng condltions, no-load and full-load with rpw=1.0 and
0.75, which have been proved to be the mos. efllclent and =ultable
values.

5.1, ‘W‘ime Response

The pernanent magnel synchronous motor i1s operated al no-load
ana full load conditions with and without inverter {rpw=1.0 and 0.7%5,
2m=2) aL i1Ls nominal synchronous speed. The erffect of a large load
disturbance on load angle, rotor speed, molor torgue and slip
responses are determined and discussed.

5.1.1- Load Angle Characteristics

Fig. {2a.b) shows the load angle respouse when the moter operates at
no-load and full load wlth and wlthout inverter at rpw=1.0 and 0.75. The
response almost gives similar concluslons and provides well damped and
minimun settling time. It may also be observed that compared with the
case of wilhout inverler for rpw=1.0 the steady state value ls decreased,
but for rpw =0.75 the steady state value i{s increased. It ls clear that
either at no-lcad or full-load, the load angle for rpw=1.0 is smaller
than of withoul lnverter meaning that al the same load angle , the motar
could give more cutput torque and increase the power limit.
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The load angle-slip characteristlcs when the motor operates at full
load torque with and without Inverter are shown {n .Fig, (3). When the
motor uses an inverter with rpw=1.0. the load angle response has been
improved and minimize the (lnal or steady slate load angle, whlle for
rpu =0.75, the load angle values has been increased If compared with the
case of without tnverter. If the number of load angle-slip cycles s
decreased, thls means well damged and stable operallon as shown in the
case rpw=1.0.

5.1.2 Starting Characteristies

Fig.C4> gives the starting speed-time response at full Lload with
and without inverter at rpw®l.Q and 0.7S5. IL is shown that Lhe motor
reached 1ls steady-state spead For without and wilh case CinverLer
rpwel, 0 Taster, while for rpw=0.7%, Lhe =teady-state value rwached in
2 longer timed. For rpw=l.0 Lhe instabilily reglaon Qives a large value
of speed, but for rpw=0.75 gives oscillatary region. These resulls
show an improve of speed performance with Lhe Lnverter Ll Lho rpwsi. 0
wW.T.t Lhe case wilhout inverter.

5.1.3 Torque Response

The comparison of elecirical torque response at full load Lorgue
wilth and without inverter at rpw=l.0 and 0.75 are chown Ln Fig.{35).
For motor operates with lnverter aL rpw=l.0 the trapsient period has
been reduced and the seltling Lime Ls decreasea if comparea with that
of wiLhout 1inaverter. For rpw=Q,7S.Lhe setLling time has nol been
reached and the oscillatien continued, Therelore the moLtor runs
asynchronously with large pulsaling torques cue Lo Lhé large values of
harmonic content from our polnt ol view.

Flg. (6) shows the electrical torque-slip characteristics of the
PMSH at no-load. When the motor operates through tinverler for rpw=1.0,
the electrical torque-slip cycles have been reduced, while for rpw=0 75,
which s the worst node of operatlon,the cycles are Increased i compared
with the case of withoul inverter.

Fig. (7) shows Lbe electrical torque-slip characteristlcs when the
motor operates at full load terque wlth and without Inverter. The number
of electrical terque-sllp cycles s increased for full load torgque Lf
compared with the case of no-load torque. The flrst electrical
torque-slip cycle simulates the stable operation at lower values of sllip.
For rpw = 0.75 the instabillty occurs ln the notor performance. To reduce
oscirlatory, Lhe load torque must be reduced. Cenerally, the influence of
uslpg Inverter with rpw = 1.0 not only controlllng the speed, but also
{mprove Lhe translent performance and lncrease the stabllity lLimit of Lhe
motor, which in fact prove the wvalldlty of using Lthe selected l‘nverter
with this type of mctor. .

6. EFFECT OF FREQUENCY YARIATION ON TRANSIENT CHARACTERISTICS

In the previous sectlens It has been proved that the selectlons of
the right Ltype of Inverter Improve the transtent performance while
controlling the motor speed. This sectlion concern ullh the study of motor
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translent perfeormance during different range of speed control by varylng
the llne frequency. In order to malnlaln approxlmately constant flux
density, the line voitage should also be varled directly wlth the supply
{requency. The maximum torque then remalas very nearly censtant, whlle
for Increasing the frequency over optimum range decreases the avallable
tarque due Lo reductlon of alr-gap flux

¥hen Lthe permanent magnet SYNCArOOoUsS MoLor  operates AL low
frequency,the 1nstabllity preblem has occurred. Increasing supply
voliLage and frequency increase both motor damping and stapility are
reserved. The startlng performance 1s improved with Lhe use of
voltage-Irequency control.

The effect of frequency varlation on sSpeed-time response when the

motor 18 subjected Lo halr-load and full-load torgue are shown in
Fig.C8)., These gurves are ocbtalned when Lhe motor s operated from an
inverter wilh rpw=i.0 and at constant value of V/F ratle. IL is
noticed Lhat, ror Lincreasing the requency. Lthe Sspeed steady state
value occurs in gmall time ac chown at 75 apd 100 HZ. For low
frequency the oscillaticens occurred as shown at 25 HZ. The oplimum
lower range or frequency is oblained at 35 HZ with stable operation
when he moblor operates at halfl-lecad tergue, while for full Lload
Larque Lhe oscirlilation 1s increased and Lhe sellling Lime cccurs aver
one =econd, )
IL 12 alsgQ shown Lhat, when Lhe notor operales al &5 HZ this simulates
the unstable operation due to the lack of synchreonism. To reduce the
oscillating in the speed response at low frequency., the load torque
must be reduced. The maximum value QI Lthe optimum range of [requency
can be {(nereacod over BS HZ, when 'he motor operates at startlng oc at
transient disturbance.

The effect of frequency variation en electrical torque response
when Lhe inverter fed PMSEM operates al half-leoad terque Ls shown Ln
Fig.C2), It is noted thaiL, for the mode =f operation ak 25 HZ Lhe
moLor has nol reached the s=steady state operation meaning that Lhe
motor Ls oscillatecy and rotates asynchronoulyw. For 35 HZ mode of
operation Lhe settling time L= =s=mall and tha moler operates Ln stable
mede., The resulis conclude Lhat, when the frequency range lnéreased a
fagter response iz occurred. and Lhe Lransienlt performance 1S Lmproved
as shown in Lhe cases of 75 HZ and 100 HZ.

Fig. (10) shows the effect of [reguency varlatlon on electrlcal
torque response when the Inverter-fed PMSM operates at full lead torque.
it shows that, at 25 Hz the time response 1= unstable and the notor
operates out of a synchronlsm as induction motor due to the starting
cage. At 35 Hz the motor reach steady-state operation with a large
setfling Lime. It !s also noted that, when the motor operates at 75 and
00 Hz, 1t has a faster responss to reach the steady-state wvalue
operation. [t has been coacluded that, f{or Lhe motor at low frequency the
load torgue must be reduced In order to reach the steady-state operation.

Y. COHCLUSION
—

A comparison of the translent performance of the permanent magnet
synchronous motor with and without inverter uslng damping and
synchronlzlng torques technlque has been presented. The results {nclude
the load angle, speed and electrlical Lorques responses, '
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The characteristics of load angle and torque versus slip were
Investlgated at the noninal voltage and [requency. Motor cperatlons fronm
a variable-veltage,varlable-frequency, and Lhe effects of [(requency on
wotor transient performance were presented,

For voltage-frquency control, the harmonlc conltent may be decreased
ty inereasing the number of pulses per half-cycle. To obtaln a maximum
rundamental component Lhe relalive pulse-wldth (rpuwl must be incressed.
When the motor operates through Loverter at two pulses per half-~cycle and
rpw=0.75, thls mode of operatlon simulates the worst nmode of operation.

It 1s lound thal , Increasing the voltage and fregquency Increase
both motor dampling and stabllity reserve.
However, translent performance at low (requency Increase the molor
fnstabllity and causes pulsatlon torques. To overcomsz Lhls problem at low
frequency the l!pad must be reduced at low frequency wWith the same rate.
The optimum rangs of frequency {or Lranslent operntlion can be Increased
wmore than BS Hz.
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