Investigation and Comparison of System
Efficiency on the PMSM Considering Nd-Fe-B
Magnet and Ferrite Magnet

Tao Sun, Scon-0 Kwon, Jeong-Jong Lee, Jung-Pyo Hong
Drepartivient of Automotive Cugineering, Hanyane Liniversily
E-mail: laplace suni@hotmail.com, hongjpithanyang ac ke

Abstracl — This paper studies the influence of permanent
magnet on the folal system eMiciency of permanent magnei
synchranous mofors (PMSM). Two PAMSEM with Nd-Fe-B and
Ferrite magnets which have same Back-EMFE and gurput power
have been designed. First, the dynamic simulation is performed
with these two molars® parameters. The current waveforms and
switching losses of fransistors can be evaluzied, And then, by
means of the obtained current waveforms and a series aof
numerical melhods, 1he iron losses of these two motoes will be
calculaied, Finzlly, comparing the sum of the swilkching losses
and iren lesses, the result can Be poed to cefleet the influence of
the magnel on the lotal motor sy stem eMclency,

1L INTRODUCTION

Ferrite and MNd-Fe-B (MdFeB) magnets have been widely
used in permanent magnel synchronous motors {TMSM) for a
tew decades. The ferrites, as known, are produced by powwder
metallurgy. Their theareitcal chetnical formulation may be
expressed as Balrt{Fe.{d;} SHI&Fel;) o PR A(FeLd).
The rematent e deasity of ferite magnels wspally is woder
0.5 T, and the relative hich operating temperature and Jow cost

are their advaniages. The NdFeB is a type of rare-sarth magnet.

It 15 made from an alloy of peodvmium. iron, and boron to
form the Nd:Fe B tetrzonal ervstalline siructore, According
e manufaciuce techniques, the NdFeB magnets are classified
o Sintered type and Bonded type. The remanenl flux density
ol Sinlered type NdFeB magnel can achieve maximum 1.4 T.
[n the FM%M design, by using NdFeB magnet, the high power
density can be easily achieved. The demagnetization curves of
the fervite and NdFeB magnels are shown in Fig. 1 in order to
describe and comparg their (vpical characieristics, | 1]

Cine of the dewbacks of NdF<B magnet is the great cost
due 1o the usineg of mreeanh, Therefore, there s a
compromise issue between the performange and cost when
design the PMEM using fermiwe or NdFeB magnets. As the
same back electromalive force | Back-EMF) and culpun power,
the motor with ferrite magnet may have higher inductance
than the one with NdFeB magnet because of its more winding
furns. The different inductance and resistance will lead to the
different tite constant which affects the switching efficiency
of the motar drive and corrent wavetorms. Additionally, the
different current waveforms may produce dilferent iron losses
ol o,

In arder w investigate the influence of magnet oo the
mutor system eMiciency. this paper stodies tas PM motoers
with Fermite and MdFeB magnets which have same Back-EMF

MNdFeB Magnet
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Fig 1 Tvpucal demapmeiization curve of Jemite and NdFeld magnet:

and oolpm poswer, and compares their Gifference on the Josses
ol switching invener and iron lesses of molors. An indirect
coupled Micld-circuit methed is used to deal with these
problems. In the evaluation of switching losses, a dynamic
simulatien program considering FWM cument regulalion is
processed with the parameters of these two motors. Using the
abtained flowing corrent of TGBT, freewheeling current of
dinde, and otler inherent parameters, the swilching losses can
be estimated [2] and |3]. And then, depending on an
experimnent data fable and a finite elements method, the iron
losses of the motors can be calculated [2]. Finally, the
influence of the magnet on the 1wl systemn efficieney can be
reflected by comparing the bl losses of these two molors,
The analysis result will be helpful to the determination of
permanent magnet in the PMSM design.

I, Analys1s MOTOR MODELS

Two PRISK motars with Territe and NdFel maznets have
been desicn lor using in refrigeroor compressar, The cross-
section and specifications of these twe motor models can b
seen in Fig, 2 and Table 1 In Fig, 3. the wmgue, outpul power.
line-to-line voltage and line corrent of these two mators are
compeared in the total operation range. It is observed that the
rwio motors are almast same in the characleristics.

Due 1o the low remanent flux density of ferrite imagnet, the
malor with ferrile magnet should have maore turns of coil per
phase in arder to penerate similar Back-EMF o he imotor
with NdFeR magnel, The moee twms of coil per phase, henge,
resitll inte higher nductance, The d- and g-axis inductances of
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TARLE]
SPECIRIEC AT OF BCRI RS
Ielvles with fermile hcdor with MNdFe B
Faramaters
miagnet miagnet
Cut radii of slacnr 115 num
Inner radii of rior HEmm 45 mm

Aur-gapitick Tength T mm 45 mm

Wulmies of it TEII4E mem 222 45 mm®

Bamunent Tux tensily 048 T 137
Aladernal of core PHEE
M ol tums peer phise L 15
Eaeet aursml s 184 3 W
lare £ Torve ERack =B F 3213 Ve P 4% Ve

17 LA rpm )

d-M4g-2u1s 1 mhectuncy 325707251 mEl L4720 26.21 méEl

these twi metors are comparcd im Table I

L. [NoeECT COUPLED FIELD=CIRCULT METHOLD

The purpess of this paper is 1o investigate the intluence of
PM an the total sysiem efficieney. Therefore, two domains:
cireudt and magpette fteld should be calenlated. The coupled
field-circuit analysis method 5 satisfied (o (his cage, The
coupled  figld-cireuit method  ncluds  dicgct method  and
ndirest methid, In the dirsed coupled Oeld-circuit methed, the
gguations ¢ ciccud! domann and held Jomain ane buill into one
simultaneous malnix and solved. while the equations of the
lwo domains arc built and solved scperately in the indircct
method. Although the direct method has higher precision than
the indirect, its compuiation time also is much longer. [53] In
this paper, the indirect coupled feld-circuil will be used.

A Maodeling in Magnetic Fiekd Domrain

In the proposed indirect coupled field-circuil method, the
20 magneto-static feld finile element method (FEM) i used
in 2 caleulation step:

Step 1 calculating the motar inductances and equivalent
TPON- 1083 Cesistance in 0] Speration mnge; ||

Seep 2; ealeulating the magenetic Meld distribution with the
known cemenl waveformy and fime sleps.

The goverming squation of the magneto-statie field FEM
for PMSM, i.c. the nonlincar Possion cquation, is described in

(1)
VoV d)=F+Vo{ M} (L)

where A is the magnelic potential vector, J is Lhe current
density vector, M is the magnetization vector, & is the
reluctivity, and g, is permeability of air.

B Medeling in Circure Dastole

Afler obaining the mitor parameters, a  dynamic
simulation based on the equalion of circuil domain s
processed, The contral algorithm and polse widih modulation
(EWMW) current regulation are considersd i this sep, The
genetaled cumemt waveforms will be loaded w the magnete-
static feld FEM apsin as mentioned above 1o caleulated the
magnenc field distribution in eperation condition,

£} Modeling of PAIEM

Aceonding to the Park’s transformalion, the state space
equations of the PMSM can be described as (2344} And the
corresponding d- and g-axis equivalent circuits are shown in
Fig. 4 (a) and (&), respeciivel, [4]
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Fig 5. Equivalent cirout of o dull bridee inverter and PR4M

where R, is the phase winding resislance, &, is Lhe resistance
af iron lesses, 7 is the noumber of pole pair, e is the electeical
angular veloeite, g, is the flux linkage of permanent magnet,
forand L are the d- and g-axis load current, respectively.

21 Mudelfng of Inverter

In order to considering the PWM  cument regulation
influence, the modeling of the voltage source inverter and
PWM are necessary. ‘The veltage source inverter is modeled
by using of the switch function concept which is introduced in
[6]. As shonwn in Fip. 5, the pole voltage can be calculated by
the following switching Ranclions {51

.
e = ——X|SF, . - SF.
4 g :
1’# 2 |[ ] A -hllhl-"’l]
b,
¥, = “I W SFy i = Fr s ) {5

s N .hupuu‘ll

Fra:
v, :T“-x{.’:?!-',. o = 5F,

where v, ¥, and v, are the 3-phase pole voliage, b is the
DO link wollage, SR . and 5P e are the switching
funcrion of the 1op switch and bottom switch of comesponding
phase, respectively. And . SF is | or 0 when the gate s on or
ofl, Afler chiaining the pole volages, the phase voltages can
be expressed b the pole vollages as (6).
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where ¥ ¥y, and v, are the cormesponding phase voltages.
The calculaled phase voltage then will be converted to the dg
trame of reference by Park’s transformation, and excile the
PMSM model. In addition, a current vector controller also is
considered in the modeling of ¢ircuit demain. [n this paper.
the mowor with lerie magnel 5 contralled at 157 current

veelor angle. while the motor with NdFeB magnet has 6"
degree curment vecior angle in order W0 get masimum orgue.

1V, Losses CALCULATIHON METHODS

Az menlioned before, this paper investigates the total
gystem efficiency which means both the Josses in the inverter
and lpsses inthe PM5M should be considered,

A Trow Losses Calonlation Methad

The dominanl losses in PMEM wswoally consist of copper
loss, iran losses and mechanical losses. The copper [nss is
determined by winding resistance which ks constant in a given
temperature, The mechamical losses can be calculated by a
function of proportion with speed.[4] The general expression
of irom Josses which include the hysweresis loss P eddy
current loss P and a anomalous componcnt £, as shawn in (%)

[7]

P=F+P+P =k B+ i B +k B (%)

where the cocfficienms &, &, &, and & are the functivn of
frequency and amplitude of fux density, Howewver. only
sinusoidal variable is suitable for this formula. In practice, the
special and temporal distributions of the flux density may be
distorted. In this paper. a method which was proposed and
verified in [B] is used to calculate the iron Josses. It s
described in Figure 6.

8 Switching Losses Calemdation Merhod

As the transistors im switching-on or switching-olT states,
tour kinds of losses are produced [2). They are cureent
eonduction losses and switching losses in Iransistors and
treewhecling divdes, respectively. Rased on [2] and [3]. The
simplified caleolation sgquations of 1hese [oor losses are shown
in (58]
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where Py and P are the power losses of the icnsistor
and diede in conduction statel, Poooand Fryp oare the power
losses of the ransistor and diode ot switching states, fyr s the
flowing current, #7: is the volhage drop on freewheeling diode,
Fi-gy 15 the voltage drop on switching device, £, is the loss at
switching-on, £y is the loss at swiching-olf, (., is the
reverse-recovery charge, M is the modolation indes, 1, is the
DO Link Yoltage, cow? is the power factor, and £, is the
swidlching frequency, The walue ol these parmeters in this
paper is listed in Table 11

TARLE 1
PARAMETERS CF SWITCRMG LSS ES UALGLLATICN

Facanwiors | hinror with ferncg magiser | hintor with BNdFeB magnel
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Y. AMALYSIS RESULTS AMD THRCTSSI0MS

The current wavelonms o the two amalysis  molors
calenlated in the model of circuin domain are shown in Fig, 7
fa) and {b}. The load torque is 0.44 MNm, the operating speed is
3000 pm, and the PWA frequency is 5000 Hz. [t is chyicus
that the current waveforms of the motor with ferrite magnet
are smaother than those of the motor with MdFeB magnet,
which verified the inductance influence mentioned bafore.

The cuteents of the twe analysis motars flowing in an
upper teansistor and the corresponding treewheeling dinde are
compared in Fig, 5. The powet losses produced by (hese
conduction eurrents are shown in Fig, 9.
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Fig 19 Comparizon of the invenier Insses of the analyais nwbors

n Fig. 3 and 9, il can be seen that the comenl of the momer
with WdFeB magnet has higher regolation frequency. wnd
hence has more power less during the unit time, although the
peak wvalue of the losses in the both motors are similar, The
mean value of the inventer losses of the two maotors in the
same duriation are compared in Fig. 10,

Using the cument waveforms obtained from the model of
cireuit domain, the fux distributions are analvzed in 2D
magieto-stalic FEM. Fiz. 11 shows the model in FEM and
flux densities of the stator teeth. It can be seen that the motor
with ferrite magnet hag higher fluy density, especially in stalor
voke part due w the mamow cross area, Althoneh the moter
with MdFeB magnen has wider stator tooth width, the higher
remancnl Mux densivy of MdFeB leads v the flux densice is
higher.
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Mot anly the PWadT corrent waveforms, bul alsa the ideal
sinlsoicdal clwrenl wavetorms are used 1o solve the magmeto-
static FEM, The iron losses of these twa moloes solved by
siusordal and PWM Corrent waveforms are compared in Fig,
2. In addivion, the copper loss and mechanical loss as the
same operalion condilion are caloulsted and shown in Fig, 13,
Due the a Little higher current, the metor with NdFeB magnet
has higher copper loss. A lange diffcrence occurs between the
mechanical losses of the two motors. This is because the much
great radii of the motor wilh ferrite magnet increases the area
ol friction and windage.

The total system losses and efficiency are compared in Fig.
[4. It can e seen that the moter with MdFeR magnel has
ligher efficiency in the il cperaticn mmes, Howewer, this
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predominance to the motor with fermite magnel will be
unregarded as the speed decreases. There is a greal ditfarence
on the rongr siructure 5o thae he mechanical losses become
dominant. However, in the case of the larger elecrrical power
application. the adviniags of the motor with ferrite magnet on
the iran losses will be wmore significan,

Y1 COoRCLUSION

This paper investigate the influence of PM on the total P SH
svatem efficiency. Two moors with differsat maghet and
samc output power are compared. By wsing an indirect
eoupled field-cirenit method, the prablem is solved in cirewit
domain and magnatic field domain, The inverer switching
lesses, iron losscs of PMSM arc calculated. As shown in
results, due to the hipher inductatce, the mator with Ferrite
magnel genemes lower iron losses in the PWA comem
exciting. Although the 1otal efficiency is lower than the motor
with MdFeB magnal. considering preat magnet cosi, there is a
compromise between the wsing of WdFeB and Formie magnets
as higher electrical posver opplication and  optimization
soruciure desipn,
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