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Abstract. The Line-Start Permanent Magnet Synchronous Motor (LSPMSM) attracted a considerable
attention because of the higher value of the product between the power factor and the efficiency. The
paper proposes an analytical design method for the permanent magnet, considering the operating
point on the B-H characteristic alias the magnetic flux—magnetomotive characteristic, a design
method for the LSPMSM considering the synchronous operation parameters and the asynchronous

operation (starting) parameters.

A design example for a motor having rated power 3.5 kW, rated phase voltage 200 V, rated
frequency 50 Hz, rated speed 3000 rpm will be presented.

Keywords. AC machines, design, electrical machines, permanent magnet motors, line-start syn-

chronous motor.

1. INTRODUCTION

In the last years, the LSPMSM has received more attention
in the academic world and industries [1-38]. Worldwide
new legislations demand higher efficiency motors. The use
of LSPMM can help to achieve the new requirements. It
became competitor to cage induction motor in the general
purpose industrial applications due to its high efficiency,
high power factor and its ability to self start from the
regular fixed frequency supply [5-8].

The structure of LSPMSM is similar to this of the IM but
with permanent magnets (PMs) inserted in the rotor [6, 9-
11]. The rotor can have many types of configurations since
the inserted PMs may have different shapes, materials, sizes
and positions [2, 4, 12, 13], which deeply influence the per-
formances of the machine. The line-start property is
obtained thanks to the design of the rotor with starting
aluminium cage or with solid iron, or with a conducting
ring on the surface [5, 14-16].

LSPMSM is in fact a synchronous machine at which the
excitation field is produces by permanent magnets instead
by a dc field winding. For starting and transients, the
machine has the aluminium cage on the rotor.

So, the functioning of the LSPMSM is characterized by two
operation modes: the synchronous operation mode at steady
state and the asynchronous operation mode at starting and
transients [39].

The synchronizing process has been studied in [1-4, 28].
The steady-state characteristics are measured for different
values of the output power [18-22].

In general, the LSPMSM has PMs buried below the
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squirrel-cage and these two constructive parts have different
functions under different states.

The PMs operate on alignment torque to drive synchronous
speed in steady state and breaking torque in starting period,
both dependent of the PM operating point and the non-load
emf [9, 18, 19, 23, 35]. So, it is necessary to design PMs
considering the alignment and breaking torque at once.

In general, the optimal size of PMs provides the required
magnetic flux so that the reactive power exchanged with the
power supply is minimal, to get a highest power factor
which corresponds to the minimum line current [15].

The rotor cage generates in transient operating modes
(starting and load changes) an asynchronous torque.

The breaking torque introduced by PMs in starting period
lowers the total torque [11, 32, 34]. Because the PMs are
buried below the squirrel cage, magnetic flux barriers in the
rotor back iron are necessary. So, additionally to the PM
breaking torque, these magnetic flux barriers introduce a
breaking reluctance torque because of rotor saliency, which
further lowers the total torque in starting period.

In this way, the design of LSPMSM is somehow trouble-
some because of various line starting performance degra-
ding effects. For the aforementioned reasons, the LSPMSM
designer has to find many compromises in the design
process between an adequate starting characteristic in the
asynchronous operating region and the torque capability
and efficiency in the synchronous operating region.

The paper proposes: an analytical design method for the
PMs considering the operating point on the B-H characte-
ristic taking into account of the iron saturation effect;
followed by an analytical design method for the LSPMSM

EDPE 2009, October 12-14, 2009, Dubrovnik, Croatia



considering the asynchronous and synchronous behaviour,
for operating the motor at steady state near the unity power
factor.

2. THE OPERATING POINT OF THE PM WITHOUT
ARMATURE REACTION

Neglecting of Magnetic Saturation

Fig. 1 presents the studied LSPMSM. The stator is the same
as that of an usual induction motor. The line-start property
is obtained thanks to the rotor design, which contains an
aluminum cage for asynchronous line starting, two PMs
made of NdFeB and two non-magnetic material flux barrier
on the quadrature axis to minimize the inter-pole PM
leakage flux.

Fig. 1. Cross section of the rotor of a LSPMSM: 1-
permanent magnet; 2-cage; 3-non-magnetic flux barrier.

For determining the operating point of the PM used in
LSPM motors, the machine is operated as a no load
generator. Fig. 2 shows the simplified equivalent circuit of
the LSPM machine at no load functioning (without
armature field).

In general case, the resultant permeance A, of the external

magnetic circuit consists of two components: the useful
permeance which is the permeance of the air-gap and the
leakage permeance:

A =As+Ag =koy As (1)
The useful permeance Ag corresponds to the useful flux in

the active portion of the magnetic circuit. The leakage
permeance A, is the referred leakage permeance of a

single PM or of the PM with armature (in rotor and stator
slots, the non-magnetic material and the air spaces between
the magnet and the laminations steels). The permeances are:

A, = DPiem _ Brem Sm _ Mo Hrec Su
M= = =

Fc Hc lM lM

(2a)

_ P50 _ BsoSs _ Mo Ss

A 2b
ST F  H, kcd ked ()
Ay Sy o Co
- M~ kr—— 2¢
AS Krec KC SS IM Krec KC Cp ( )
with the flux concentration factor:
Cp=Sy/Ss. 3)
and the permeance coefficient
Cp=Ily/d 4

D

&

Fig. 2. The equivalent circuit of the LSPM machine
without armature reaction.

In Fig. 3 N, is the operating point of the PM in the flux-
mmf coordinates, which is at the intersection of the linear
demagnetizing characteristic of the rare-earth PM (L,..) and
the load line (Lj).

()]

({-.fu) 4

/ E Fyo 0

Fig. 3. Determining of the operating point of the PM:
®,.n- remanent flux; F. — coercive mmf; (L) - the
recoil line, (L;p) — the load line without armature field;
(Lso) — the air-gap load line; Ny — the operating point
without armature field.

In Fig. 3, the equations of (L,..), (L) and (Ls) lines are [40,
41]:

(Lyec): @ =@+ Ay F
(Lyg): ©@=-A; F; ©)
(L5)I q)Z—AS F,

respectively. Consequently, the coordinates of the operating
point N, are:
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At
rem At+AM
(Drem
A +Ay

q)NO :CI)

>

NO . (6)

Fyo =~
and the expression of the air gap flux is:

(7

(®)
The air gap permeance can be expressed as

Gy Tp lFE 1o

= 9
5 26 ke 9

The Carter coefficient k=k¢, ko, can be calculated for the
stator slots and for the rotor slots separately [13]:

t
koo =| —2— 10a
Cs [ts —v, SJ ( )
ny b bo, )
0s 0s 0s
=— arc tg———In[1+ 10b
BT 26™ %0 [ 2 aj (100)
The coefficient of the leakage flux can be calculated by [9]:
kopy = 14— gty ™8 (11)
THyec QM Tp (1_aM)Tp

In this way, by neglecting the magnetic saturation of iron,
the air gap flux at no-load operation can be expressed as

O [

rem _
Ay ®

kGM + A ch +ureckC C
8 )4

rem

g0 = (12)

From the above equation, the expression of the unsaturated
flux density on the air-gap results:

C
Bso = ¢ C Bem (13)
o)
koa +Wyec ke
p
The back EMF can be expressed as
(O]
Uy =444 fwk,, rem (14)

kGM +ureckC i
The permeance coefficient C, represents the slope of the
air-gap line in the second quadrant of the B-H plane. This is
a measure of the capability of the magnet to withstand
demagnetization; a value of the permeance coefficient
between 5 and 10 guarantees a successful design. A low
value minimizes the magnet cost.

For the sizing procedure of NdFeB PM motors, the air-gap
flux density can be initially estimated as Bz =~ (0.7-
0.9) Bem.

3

It is note that an increased value of the air-gap flux density
can requires wider tooth in order to avoid saturation.

In most electric machine applications, for to get minimum
resulting machine volume, the stator tooth width # must be
half of the stator slot pitch T, (i.e. stator slot and tooth
widths are equal):

ty=1,/2 (15)

The next task is to determine the pole pitch coverage
coefficient oy, and the radial length /;, of the PM for
obtaining this structure. The radial length of the magnetic
circuit can be expressed as:

Iy =8Cq Cp (16)
Co =20y /(1+ay)=Sy/S; (17)
Sm =0y Ty Ipe (18)

The air-gap length & is usually determined by mechanical
constraints and is a given data.

The tooth width # is given by
T Di 350

(19)
* kFe Zs Bsat

where By, results from the B-H characteristic of the
magnetic material.

After inserting By from Eq. (13), ¢, given by Eq. (19) is a
nonlinear function of oy, Their values can be found
iteratively; an initial value for oy, is chosen and the values
of air-gap flux density and tooth width are calculated.
Condition (15) is checked and the value of a,, is adjusted.

Taking into account of Magnetic Saturation

The expression (12) of the air-gap flux density was deduced
considering a linear magnetic circuit. For motors using
high-energy PMs it is necessary to consider the nonlinear
magnetic characteristics of the steel.

On the other hand, the biggest disadvantages of the NdFeB
magnet are the dependence of its remanent flux density with
temperature. The temperature coefficient of B,., have
negative values (in range of 0.07%-0,13%), thus the
accuracy of design can be influenced.

The usual procedure is to add up the mmf drops around the
magnetic circuit, taking into account the nonlinear B-H
curve of the steel and equal their sum to the apparent open-
circuit mmf of the PM, which is defined as

Foy = lM He,
For a NdFeB PM at room temperature, H.,=H..

(20)

In Fig. 4, the demagnetization curves and their variation
with the temperature is presented for PMs made of NdFeB.

The effect of temperature variations on the PM causes the
air-gap flux density and the induced back emf to vary.

By proceeding with the individual mmf drops, and starting
with the air-gap, the air-gap magnetic flux density is
initially assumed to be equal to the value calculated in
Eq. (12). Then:
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Fig. 4. The demagnetization curves by different
temperatures.

Assuming that the stator yoke flux is equal to the air-gap
flux crossing over half of the pole area:

Ss D5

Se  2h, g,
H,=H,(By) (22b)

The functional notation represents a linear interpolation
along the B-H curve of the steel. For this purpose, the B-H
characteristic of the steel is linearized piecewise and
approximated by two line segments (Fig. 5).

B

[

B (22a)

sy =B;

B{]

H

(@)

Fig. 5. Piesewise linearized B-H characteristic of the

PM.

The effect of temperature variations on the PM causes the
air-gap flux density and the induced back emf to vary.

The magnetic flux and the magnetic flux density are:

@ yo = ko Ps (23)
Bs S, k
Byg =~ kou = B5 ~2 (24)
Sm ®
The equation of the demagnetization characteristic is:
Bno =Wo WrecH No + Brem (25)
is used to find Hyo, and:
Fyo =1y Hyo (26)
Now, all the mmf drops are to add together:
F=Fs+Fy+Fy+F,+F,+Fy (27)

The principle of iteration is applied. If F>F,., B;s is
decreased and the calculation is repeated. If F<F,,, B; is
increased and the calculation is repeated. These continuous

4

until F is within 0.1% of F,,. An updated value Bj ,onin 1S
obtained. The flux density into the stator and rotor teeth,
stator yoke of the machine are computed and will be used to
determine the core losses.

The back emf of the machine can be calculated for each
speed by using
(o)

rem

Uoyy =444 f wk,, (28)

C
kGM +Hreckasat Ciq)
p

_ F5 +Evt + Frt

Fy

k (29)

sat

3. THE OPERATING POINT OF THE PM WITH
ARMATURE REACTION

Neglecting of Magnetic Saturation
Fig. 6 shows the equivalent circuit of the LSPM machine
with armature reaction.

s
—
L I

ad

Fig. 6. The equivalent circuit of the LSPM machine
with armature reaction.

In Fig. 7 point N is the operating point of the PM in the
flux-mmf coordinates, which is at the intersection of the
linear demagnetizing linear characteristic of the rare-earth
PM and the load line.

In conditions of the armature field action, usually this field
demagnetizes the PM, so that the new operating point N is
obtained by translation of the N, point with the d-axis arma-
ture reaction mmf referred to the rotor F’,;. In flux-mmf
coordinates, the equations of (L)) and (L;) line are [40, 41]:

(Lyee): @=Dpop+Ay F
(L): ®=-A, (F+F;d)
(Lg): ®=-Ag (F+Fa'd)

(30)

respectively.

Consequently, the coordinates of the operating point N in
Fig. 2 are

At(q)rem _AtFL;d )

CDNZ

A +Ayy 31)
F __q)rem+AMFad
N— .

AZ+AM

The useful air-gap flux with armature reaction is:
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(32)
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Fig. 7. Determining of the operating point of the PM:
®rem- remanent flux; F,. — coercive mmf; (L,..) —
recoil line; (Ly), (L) — load line; (L), (Ls) — air-gap
load line; N, — operating point without armature field;
N — operating point with armature field.

In this way, by neglecting the magnetic saturation of iron,
the air gap flux the at load operation can be expressed as

(DB _ q)rem _AMFad _ cI)rem _AMFad (33)
A
ko +TM ko +ureckCC7®

5 P
From the above equation, the expression of the unsaturated
flux density on the air-gap results:
Ay F,
Brem C<I) ——Mad

Bs = Ss

(34)

Co

kGM + ureckC Ci

p

Thus, the emf by taking into account the armature reaction
is defined as

@, —AyF,
U, =444 f wk,, —en—M-ad (35)
kopm +Wreckc Fj
The volume of the PM is
V=0, 7,1, (36)

Taking into account of Magnetic Saturation
By taking into account the magnetic saturation of iron, the
air gap flux the at load operation can be expressed as:

‘DS — (Drem _AMFad _ q)rem _AMFad (37)
A C
kGM +TM kGM +“reckasatC7(D
5 p

From the above equation, the expression of the saturated
flux density on the air-gap results:

AyF,
Brem C(I) - Ai[g ud
By = : o (38)
ch + Mreckcksal Ci
P
Thus, the back emf can be expressed as
®,om — A1 F,
U, =444 f wk,, rem M ad G (39)
kGM + “reckasat Ci(b
p

4. THE STEADY STATE BEHAVIOUR

The voltage equation of LSPM motor is [10, 14, 19, 20]
U=U,+RI+j\X 1, +X,1,)  (400)

U=U, +RI+iXol+j(Xpg Ly + Xy 1

g 1 q) (40b)

Correspondingly, it results the vector diagram presented in
Fig. 8.

A
jX'm.I’LF
",}/ _
5
4
RI N . y
J ..'r{i,q
L [ ;
- = 0 Q«-u
0’
ir
A
) L
i " -
4,
K A

Fig. 8.
U=Ugy+i Xl +1(R+jX0q)+1,(R+]j X ) (412)

The vector diagram of the LSPM motor.

U,=U-RI-jX,I

Qe =QeM +](Xad ld +Xaq !q)

(41b)

Iy =1Isiny; [, =1Icosy

The input voltage projections on the d-axis and g-axis are:
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Usin0=14 R+1, X, (43a)
UcosO=Upy—15 Xg+1, X, (43b)
The components of the current are

U (X,cos0-Rsin0)-U,,; X

I, = Xy )2 M4 (44a)
Xg X, +R

R X si - R

quU( cosO0+ X ,;sin0)-U,y, (44b)

2
Xy Xy +R
are obtained by solving Egs. (4)

As it can be seen in Eq. (2), the vector of the input current /
can be decompose in two other components, namely the
active component /, and the reactive component /,. But

P

1:ﬁ=¢1§+13:\/1§+1§ (45)
Using Egs. (44) on obtain:
1 :sz
XgX, +R
x| (X, cos0-Rsin®—U,y X,)° + (46)

+(RcosO+ X, sin9—UeMR)2]1/2

and by neglecting the armature resistance and the leakage
reactance, the components Ia and Ir of the input current are

X
I,= Uem v 1-294 | 050 |sin® (47a)
Xad Xad Xaq
X
I, =— v _ Uen v 1-294 | 650 | cos® (47b)
Xad Xad Xad aq

Any change in the input voltage at 7=0 or T/=const results
in a change in the armature current and power factor.

The V curve at no-load operation
The loci of the armature current with increaseing the
armature voltage are the Mordey’s V curve of the PM motor

(Fig. 9).

!
RL RC
< =>()
N 90 P _
& "
InAe ../
N (=] /
\ 1l
=% /
\ _,-'
\\ I
\ /
N\ f"
. I/
N
249 ~—"7
0 U. 200V U

lim

Fig. 9. 'V curve of the LSPMSM at no-load operation.

For operating the machine at unity power factor, the arma
ture voltage Uy, corresponding to the operating point of the

V curve where the current is smallest, where the LSPMSM
uses neither field weakening nor field strengthening is
expressed as:

Ujim = Ul +(X,, ) 48)
Xon =2 X g X g \X i + X o) (49)

In this mode of operation, the input current is slightly
leading.

The electromagnetic torque
The phasor diagram can also be used to find the input
power, i.e:

By, =3UIcosp=3U (I, cos0—1;sin6) (50)
From Egs. (4) and Eq. (11) it results
By =3[Upy I, +RIP+14 1,(Xs-X)]  (51)

Because the stator cote less has been neglected, the
electromagnetic power is the motor input power minus the
stator winding losses:

2 2 2
AP, =3RI*=3R(Ij+1]) (52)

Fopy = Fyy —AP,, =3[Ugy Iq_ld I’I(Xq_Xd)] (53)

The electromagnetic torque developed by a salient-pole
synchronous motor, by neglecting the armature resistance
is:

P

e 2 ng
) (54)
= 3 w_eMsin9+U_ L_L sin 20
27T7’ls Xd 2 Xq Xd

which can be expressed also as:

3U 21 3
T, = M cosy+——(X, — X, )I%sin2 55
em 0 4 2Q( d q) 4 ( )

From Egs. (19) and (20) it can be seen that the electromag-
netic torque is in direct proportion to the back emf.

The emf is in direct proportion to the magnetic remanence

of the PM. So, due to the temperature effect on the magne-

tic material, the emf can have different values. By decreas-

ing of the remanence of PM, the value of the breaking

torque will decrease too.

In Eq. (19), the angular synchronous speed
Qg =2mng (56)

is equal to the mechanical angular speed of the rotor. In a
PM salient-pole synchronous motor, the electromagnetic
torque has two components (Fig. 4):

Tom :Tsyn+Trel (57)
uu .
Tyn = 3 UUeM gng (58)
2 T hg Xd
2
T S S U I S B PR (59)
27‘cns 2 Xq Xd

From Egs. (25)-(26) it can be seen that the synchronous
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torque Ty, is a function of both input voltage and no-load
emf, while, the reluctance torque 7, depends only of the
input voltage U.

The effect of the temperature growing on the maximum
value of the electromagnetic torque i.e. pull-out torque is
obtained in order to simplify the equation. Let

_ 3pU
27'Cl’ls Xd’

2[1 —ﬁJ (60a, b)
2 x,

So, the electromagnetic torque is

T =AUy sin0—k Asin260 (61)
and the pull-out torque can be expressed as:
A \/31(2 +2U J2U§M +3k2 =2U
= X
po- 3k (62)

><(3 Uas +vVU Ay +3k2j

Fig. 10 presents the pull-out torque as a temperature
growing function.

1.8

9

110°C 20°C
Fig. 10. The pull-out torque as a temperature growing
function.

Analysis of the Steady State of the Designed LSPMSM
The design input data are shown in Tab.1. The
specifications of the chosen permanent magnet are shown in
Tab. 2

Tab. 1. The input data of the designed LSPMSM.

Rated active power [kW] Py 3.5
Rated phase voltage, rms value [V] | Un 200
Rated frequency [Hz] In 50
Synchronous speed [rpm] ng 3000

Ferromagnetic material used in stator and rotor back irons is
chosen based on their losses at working point and saturation
level. From the B-H characteristic, the saturated magnetic
flux density By,~1.8 T (at 50 Hz) results. The stacking
factor of the magnetic circuit is 0,,=0.94.

Tab. 3 shows the numerical values of the parameters of the
designed LSPMSM, relevant for the steady state operating
mode.

7

Tab. 2. The permanent magnet specifications

Permanent magnet type MQ3G32SH
Remanent flux density [T] Brom 1.16
Coercive magnetic field intensity

H,
(kA/m] ¢ 828
Magnetic energy density [kJ/m’] (BH )ax | 239
Recoil relative permittivity Wyee 1.05
Temperature coefficient of o
remanent flux density [°C"'] “B “0.1%

Tab. 3. The parameters of the designed LSPMSM, relevant
for the steady state operating mode.

The voltage corresponding to the mini-

mum of the current on the Mordey’s V. | Ujyy, | 135
curve, rms value, rms value [V]

Rated current, rms value [A] Iy 10
Stator resistance [Q] R 0.675
Stator leakage reactance [Q] Xo 0.278
Magnetizing reactance [Q2] Xy 5
d-axis synchronous reactance [Q] X, 5.05
g- axis synchronous reactance [Q] Xom 5.6
Saliency ratio g 1.1

With these parameters, by applying Egs. (12), (13) on
obtain the Mordey’s V curve at no-load operation. From the
V curve of the designed motor at no-load and at power unit
factor, the value of Uj;,, can be obtained.

The computed values of the steady state main parameters
are:
Tom max=31.74 Nm,

Tomn=11 Nm,
Lnax=17.8 A;
0,0=20°;
0im=98°;

cos ¢=0.992.

Fig. 11 shows the torque-angle characteristic of the
designed motor.

Torque

(,Im

00 internal angle (6)

Fig. 11. The synchronous torque and the reluctance
torque of the designed LSPMSM.
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5. THE STARTING BEHAVIOUR

The equations of LSPM motor can be deduced from the
general equations of the Blondel dynamic model. So, in d-
axis the following set of equations is valid [9, 10, 39]:

ug = Rq ig +p¥y;
ug =R, i, +pY¥q;
o (63)
0= lDdRDd /S+p ‘PDd;
0=ip,Rp, /s +p ¥p,.
The linkage fluxes in the above equations are defined by:
Y, -V = (Lad +Lc)id + Ly ipg =

=L, i+ L, ip,

W, = (Lo, + Ly )iy 4Ly ipy =L, iy + Ly in,  (64)
lPDaf - \PMd = Lad iy + (Lad + L'Dd )iYDd
W, =Ly i, +(Lo, + L, )iy,
From the above equations on obtain
p de . .
v, -, =[Ld—+ =L, i,
M Ry, /s+pLy, g
R (65)
vl Phw |,
q q R;)q/s'i‘leDq q q 9

with the operator p=js ;.

The operational impedances Z;, and Z, of the LSPM
motor, related to the power source are defined as [25]

Zgy =R+03Ly; Zy =R+o,L,, (66)
The input equivalent impedance is [10]:
_ Rp/s+jXpe)jX
Z;, =R+jXq+ ( D2t ,D")J mo(67)

RD/s+jXDG+ij

In general, into the equation of the torque there are three
components: the non vibratory torque (effective torque),
which does not change with time, the first vibratory torque,
which changes with time and slip frequency fi=s f and the
second vibratory torque, which changes with time and the
double slip frequency. During asynchronous operation, the
rotating field passes on the magnet poles with the speed.

(1 —s)—60 /s
p

(68)

The breaking torque

The “synchronous part” of the LSPM machine sees the
supplying network as a terminal short-circuit because of
low values of the operational reactance at low frequency
so,. In these conditions, the breaking torque will be
associated with the stator copper losses because of the
current induced by the PMs [4]:

(1-s)J(1-)*X] +R?
I =Ueym

(-5 X, X, +R?

(69)

8

The active power generated by the short-circuit current is

P, =3R I} (70)

By introducing the notations
E=X,/Xy (71)
C=R/X, (72)

the power expressed by Eq. (70) produces the breaking
torque:

3p=-9)Usy & (-5)7+¢>
2 o Xq[(1—s)2/g+z;2]2

The slip value for obtaining the maximum breaking torque:
3 3 2
sk =1-G4/= -1+, = (6-1) +¢& .
2 2
From Eq. (73) it can be seen that the PM braking torque is

in direct proportion to the square of emf, which can be
expressed as in Eq. (28).

Ty br == (73)

(74

The cage torque
The expression for the cage torque can be written as [3]:

2 2 '
3pU” X R
T, _2P m S &p 5 (75)
2 oy g +bs+ces
' 2
a :RDZ[Rz +(X(sl +Xm) }
b =2RRp Xy; (76a, b)
¢ :(XG X+ Xpo X+ Xg X'DG)Z +
+RZ(Xcyl +Xm)2.
Rp=Rpy =Rpys Xps=Xpod =Xpeg-  (77)

The electric speed at which the asynchronous torque is
maxim is given by [3]:

O, =8 Oy =WOg4/a1/ ¢

In starting process, the squirrel cage is one key point. The
design of the squirrel cage mainly contains the dimension
design and the number selection of rotor slots. In a
LSMPMSM, the squirrel cage is only functional when the
rotor is starting up. Therefore, the design of the squirrel
cage mainly focused on a good starting ability. While the
cage resistance is relatively high, the motor will produce
high starting torques even under low starting current. While
the cage resistance is relatively low, the synchronizing
capability is better but the starting current is higher.
Pyriform slots with flat bottom are in general used on the
rotor core for the purpose of reducing the leakage
coefficient.

(78)

Due to the skin effect, at the beginning of starting, the rotor
resistance will increase and the leakage equivalent
resistance will decrease. In these conditions, the starting
performances will be greatly improved. During the starting
process, the average torque have two components, i.e. the
braking torque and the cage torque:
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Tay = Tyr + T (79)

The slope of the damped oscillations near to the end of the
starting process, is identified as [3]:

(80)

D= P (TC_TMbr_Tl)

2 o s
In starting process, the variety of armature current can be
approximately divided into four stages.

Stage one: accelerating process. The rotor accelerates from
standstill. Due to the low speed, the slip is close to 1, the
armature current is high and the electromagnetic torque is
also high, thus the rotor runs with high acceleration.

Stage two: approaching synchronizing process. The speed
rises continuously, and the slip is close to zero, but
acceleration becomes lower and the armature current
decreases significantly.

Stage three: pulling into synchronization period. The
motor goes into the damped oscillation procedure.

Stage four: synchronous operation period. The waveforms
of the armature current tend towards stabilization after
several oscillations.

For the purpose of obtaining a higher value of the product
between the power factor and the efficiency under load
operation, the main value of input voltage must be lower
than its rated value (135 V versus 200 V). For the design
purpose, the cage resistance is relatively high and the motor
will produce high-starting torque even under low starting
current. However, increasing the rotor resistance has a
beneficial effect on the early start. On the other hand, the
higher rotor resistance means that the slope of the
asynchronous torque near the synchronous speed is very
low. Due to the presence of the magnet braking torque,
which is proportional to the square of the no-load voltage,
the effective slope or the damping constant D has a value
that is much dependent on the no-load voltage.

An increase of the no-load voltage can lead to a reduced
critical load torque. An optimum can be found for the no-
load voltage to maximize the critical load torque. Note that
the decreasing of the volume of the PMs gives a better
synchronization capability of motor with high power factor.

On the other hand, the value of the back emf of the PM
affects the value of the reactance X,,: increasing the amount
of magnets increases the no-load voltage and decreases the
magnetizing reactance. Therefore, by increasing the volume
of magnet on obtain a better synchronization capability but
a lower critical load torque.

Analysis of the Starting Process of the Designed LSPM
Machine

Tab. 4 shows the numerical values of the parameters of the
designed LSPM machine, relevant for the starting opera-
tion.

From the V curve at no-load operation, the armature voltage
Uy corresponding to the operating point of the V curve
where the current is smallest, where the LSPMSM uses
neither field weakening nor field strengthening is deduced
from Fig. 9 and the no-load emf is calculated by Eq. (81).
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Tab. 4. The parameters of the designed LSPM machine,
relevant for the starting operating mode

No-load emf (without arma- U 130
ture reaction), rms value [V] eM
Stator resistance [Q] Ry =R, =R | 0.675
Cage (damper) resistance [Q] Rpy = qu =Rp | 0.675
Stator leakage reactance [Q] | Xou = Xoy =X | 0.278
X =X
Cage leakage reactance [€2] Pod [,)Gq 0.237
=X Do
Magnetizing reactance [Q2] X 5
Saliency ratio € 1.1
Number of stator slots Z, 30
Number of rotor slots Z, 22
Lamination stack length e 90
[mm]
PM length [mm)] Iy 6
Mean PM diameter [mm] Dy 90
Air-gap length [mm] 5 0.8
Pole pitch coverage
coefficient of the PM oM 0.85

The condition of a good starting capability with a high
value of the product between the power factor and the
efficiency at load operation is [2]:

Uuy =093 U (81)

During the acceleration time interval of the starting process,
the slip is high (from 1 to 0.6), the frequency of the rotor
current is also high, the average cage torque is positive and
contributes to rotor acceleration, while the average PM
torque is negative and acts as a brake.

For the chosen architecture of the LSPMSM, the saliency is
very low (£=1.1) and consequently the reluctance
component of the braking torque is very low too.

The armature current /, the induced current [;, the input
impedance and the components of the torque have the
values indicated in Tab. 5 and Tab. 6.

Tab. 5. Values of functioning parameters for s[0.6,1]

s I[A] | Ik [A] | T [Nm] | 7, [Nm] | Z,[Q]
1 58 0 24.0 0 0.734
09 | 57 | 140 | 240 -3.15 0.740
0.8 | 53 | 175 | 235 -6.00 0.742
07 | 51 | 185 | 22.0 -5.00 0.750
0.6 | 43 | 200 | 20.0 -4.00 0.756

When the slip value becomes less than s = 0.6, the pull-in
effect of the synchronization occurs, acceleration becomes
lower and correspondingly the armature current decreases
rapidly (Tab. 5).

When the slip value becomes less than s = 0.3, the motor
goes into the damped oscillations (Tab. 6). When the slip is
less than s = 0.25 the value of the input impedance becomes
very high Z, =20 Q, and the rotor is accelerated up to the
synchronous speed, mainly by the PM torque.
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Tab. 6. Values of functioning parameters for s<[0.3,0.5]

S [ I[A] | L[A] | T.[Nm] | 7,[Nm] | Z,[Q]
0.5 25 19.5 18.2 -2.5 0.78
0.4 23 19.5 16.5 -2.1 0.81
0.3 20 19.7 14.5 -2 0.82

When the slip is less than s =0.3 the value of the input,
impedance becomes very high Z, =20 Q, and the rotor is
accelerated up to the synchronous speed, mainly by the PM
torque.

Torque

b & A B o N e e @

8

00 02 04 05 08 10
slip

Fig. 12. Cage torque (1), braking torque (2) and
average torque (3) of the designed LSPMSM.

At s =- 0.2 the value of the PM torque is Tpy,=5 Nm. The
cage torque becomes oscillating with a zero mean value.
After the synchronization, the cage torque and the braking
torque approach small values but not zero

The induced current is ;=20 A, the PM torque is
Tpyr=1.25 Nm, and the cage torque is 7, = 0.3 Nm because
the d- and g-axes reactances are about the same value.

6. CONCLUSION

In this paper a grapho-analytical method for the size up
procedure of PMs used in LSPMSM is proposed. Using this
theoretical approach the amount of magnet for the required
dynamic and steady state performances of this motor can be
calculated. The designed operating point of the PM offers
the advantage of a large magnetic energy density, near of its
maximum.

Then an analytical design method for the LSPMSM
considering the synchronous operation parameters is
proposed. Using this theoretical approach, the steady state
characteristics and the synchronous (alignment) torque were
been calculate. In the design process, the LSPM designer
has to find the compromise between an adequate starting
characteristic in the asynchronous operating region and the
torque capability and power factor x efficiency product in
the motor’s synchronous operating region.

Then an analytical design method for the LSPMSM
considering the asynchronous starting parameters (voltage,
emf and equivalent resistance of the rotor cage) is proposed.

The LSPM designer has to find many compromises in the
design process:

the compromise between the value of starting torque,
which depends mainly on the squirrel-cage design and
material, and the starting current;

e the compromise between the value of braking torques
(due to the presence of PMs in the asynchronous
operating region) which depends mainly on the
placement, dimensions and the value of energy product
of PMs, which has the principal effect on the motor’s
synchronization capability;

e the compromise between an adequate starting characte-
ristic in the asynchronous operating region and the
torque capability and the product power factor X
efficiency in the synchronous operating region.
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Education), Manchester University, Vol. 45, No. 3, s - slip;

July 2008, pp. 239-250. Sy~ - PM cross section area;
Sy - yoke cross section area;
Ss __yoke cross section area;
8. APPENDIX: NOMENCLATURE P ~ tooth width:
. . T - torque;
B - magnetic flux density; T ) avgrage torque;
By, - point on the linearized characteristic B = f (H); Tav o
b - slot opening; c - cagelorque;
0 pening, ) . T,, - electromagnetic torque;
Byo - magnetic flux density corresponding to the T - load torque;
operation point N.(); . Ty - breaking torque;
B,., - remanent magnetic flux density; T 1l J
. 7 »o. - pull-out torque;
By, - saturated magnetic flux density; T, - reluctance torque;
. . rei b
By, - yoke magnetic flux 'densny . Ty,» - synchronisation torque;
Bs non~ unsaturated magnetic flux density; u - armature voltage, instantaneous value;
Bsy - magnetic flux density corresponding to useful air- U - stator voltage rn;s value: ’
c gap flux Oy fficient: U, - emf with armature reaction, rms value;
C” ) lf;)lermeance ioet. 1c1§nt, ) Uas - no-load emf (without arm. reaction), rms value;
e - Huxconcentration factor, Uym -voltage corresponding to the minimum of the
Dy, - mean PM diameter; current. rms value:
f - frequency; . Vi - PM Vofume; ,
F - magnetomotive force (mmi); w - number of stator windings;
F’,; - rotor referred armature reaction mmf; X h e
F _ coercive mmf: - synchronous reactance;
¢ i X, - armature reaction reactance;
Feq - apparent coercive mmf, X, - magnetizing reactance;
. . . m 2
Fy - mmf corresponding to the PM operation point V; .
F tor tooth mmf: X, - leakage reactance;
F" B rotor O(;( mmf, Z, - number of rotor slots;
F”’ . r(t) :)r };0 fhmm N Z, - number of stator slots;
s - SWOT100Lh mm ’ oy - pole pitch coverage coefficient of PM;
Fy o - stator yoke mmf; 5 - air-gap length;
ZB ) a1r-ga1;l.mrf£1fi dintensitv: AP, - stator winding losses;
- Maghetic Ticld Intensity, . 0 - internal angle of the synchronous motor;
H. - coercive magnetic field intensity; 0’ - angle between U,y and U, vectors;
H,. - apparent coercive magnetic field intensity; A - permeance = = ’
hy - yoke helght;. ) ) Ay - PM permeance;
Hy - yoke magnetic ﬁe!d mntensity; A, - permanence of the external magnetic circuit;
1 - armature current, instantaneous value; A ful . i
i s - useful permeance (airgap+teeth+yoke);
1 - armature current, rms value; .
. As; - PM leakage permeance;
k. - armature reaction factor; bility of )
k - Carter’s coefficient; Ho - permeablitty ol vacuum,
kc f factor of th ’ itation field: W - recoil relative permeability;
/ - rormactorof the exciiation Heic: T, - pole pitch length; T, -tooth pitch length;
kpa - form factor of the armature reaction field; load le. b d ]
.. S (0} - load angle, between U and [ vectors;
kse - lamination stack coefficient; o - magnetic flux;
k. - saturation coefficient; o - PM magnetic ’ﬂux_
k, - stator winding factor; M ’

@y, Fy - coordinates of the operation point N of the PM in

ksyr - coefficient of the PM leakage flux; flux-mmf coordinates:

L - synchronous inductance; Dy, Fio - coordinates of the operation point N, of the PM
Lsa - self inductance; in flux-mmf coordinates;
lre - lamination stack length; ®,., - remanent magnetic flux;
L, - magnetizing inductance; ®; - useful air-gap flux with armature reaction;
Iy - PM length in magnetization direction; ®y - useful air-gap flux without armature reaction;
ly - yoke length; ¥ - flux linked by the stator winding;
Ls - leakage inductance; U - power angle, angle between U, and [ vectors;
Ny - synchronous speed; ¥, -armature reaction flux linked by the stator winding;
p - operator p=d/df; p=js o ¥, - flux linked by the damper winding;
p - pole pair number; Wi, -mutual fluxb etween the PM and the stator winding;
P, - rated electromagnetic power; Q - geometrical SynChI‘Ol’lOllS angular speed:
P, - internal power; o, - cage angular frequency;
R - stator winding resistance; Q, - angular synchronous speed;
R’p - stator referred damper resistance; (0N - synchronous angular frequency;
Rp - damper resistance; £ - saliency ratio.
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