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Abstract—The Line-Start Permanent Magnet Synchronous Mo-
tor (LSPMSM) attracted a considerable attention because of the
higher value of the product between the power factor and the ef-
ficiency. The paper proposes an analytical design method for the
LSPMSM, considering the asynchronous starting and the syn-
chronous steady state parameters. Using this theoretical ap-
proach, all the synchronous and asynchronous starting characte-
ristics will be calculated. The design of a motor having the follo-
wing specifications: rated output power 3.5 kW, rated voltage
200 V, rated frequency 50 Hz, rated speed 3000 rpm is presented.
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List of symbols
by - slot opening;
B,., - remanent magnetic flux density;
Co - flux concentration factor;
Dy, - mean PM diameter;
f - frequency;
F - mmf;
F, - rotor referred armature reaction mmf;
F, - coercive mmf;,
Fy - mmf corresponding to the PM operation point N,
F, - tooth mmf;
F; - air-gap mmf;
i - armature current, instantaneous value;
ip - damper current, instantaneous value;
1 - armature current, rms value;
kaa - armature reaction factor;
ke - Carter’s coefficient;
kr - form factor of the excitation field;
ke - form factor of the armature reaction field;
Koar - saturation coefficient;
k, - stator winding factor;
ksys - coefficient of the PM leakage flux;
by - PM length in the magnetization direction;
Ire - lamination stack length;
Lo - self inductance;
L - synchronous inductance;
Lp - damper inductance;
L, - magnetizing inductance;
L, - leakage inductance;
p - operator p=d/df; p=js ag;
P - pole pair number;
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P., - electromagnetic power;
R - stator winding resistance;
Rp - damper (cage) resistance;
R’p - stator referred damper (cage) resistance;
s - slip;
sws - slip frequency;
Su - PM cross section surface;
T - torque;
u - armature voltage, instantaneous value;;
U - stator voltage, rms value;
U, - emf with armature reaction, rms value;
Uas - emf without armature reaction, rms value;
X, - armature reaction reactance;
X - synchronous reactance;
Xn - magnetizing reactance;
w - series stator winding turns per phase;
o - pole pitch coverage coefficient of the PM;
) - air-gap length;
(0} - load angle;
(0] - magnetic flux;

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

Do - remanent magnetic flux;

D; - useful air-gap flux with armature reaction;

D5 - useful air-gap flux without armature reaction;
A - permeance

Ay - PM permeance;

As - air-gap permeance;

A - PM leakage permeance;

A, - permanence of the external magnetic circuit;
Mo - vacuum permeability (o= 4 7 10”7 H/m)

Mrec - recoil relative permeability (p,..= 1.02...1.03)
0 - internal angle of the synchronous motor;

T, - pole pitch length;

T, - slot pitch;

¥, - armature reaction flux linked by the stator winding;
¥ - flux linked by the stator winding;

Yy - flux linked by the damper winding;

Yya - mutual flux between the PM and the stator winding;
" - power angle, angle between U, and / vectors;
. - cage angular frequency;

(0N - synchronous angular frequency of the motor;
Q - geometrical synchronous angular speed

& - saliency ratio.
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I. INTRODUCTION

Nowadays, the performance of permanent magnet (PM)
materials has been highly improved and their prices are
decreasing. Thus, PM synchronous motors are gradually used
in many industrial applications for their high power factor,
power density and efficiency [16, 17]. Standard PM motor
architectures must be arranged to get the line-start property and
to satisfy all the required qualities for various applications
(pumps, fans, etc.). The line-start property is obtained thanks to
rotor design.

The synchronizing process has been studied in literature [4-
6], which indicates the effective parameters for reaching the
starting capability, such as critical load torque, supply voltage,
and back emf. The steady-state characteristics are also
measured by different values of output power [1, 5, 8].

In this paper, an analytical method that considers the
required starting performances and the steady-state performan-
ces which mainly depend on the size of the PM is obtained.
The optimal size of PMs is the one which 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. This behaviour is
similar to the self-reactive power operation well known in
wound synchronous motor and illustrated by Mordey’s V-
curves.

The designed motor has the following specifications: rated
output power 3.5 kW, rated voltage 200 V, rated frequency
50 Hz, rated speed 3000 rpm.

II. THE OPERATING POINT OF THE PM

In general, a PM machine has a stator of a typical three-
phase machine with semi-enclosed slots. The rotor contains an
aluminium cage for asynchronous line starting and beneath
buried rotor PMs made of NdFeB. The rotor has a non-
magnetic material flux barrier on its quadrature axis to
minimize the inter pole PM leakage flux.

A. The operating point of PM without armature reaction
Fig. 1 shows the equivalent circuit of the LSPM machine
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Figure 1. The equivalent circuit of the LSPM machine without armature
reaction.

In Fig. 2 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 (Ly). In flux-mmf coordinates, the equations of
(Lyec) line and (Ly) line in Fig. 2 are [15]:

®=®,,, +Ay F; ®=-A,F (1a,b)
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Figure 2. Determining of the operating point of the PM: ®,.,,- remanent
flux; F, — coercive mmf;, (L,..) - the recoil line, (Lyp) — the load line without
armature field ; (L;) — the load line with armature field; (L) and (Ls) — the

air-gap load line; N, — the operating point without armature field; N - the

operating point with armature field.

respectively. Consequently, the coordinates of the operating
point N, in flux-mmf coordinates (Fig. 2) are [15]:

A ()
®ryo=D,,,——; Fyo=——D2"_ (2a,b
NO = Prem o V0= (2a,b)
where, from Fig. 1, the slope of the load line (Ly) is:
A =Ag+Ag 3

The useful permeance Ajs corresponds to the useful flux in
the active portion of the magnetic circuit. The leakage perme-
ance 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). The PM permeance is:

Ay = D em — Brem Sm _ 1o Mrec Sm @
F, H.ly Iy
The air gap flux is
As @y
Qg9 =——— D15 kopyy =—=>1 5
80 Aushgps +As rem oM D30 )

The coefficient of the PM leakage flux is [12]
4y m[u Ul } 6)
Tlrec Cp Tp (l_aM)Tp
The air gap permeance can be expressed as
As=o0as Ty Ipg o)/ (B kc) (M
The Carter coefficient k- = k- ke, can be calculated for
the stator slots and for the rotor slots separately [12]:

ko’M =1+

kcs =1ss /(Tss s 8) )]
2
4 bOs bOs bOs
=—| —=arctg——1In,|1+| = 9
T 225725 25 ©)

In this way, the air gap flux can be expressed as
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@50 = In ) (10)
O I 4y ke kg kg8
ksat=(F8+Fts+Ftr)/F8 (11)

The back emf of the machine at no-load can be calculated
for each speed (frequancy) from the following relation
UeM =4,44fwkw CDSO (12)
To minimize the machine volume, when the slot width and
the tooth width are equal, the volume of PM results:

VM=aMtplFelM (13)

B.  The operating point of PM with armature reaction
Fig. 3 shows the equivalent circuit of the LSPM machine
with armature reaction.
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Figure 3. The equivalent circuit of the LSPM machine with armature
reaction.

The armature field demagnetizes the PM, so that the new
operating point N is obtained by translation of the N, point with
the (-F’ad) which is the d-axis armature reaction mmf referred
to the rotor (Fig. 2). In flux-mmf coordinates, the equations of
(L) line and (L)) line in Fig. 2 are [15]:

D=D,,, +Ay F; D=-A, (F+F;d) (14a, b)
respectively. Consequently, the coordinates of the operating
point N in Fig. 2 are [15]:

— CI)remAt _AMAtFad . q)rem +AtFad

) C Fy=— 15
N A+ Ay N A, +Ay (13)
Foy=—(Fy +®y/A,) (16)

U, =444 f wk,, @ (17)

where ®; is obtained from Fig. 4.

III. THE STATIC BEHAVIOUR

The voltage equation of the machine is:

U=Upy+RI+jXoq I+ Xag 1, +X1)  (18)

Correspondingly, it results the vector diagram in Fig. 4.

From the vector diagram the input current / can be resolved
into components I, and I, where I, is the input active
component (parallel to the voltage vector) and I, is the lagging
reactive component of input current.

After determining direct and quadrature components /; and
I, onto the r axis (Fig. 4) on obtain

1= Py B UY=\12 417 =13 +12 (19)

From the vector diagram (Fig.4), by neglecting the
armature resistance and the leakage reactance, 6 =y — ¢ and
the components of input current are [10]:
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Figure 4. The vector diagram of the LSPM motor.

1,= Yers _ U l—X“d cos 0 |sin 0 (20)
Xag  Xaa aq

1r=_[ U Um U [I—X"d)coselcose 21

Xoa Xaa Xad aq

The loci of the armature current with increasing the
armature voltage at no-load are the Mordey’s V curves of the
PM motor. For operating the machine at unity power factor, the
voltage Uy, corresponding to the operating point of the V
curve where the current , is smallest, where the LSPM motor
uses neither field weakening nor field strengthening is
expressed as

Usim = Uz + (X 1) 22)
X =2Xgq Xag ! X og + X og) (23)
In this mode of operation, the input current locus

I=I 14(1, /1, ) (24)

is a circle that the no-load current is slightly loading.

IV. THE STARTING PROCESS (ASYNCHRONOUS OPERATION)

The equations of LSPM motor can be deduced from the
Blondel dynamic model. In a d-¢g synchronous reference frame
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the following set of equations is valid [10, 14]
Uy =Rd id+p"1"d; uq=Rq iq+p\Pq

R, (25)

Ozﬂ ' O:ﬂi'Dq+p\I-’Dq
S

ipa +P ¥pa;
The linkage fluxes in the above equations are defined by:
Wy ~¥ia = (Lag + Lo )ia +Lag ipa = La ia +Lag ipa

W, =(Lag +Lo)ig + Lag ing = Ly ig +Laq ing

RN (26)
Ypa =Yy =Laa Ia +(Lad + LDd)iDd
LIJDq =Laq iq + Laq +LDq iDq
From the above equations on obtain
2
Yo -Yyu =| Lo —— P Lud — |ia =Lgp ia
RDd /S+p LDd
p @7
P Lag . .
¥ =|[,-——M | =L i
q {q RDq/s"'pLDq]q qp 9

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

Zgp =R+osly;  Zy =R+ogly, 28)
The input equivalent impedance is [10]:
PIY ST AIEIP (LT SR
RD/s+jXD0'+ij

In general, into the equation of the torque there are three
components: the non-pulsating torque (average torque), which
does not change with time, the first pulsating torque, which
changes with time and slip frequency s/ and the second
pulsating torque, which changes with time and double slip
frequency 2 s f. During asynchronous operation, the rotating
field passes on the magnet poles with the speed

n=(1-s)60 f,/p (30)

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 s, In
these conditions, the breaking torque will be associated with
the stator copper losses because of the induced current created

by the PMs [10]:
(1—3)1/(1—5)2X§ +R?
3 3 31
(1-5)2X4 X, +R

The active power generated by the short-circuit current is

Iy =Ugpy

P, =3RI} (32)
By introducing the saliency ratio
E=X,/Xq; C=RIX, 33)

the power expressed by Eq. (32) produces the breaking torque:
3p(1-)U2y R (-5 +¢2

2 2
2 o, X [(1—s)2/§+C_,2]
The slip value for obtaining the maximum breaking torque:

Typr =- (34)
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Sk =1—c\/§(§—l)+,/§(§—1)2 +E. (35)

The expression for the cage torque can be written as [4]:

3p U Xy SR
=L —m D (36)
2 D a1+b1s+c1s
-Ry)| R? (X X )2 ; =2RRp Xp;
a =Ry R +\Xg1+Xm) | B =2RRp Xp; a7

L} 1 2
¢ =(X(, Xy +Xpo X+ X XD(,)2 +R2(Xcl +X,,,) .

X po =X pod =XD(Jq' (38)
The electric speed at which the asynchronous torque is
maxim is given by [4]:

O, =Sk 0)s=0)s"a1/01 (39)

Near synchronization, the slope of the damped oscillations
is identified as [4]:

D:

Rp =Rpg = Rpy;

(1,15 -T}) (40)
S

In starting process, the variety of armature current can be
approximately divided into four stages (Figs. 5 and 6).

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 opera-
tion, 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 de-
pendent 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

978-1-4244-3919-5/09/$25.00 ©2009 IEEE 4



IEEE AFRICON 2009

magnets increases the no-load voltage and decreases the mag-
netizing reactance. Therefore, for the design motor increasing
the volume of magnet gives a better synchronization capability
but a lower critical load torque.

V. THE STEADY STATE (SYNCHRONOUS OPERATION)

At synchronous operation, the main torques that rotate the
LSPM motors combine the PM alignment torque 7p,, and the
synchronous reluctance torque 7,. It is found that the synchro-
nous loading capability is deeply influenced by the magnets’
features such as the back emf and the reactance. The PM
alignment torque is generated by the PMs and affected by the
back emf and the g-axis current. With the design of different
inductance of d-axis and g-axis an additional reluctance torque
is provided, proportional to the difference between the d-axis
and the g-axis reactances.

3 3
T,, =Tpy +T, =iUeMIq +ﬁ(Xd ~X, )1, (@41)

So, the electromagnetic torque of the LSPM motor can be

expressed as
2
em=3UeMUsin6—3U L1 sin2e (42)
Qx, 20X, X,
3U 1 3 2 .
T, =—2eM" cosy+——I(\X,-X,)I%sin2 43
em 0 v 29( q) v (43)

VI. THE STATIC STABILITY OF THE LSPM MOTOR

For a static stability of the machine at unity power factor
operation, on are defined the power angle y between the U,
and / vectors [13]:

Upss —UB 4 (X = X)X, 12
2(Xg-Xg)1
The limit value of the load angle have to satisfy the

W = —arc sin (44)

.. T . .
condition 6y, > 3 which can be achieved from

X
cosOyy, =—k+Vk2—0.5; k= ! UeM[ 1

4 U (X4-%,

J<o (45)

VII. ANALYSIS OF THE DESIGNED LSPMSM

Table I shows the numerical values of the design para-
meters of the designed LSPMSM. With these parameters, by
applying Eqgs. (20), (21) on obtain the Mordey’s V curve at no-
load operation. From the ¥ curve of the designed motor, the
value of Uj;, can be obtained.

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 [4]:

Uy 2093 U4 (46)

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.
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The armature current /, the induced current I, the input
impedance and the components of the torque have the values
indicated in Table II.

TABLE I. THE PARAMETERS OF THE DESIGNED LSPMSM.

Rated voltage, rms value [V] Un 135
Rated current, rms value [A] Iy 10
Stator resistance [Q] Ri=R;=R 0.675
Cage (damper) resistance [Q2] Rbd = qu = Rb 0.675
Stator leakage reactance [Q] Xod =Xog=Xs 0.278
Cage leakage reactance [Q] XDod = XDpog = Xpo 0.237
Magnetizing reactance [Q] Xm 5
Saliency ratio g 1.1
Number of stator slots Z 30
Number of rotor slots Z, 22
Lamination stack length [mm] Ige 90
PM length [mm)] hy 6
Mean PM diameter [mm] Dy, 90
Air-gap length [mm] 3 0,8

TABLEII. VALUES OF FUNCTIONING PARAMETERS FOR s € [0.6, l]

s 1[A] | L[A] I [Nm] 7y [Nm] Z[Q)

1 58 0 24.0 o 0.734
09 57 14.0 24.0 -3.15 0.740
0.8 53 17.5 23.5 -6.00 0.742
0.7 51 18.5 22.0 -5.00 0.750
0.6 43 20.0 20.0 -4.00 0.756

TABLEIII. VALUES OF FUNCTIONING PARAMETERS FOR s € [0.3, 0.5]

s I1A] | L[A] T [Nm] T; [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 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 (Table III).

When the slip value becomes less than s =0.3, the motor
goes into the damped oscillations. 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.

When the slip is less than s=0.3 the value of the input
impedance becomes very high Z,=20Q, and the rotor is
accelerated up to the synchronous speed, mainly by the PM
torque. At s =- 0.2 the value of the PM torque is Tp,=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 Tp, =125 Nm, and the cage
torque is 7. = 0.3 Nm because the d- and g-axes reactances are
about the same value.

The computed values of the steady state main parameters
are: Topma—31.74 Nm, T,,, =11 Nm, I,,,=17.8 A; 6,,=20°;
01im=98°; cos ©=0.992.

978-1-4244-3919-5/09/$25.00 ©2009 IEEE 5



IEEE AFRICON 2009

Torque

o & & b o v 2 oo ®
'
'

N
(=]

00 02 04 06 08 10
slip

Figure 5. Cage torque (1), braking torque (2) and average torque (3) of the
designed LSPMSM.
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Figure 6. The synchronous torque and the reluctance torque of the
designed LSPMSM.

VIII. CONCLUSION

An analytical design method for the LSPMSM, considering
the asynchronous starting and the synchronous steady state
parameters was proposed. Using this theoretical approach, all
the synchronous and asynchronous starting characteristics can
be calculated. In order to improve the starting capability of the
LSPM motors, the main parameters that can be changed in the
design are the rotor resistance, d- and g-axes reactances and the
no-load voltage.

The volume of the PMs mainly rely on the following
factors: the maximal energy product of magnets; the operating
point and the torque-current ratio which the motor requires; the
magnitude of back emf; the leakage coefficient; the magnetic
saturation.

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

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

o 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 characteristic
in the asynchronous operating region and the torque capability
and power factor x efficiency product in the motor’s synchro-
nous operating region.
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