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Starting Performance Analysis
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Abstract—This paper presents a detailed quasi-steady-state ap- E No-load induced voltage.

proach to different torque components (average and pulsating) for N Number of turns on main stator winding.

a single-phase capacitor-run permanent-magnet (PM) motor. By ¢m Wire diameter of the main/auxiliary
employing average electromagnetic torque, and the expected en-""™ ¢ winding

velope of the pulsating torque, an accurate prediction of starting
torque components behavior is made. The quasi-steady-state anal-
ysis of the asynchronous performance of the single-phase capac-

itor-start capacitor-run PM motor is realized through a combina- |. INTRODUCTION

tion of symmetr_ical components andd—q axes the(_)ry. The devel- ERMANENT-MAGNET motors, equipped with a cage
oped approach is valid for anym-phase ac motor—induction, syn- . . .
chronous reluctance, or synchronous PM. rotor, may represent a higher efficiency alternative to

induction motors. Generally defined as line-start perma-
nent-magnet (LSPM) motors, they may be supplied from a
three-phase or single-phase voltage system.

LSPM motors run synchronously so that the cage rotor

Index Terms—AC motors, capacitor motors, permanent-magnet
(PM) motors, starting, torque simulation.

NOMENCLATURE losses are minimized at nominal load. The capacitor-start ca-
% Complex main supply voltage. pacitor-run PM motor is the single-phase version of the LSPM
V. _ Z,_ Complex positive/negative—sequencémtor' This special electric motor is suited for applications in

voltage and impedance home appliances, such as refrigerator compressors.

Vagla, Complexd—q axes voltage/current compo- Beneficiall_y, for stea_d_y_—state operation, PMs considerably_ af-
’ ’ nents in rotor reference frame. fect the starting capabilities of such motors. The torque oscilla-

R..R,, R, Stator winding resistance: equivalent/aux?ions’ QUring the starting transient, are much higher than for an
iliary/main. mductlon.motor. . _

X1 X010, Xim Stator leakage reactance: equivalent/auxil- A detailed calt;ula'uon of_dlfferent torque c_omponents (av-
iary/main. erage and pulsating) for a.smgle—phase capacitor-run PM motor

B, ¢ Turns ratio (main/auxiliary) and shift e|ec_perm|t's a correct gstlmatlon of motor performance. It egtends
trical angle between stator windings. the existing analysis made fpr a single-phase unsymmetrical [_1],

Rya, Ry Rotor resistance fai—q axes. [4] or three—pha_se symmetrical [2],. [3] PM motor. The analysis

Xirds Xirg Rotor leakage reactance férq axes. focuses on a smgle—phase ca.pac!tor.—start capacitor-run 50—Hz

Xonds Ximg Magnetization reactance fdrq axes. two-pole m_otor with concentrlp vx{lndlpgs. The rotor consists

Xogpr X Complex positive/negative asynchronoué’f an aluminum rotor cage, with interior ferrite magnets (see
reactance forl—; axes. 9.

Xa, X4 Synchronous reactance férg axes.

Xc, Crun Capacitive impedance/run capacitor value. Il. MODELING THE CAGE TORQUES

m, P Phases and poles number. N )

w, Synchronous speed (rad/s) and slip. The traditional way to study the asynchronous starting

process of an LSPM motor is to subdivide it into two different
regions [3]: 1) the run-up response up to the “rated induction

motor operating point” and 2) the transition zone from that
Paper IPCSD 03-026, presented at the 2002 Industry Applications Socig@int to synchronism.
n
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mitted for review August 1, 2_002 and released for publicatior_] April 2,2003.  The unbalanced stator voltage for the case of capacitor-start
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Introducing (4) in (2) and (3), and solving the equation systems,
we obtain the equivalent relations férq axes currents
positive sequence

v .

‘ LH:D—:-[—RSH(Qs—l)gH]

| v ‘

| Ly=-50 [FRotis-0X.] @

negative sequence

. B I, = D_ [R +j(3-28)X d]
. v
I, === [R,+jB3-29X, ] (6)
Fig. 1. Cross section of analyzed motor. D*

where
Dy =RI+(1-29)X 3, X +jsRs (X gy +X 1) (7)

An unbalanced supply voltage system can be decomposgd — p2 4 (25— 3)X , X _
using symmetrical components as Lo

+j(2-s)Rs (X g +X ). (8)
1 1 For the single-phase motor, with an unsymmetrical stator
Vi=—- (K+ + Z_) = . (Kd+ + Kd_) winding, by using the relations in [1], we can deduce (the stator
V2 2 windings are assumed to have the same copper weight, i.e.,
V,= L . (_jK+ +jK_) — L . (K " +K _) . Rs = Rm = /BQRay Xls = le = /BQXlaa ¢a = ﬂl/2¢m)
V2 v2 ! . :
(1) V.=V i \/581116 . hﬂ"i'JQ? (9)
The positive-sequencl, will induce currents in the cage -t B a;+a,
rotc_)r pf the LSPM motor. The currents f_re_quency will e Ir_1 V2sin¢  hf - ja,
a similar way, the negative-sequeriée will induce currents in Vv_=V.- . (20)
the cage rotor, witi2— s) f frequency. In double revolving field A a1+ &,
theory, currents with f frequency determine the forward field,where
and the(2 — s)f frequency currents determine the backward 1+ cos (¢)
field. Thus, the initial unbalanced LSPM motor is equivalent = W
to two stator-balanced motors. Each of these fictitious motors
is characterized by an asymmetrical rotor configuration, due to 0. =1— JXc (1 n J )
the cage and saliency. Using theq axes fixed on the rotor -1 Z B -tan (¢)
frame, we can write the following stator voltage equations for P P
the positive—sequence motor: a;=1- iXc < - +> (11)
- Z_ A -tan ({)
) The presence of the capacitive impedance connected in se-
Vi =V =Rl gy +J Sw%d - (1= s>“’ﬁq+ ries with the auxiliary winding requires a special usage of the
symmetrical components. A suitable option is to include the ca-
Vgr ==iV = Belyy 4 swd) + T (1 s)wgd+ (2) pz':lcitor voltage inrihe positive- and negrj'zltive-sequence voltages.

The positive- and negative-sequence impedances are approxi-
mated using the average of the apparent (variable withsstp

and for the negative-sequence motor -
andg-axes impedances

- '.Xm (Rra /'X'r
Ve =V_ =R, +j2-s)wp, —~(1-s)wi _ X (52 4 3 Xua)
- -1 1| T+ (Xma + Xipa)
V. _=jV_=RJI,_+75j2—-s5wy)p +(1—-s)wy, . Z,=R;+75X1s+ =" ) ) (12)
! R " 2| Xma (54X
(3) R . -
- A_i_.] '(qu+Xqu)—
For the flux linkage components we will use the notations [3] Jde ( )
1 ﬁ*‘]'(de-i-erd)
. . Z_ =Rt jXi+ - . - (13)
Wi 4y =X 0x(j8)Lax = ~7ZaxLax N T Ximg - (2_:1 +lerf1>
wy =X 2 Us) g = —jZ gL g (4) i % + 7 (Xmg + Xirg) |
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Cage Torque Components and, respectively, for the negative-sequence component

The following relations compute the average cage torque

components (positive and negative sequence) valid for an 0= R, I, 1 (Zd_ +gq_)1f_ +l
m-phase ac motor with unbalanced stator voltage: 3-2s 2 2
(Zao =2, )1,
m P * * 1 1
Tavey+ =5 ' 3 'Re{(ﬂﬁ) Loy - ("/_’d+> lq+} V_=RI, +3(Za-=2,)L; +5
(14) NZa—+Z )1, (17)
m P * * .
Tlavg)— = 57 'Re{(ﬁq,) I, — (ﬂdf) L, . where the indexeg andb stand for forward and backward

(15) components.

After algebraic manipulations, we obtain the forward and

Each of these two average torque components can be furtR%kaard current expressions as

divided into another two components. In this way, the analysis
of the starting capabilities of the LSPM motor can be accom-
plished for a wider range of frequencies. The electromagnetic
asymmetry of the rotor leads to the following sequence compo-
nents, as seen from the rotor reference frame.
1) For the positive-sequence frequerey), the rotor field
is decomposed into two components: forward component,
which rotates versus the rotor with; speed; backward
component, which rotates versus the rotor withs#1)
speed.
These two revolving fields rotate versus the stator with
the following speeds:

a) forward component
sny+n=sny+ (1 —s)n =ng
b) backward component
—sn1 +n=—sny+ (1 —s)n; = (1—2s)n;.

2) For the negative-sequence freque(2y- s) f, the rotor
field is decomposed into two components: forward
component, which rotates versus the rotor with- s)n;
speed; backward component, which rotates versus the
rotor with (s — 2) n; speed.

These two revolving fields rotate versus the stator with
the following speeds:

a) forward component

2=smi+n=2-s)n1+(1—s)n1=(3—-28)n

where

Zap+ +Z ot
I,, =V ! (18)
L+ =Y
! Zap+Lgpr + Zavr L gs+
Zapr —Zqpy
Ly, ==V, = — 19)
ZapZgpr + Zavr L gpt
Zay— — L gy
Iy =-V_ — — (20)
d ZyZy +Zagy Z g5
AT /A
I, =v__— 4= 24 1)
Ly Ly +Zay-Zg5-
= ISk ax T 22)
Zq:l: = J&q:l: = qu:l: +.7Xls
( de+ =Z mat T Bs + jXis
qu+ = Z'mq-‘,— + RS +leS
R .
Zapy = Zmay + 57 FiXis (23)
R
Z o =2 ML ix,
L Zgb+ “Z mqg+ + 2 — 1 +I14
4 Rs .
Lo =Zma-t+ 5 5 TIXs
Z¢1f—:qu——i_28_?)'1'.7.)(!5 (24)
Zayp— = ZLma— — Rs + 7 Xis
\ L qb— = qu— - RS +]Xls

The following relations compute the average cage torque com-
ponents (positive and negative sequences split in forward and
backward components) valid for am-phase ac motor with un-
balanced stator voltage:

b) backward component

(s=2n1+n=(s—2)n1 4+ (1 = 8)n; = —ny.

The stator voltage equations (2) and (3) can be rewritten as mP 9
follows for the positive-sequence components: Tavg) r+ = 0w Rey - |lf+| (29)
mP R, 2
Vi=Rlp +5 (Zay+Z4) Ly +5 Twgyor =5 5.7 Ly | (26)
(Zar = Zgy) Loy mP R >
Tav - =5 2 |l 7| (27)
R, 1 1 (ve)f= =9y 25 —3 %S
0= 25—_11}»-1- + 9" (Zd-i- - Zq+) lf—i— + 2
T, _mP 17, | (28)
(Zay +Zg4) Loy (16) (ave)b= = gy e T ISe-
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where R, _y represent the equivalent resistances computed TABLE |
with the following relations: HARMONICS OF THEPULSATING TORQUE (ROTOR REFERENCEFRAME)
1 (Z = VA +) 2 Frequency Positive seq. . Negative seq. Magnet
_ - _ _m —mq 2_ 0
Rey =Re 9 (Zmd++zmq+) Zapst+Z o, .?omponems 7 @
+ qb+ Positive seq. sf 2sf 2f, (2-25)f sf
2 Negative seq. (2-s)f  2f, (2-2s)f 4-2s)f 2-sy
R, =R 1 (Zmdf _quf)
e =Re{z |- E it Z gy )+ ~ 7 Magnet 0 o (-9 0
Lap-TLqf-

29
(29) tive winding. The magnet braking torque is given by the interac-

while the equivalent magnetization impedances are tion between the stator currents and the induced magnetic fluxes
by the PM in these windings. As the stator currents amplitudes

Z i = —1 1 - and phase angles are different (i.e., unbalanced system), this ex-
X T RatieXia plains why the exact analytical expression for this torque com-
1 ponent is impossible to deducedry axes theory, without the
Log+ =1 . assumption in Section Il. A literature survey [6], [7], [9] shows
TXma T RogTisXirg that even using the complicated finite-element (FE) technique,
p 1 the magnet braking torque prediction has not yet been realized.
Zmd— — 1 2—s
TXoa T an+y(-(2—)s)Xw IV. M ODELING THE PULSATING TORQUES
7 _ 1 _ (30) Analysis of the LSPM motor is made using the rotor reference
e ﬂl + 5 +J.(_2(;j)s) X frame and theotor currentcomponents correspond to two in-
! " " duced currents and the equivalent current that is determined by
The total average cage torque may be computed as the PM. Their frequencies are: 4f harmonic, represented by
the positive cage sequence;(2)— s)f harmonic, represented
Tavg) = Tavg)+ + L(ave)- by the negative cage sequence; and 3) O, represented by the PM

=Tlavg) f+ + Tiavgyp+ + Tiavg) f— + Tiavgip—-  (31) equivalent current.
In the rotor reference frame the asynchronous operation as
an induction motor and the influence of the PMs determine
[1l. M ODELING THE MAGNET BRAKING TORQUE the stator currentcomponents. Their frequencies are: 1) the

A completed—q axes analysis of the magnet braking torquéindamental ) represented by the positive forward and neg-
for a three-phase symmetrical LSPM motor is given in [2].  ative backward sequence cage component12) 2s)f har-

Expressions for determining the currents and the flux link0onic, represented by the positive backward cage sequence;
ages due to the magnets, and the magnet braking torque, 3ré3 — 2s)/ harmonic, represented by the negative forward

determined accordingly for the unsymmetrical single-pha§@9€ component; and 4) — s)f harmonic, represented by
LSPM motor the induced stator currents due to the magnet rotation. These

harmonics interact and determine several pulsating torques.

—(1-5)" (X, - Xc) The interaction between thietor currentcomponents deter-

dm = R2+ X, (X, - X¢)(1 - 5)2 +Fo mines four cage pulsating torque components and two perma-
_(1-$)R (32) nent pulsating torque components [2]. Table | shows the resul-
Iy = 5 5 - By tant frequencies of these pulsating torques.
R+ Xa(Xq— Xe) (1) We may classify the amplitude (zero to peak) of the pulsating
Xyl + Eo torques according to their main cause in reluctance, unbalanced
Wim = ——— stator, and PM (excitation) pulsating torque components
w (33) as follows:
Vgm = (Xq — Xc) - Igm reluctance pulsating torques
w
1= Do) Bt = & itin] . @y
m = — - SIn *Wamlgm — 7, Pgmldm | - m
2 7 =25 abs{(v,, ) Lae = (¥, ) Lo} G39)

Expression (34) shows the possibility of decreasing the T puls) (4—26) f
magnet braking torque when the stator windings of the P m P
single-phase LSPM motor are electrically nonorthogonal. =—.—.Abs { (1/; _) I, — (1/; 1_) L,_} (36)
However, a more accurate analytical model may be needed 2 2 - -
for the magnet braking torque in the case of the one-phase ununbalanced stator pulsating torques
balanced LSPM motor, when the stator windings weight is not
equal. The induced magnetic fluxes by the PM in both windings  Ti,uis)(2)
(main and auxiliary) depend on the rotor speed. Their ampli- m P
tude is proportional to the effective ampere-turns in the respec- — 9 9" Abs { (1/’ q+) L, (ﬂ@r)

I} @7
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TABLE I
STATOR WINDING DATA

Motor Winding parameters
Type N [pou] B o Oa  [elec. °]
Motor A 1.46 142 1.22 90
Motor B 1.14 142 1.3 90
Motor C 1 1 1 90
Motor D 0.87 0.70 0.76 90

Tpuis)(2-29)
-7 g abs{(v, )L - (¢, )La} @9

PM (excitation) pulsating torques

Fig. 2. Test stand settings.

Tipwsy () average value (i.e., averaged over one revolution or electrical
[(gﬁ) Lam + ('zﬁqm)ldJ cycle) only at synchronous speed. At all other speeds it con-
(39) tributes an oscillatory component of torque that is very evident
- [@H) Iy + (d)dm)lq+j| in Figs. 11-13. The same is true of the reluctance torque. As the
rotor approaches synchronous speed, the screening effect of the
Liputs)2-5)1 cage becomes less, and as the slip is very small, the oscillatory
[(qp 7) Ly + (I/qu)ldf] synchronous torques (alignment and reluctance) cause large
1 . (40) variations in speed that may impair the ability to synchronize
- [(yd_) LIy + (Yam) lq_} large-inertia loads.
There are presented the simulation results for the case when
Note that while the reluctance and excitation pulsating torqui¥¥C capacitors are used, 2 for starting operation and 8~

total effect is given by their sum, the unbalanced stator pulsatiffj 'unning operation (above 80%-90% of synchronous speed),
torque effect is given by their difference. for all the analyzed LSPM motor types. The start capacitor was

selected as an average between the optimum values for each
tested motor considering maximum torque/currenstatting
operation The run capacitor was selected as an average between
The experiments were performed on four motor typethe optimum values for each of the analyzed motors consid-
equipped with identical rotor, and stator lamination, but witering maximum efficiency asynchronous operatioand nom-
different stator windings. The stator winding data are presentedl load.
in Table II. Note that the assumption made in Section Il (stator Note that these values do not correspond to the optimum
windings with equal copper weight), is not valid for all testedalues of any of the analyzed motors. A tradeoff has to be
motors. Only motors C and D were wound with the sammade depending on the application: lower starting torque and
copper weight in both stator windings. This way it is possiblefficiency at synchronous operation, but increased load torque
to observe the influence of this assumption on the simulatiors)d synchronization capability (motor B); higher starting
when compared to the experimental data. torque and efficiency at synchronous operation, but decreased
During starting, the accelerating torque of the LSPM motdoad torque and synchronization capability (motors A and
is the average cage torque minus the magnet braking torque @gdand higher starting and load torque and synchronization
the load torque. The average cage torque is developed by “indoapability, but lower efficiency at synchronous operation
tion motor action,” except that the saliency and the unbalancadd higher magnetic noise, i.e., pulsating torques (motor D).
stator voltages complicate the analysis and may compromise Ties paper focuses on the torque behavior during starting
performance. operation. Therefore the measurements and computations for
The magnet braking torque is produced by the fact that ttiee synchronous operation are not included.
magnet flux generates currents in the stator windings, and is asThe magnet braking torque exhibits a maximum in a range
sociated with the loss in the stator circuit resistance. The vaftiem 0.25 Nm (Motor B) to 0.65 Nm (Motor D). The cage
ation of this torque with speed follows a pattern similar to thabrque in all the cases overcomes the magnet braking torque.
in the induction motor, but the per-unit speed takes the place ofThe test stand settings are illustrated in Fig. 2. Figs. 3—6 illus-
the slip. trate the experimental quasi-steady-state torque variation versus
The magnet braking torque should not be confused with tepeed during no-load operation for a line-start PM motor, sup-
synchronous “alignment” torque that arises at synchronopbed with an unbalanced stator voltage system, with a capac-
speed, even though the magnet braking torque is still preséat-start value of 23:F. Tested machines were driven as mo-
at synchronous speed and, therefore, diminishes the output &ord or generators using a hysteresis brake or a dc-load motor.
the efficiency. The magnet alignment torque has a nonzefonsequently, the LSPM motor shaft torque was measured as a

I
3
|
i
53

V. EXPERIMENTAL AND SIMULATION RESULTS
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0 1000 speed [rpm] 2000 3000

Fig. 3. Experimental torque variation versus speed during no-load operation,

Motor A.

—T(avg) + Tm - T(ave)
5 //\*v*‘ \\

Fig. 6. Experimental torque variation versus speed during no-load operation,
Motor D.

el iy 06 i
z
20.8 -
C £ 04 Tavg) + Tm 1
£0.6 g
5 o2t i
0.4 = T(avg)b+ T(avg)f- )
0 i
0.2
-0.2 -
0 1000 speed [rpm] 2000 3000 04
- Tm T(avg)b- 7
Fig. 4. Experimental torque variation versus speed during no-load operati: -0 o o s TR e 000
Motor B. speed [rpm]
Fig. 7. Resultant torque components (cage and magnet braking torque)
2T - - - variation versus speed during starting operation—Motor A.
18 1 —T@vg)+Tm - T(avg) J
16 starting operation, for a wide range of capacitance values. The
14 tested motors exhibit important torque oscillations at low speed.

2] This phenomenon makes very difficult any measurement for

% ; locked-rotor or low-speed conditions.

g Figs. 7-10 present the average torque components, in quasi-
081 steady-state analysis. The solid line represents the resultant av-
061 erage torque, while the dotted lines show the cage torque com-
0.4 - ponents and dashed line shows magnet braking torque. A com-
02- parison with the experimental results in Figs. 3—6 shows an

o ‘ ‘ overall good agreement for motors B and C, while for motor A
0 1000 weedtemd 2000 s000 the predictions are accurate for low and high speed (slip belongs

tointervals [0, 0.3] and [0.7, 1]). Figs. 11-14 show the pulsating

Fig. 5. Experimental torque variation versus speed during no-load operatig@rque components zero to peak amplitude. The solid lines rep-

Motor C.

resent the cage pulsating torque components, while the magnet
pulsating torque components are illustrated using dashed lines.

braking torque. The experiments required the usage of two @ne can note the higher values for the unbalanced stator [(35)
tors for every tested motor: one equipped with the cage rotnd (36)] and magnet (excitation) pulsating torque [(39) and
but without magnets and one equipped with cage rotor and w{#0)]. In Figs. 15-18, the dynamic torque and quasi-steady-
magnets inserted. The higher torque values (dotted line) hatate average resultant torque (solid line) and the envelope of
been measured when the rotor is without PNI%,(;)). The the instantaneous torque are presented (dashed lines). The dy-
lower torque values (solid line) represent the experimental datamic torque’{4y) simulation pattern follows that described in

for the actual motor equipped with PM%{..g) + Tin). The

[1]. The minimum and maximum envelope trajectdf¥{ max,

experiments were intended to study the torque behavior durifig,, ,;,) are obtained by superimposing the pulsating torque
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Fig. 8. Resultant torque components (cage and magnet braking torqyg%i

variation versus speed during starting operation—Motor B.

10. Resultant torque components (cage and magnet braking torque)
ation versus speed during starting operation—Motor D.

2 T T T T T 25 T T T
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Fig. 9. Resultant torque components (cage and magnet braking torgpg), 11, Pulsating torque amplitude components variation versus speed during
variation versus speed during starting operation—Motor C. starting operation—Motor A.

components effect over the average resultant torque. This ~n-

proach neglects the mechanical pulsation due to rotor/load
ertia and assumes that even though pulsating torque com
nents vary with different frequencies, their global effect ma
be simulated by superposition. The slight difference betwe
the quasi-steady-state torque and dynamic torque is due to
rotor inertia influence and the pulsating torque variation wit
frequency harmonics (Table 1).

All simulations have been implemented neglecting saturatic
and core losses. However, the proposed model equations r
include nonlinear effects such as core losses or saturation.

The equivalent circuit parameters defined in nhomenclatu
have been either measured or computed with the uS€&ED
software:PC-IMD v. 3. PC-BDC v. 6.0andPC-FEA v. 5.0

VI. TORQUE COMPONENTSCHARACTERISTICS

Pulsating torque amplitude [Nm]

35F

2
T

T(puls)(20)

N
2
T

N}

o
T
’

’

T(puls)(2-2s)f
1k

T(puls)(2-s)f T(puls)(2sf)

<.
~~~~[

051

T(;J|—s)(4‘.2s)f

n N .
0 500 1000 1500 2000 2500 3000
speed [rpm]

For the averageage torque componentie main observa- rig 12 pyisating torque amplitude components variation versus speed during

tions are as follows.
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for a single-phase PM motor. A higher starting torque

1) The positive forward-sequence torqu&.(q)s4) is the
condition requires a high-resistance rotor cage, but this

main component, which ensures good starting capabilities
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2)

3)

4)

feature will present the classical “dip” at half synchronous
speed, in a similar way to the Goerges [5] phenomenon in
induction motors with an unsymmetrical rotor. This “dip”
can be minimized by using lower resistance rotor bars,
or almost symmetrical cage rotors, i.&,q ~ R,,. The
synchronization imposes the necessity of a high torque 3)
for low slip, which requests a low-resistance rotor bar.
Therefore, an optimum value for the cage rotor resistance
must be employed.

The positive backward-sequence tordlig.()s-+) which
amplifies the half synchronous speed “dip,” and the
negative forward-sequence torquéi(,);—) which
always has negative values and diminishes the resultant
cage torque, can be minimized by using a minimum
admissible value for the stator resistance. However, this
task is hard to achieve for small motord,(< 1 kW).
Obviously, the minimization of negative-sequence
voltage amplitude toward zero (i.e., by using a correct
choice for the run capacitor [1]), leads to the elimination
of negative-sequence average torque components.

It is of interest that the developed air-gap cage torque at
synchronous speed is not zero as in a symmetrical in- 5)
duction motor. The average cage torque of the asymmet-
rical PM machine at = 0 is alwayshegative This phe-
nomenon is due to the positive backward and negative
forward-sequence torques(g)p+» T(avg)s—)- The only
exception is when the saliency effect can be neglected
X4 = X, and the stator currents are balanced (nega-
tive-sequence voltagl€ _ = 0). This nonzero average
cage torque at synchronous speed does not depend on the
cage parameters (resistance or leakage reactance). It caf)
be stated that this is the effect of the rotor saliency and the
fact that the stator resistance cannot be neglected for frac-
tional horsepower ac motors such as the analyzed motor.

2)

4)

For the magnet braking torquethe main observations are
as follows.

1)

2)

The maximum amplitude of the magnet braking torque

may be decreased by employing a suitable value for the
stator windings shift angle’§ [10], or an over unit value

for turns ratio (3).

The corresponding speed for the maximum amplitude of
the magnet braking torque is susceptible to occur at higher
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compared to two and zero components, respectively, for
the three-phase symmetrical motor case [2].

All six pulsating torque components for the run-up period
can further be split into another two components, if the
analysis is to be made from the stator point of view.

Even for a symmetrical rotor (i.ed—~-axes parameters
are identical), the pulsating excitation and unbalanced
stator torque components will not disappear completely.
The unsymmetrical stator pulsating torque components
(2f and (2 — 2s)f) are always present for an unbal-
anced stator voltage system. The double-frequency pul-
sating torque component represents the main cause of pul-
sating for the single-phase LSPM motor. This component
is characteristic for any one-phase ac motor: induction,
synchronous reluctance, or synchronous PM.

The forward-sequence excitation pulsating component
(39) is responsible for larger pulsations especially at low
speed (slipg 1), while the negative-sequence excitation
pulsating component (40) has a comparable value with
the reluctance pulsating torque components [(35) and
(36)].

The reluctance pulsating torque componentsf[and

(4 — 2s)f] are entirely dependent on the machine pa-
rameters (resistances and reactances). The difference be-
tween rotord—g axis resistances and leakage reactances
(Rra # Rrq, Xira # Xi1rq) determines an increased pul-
sating “dip” torque around the half synchronous speed
region. The difference between magnetizatibsy axis
reactancesX,q # Xmq) determines an increased pul-
sating torque around the synchronous speed region.

The rotor asymmetry is responsible for the nonzero re-
luctance pulsating torque at standstil £ 1), and the
stator asymmetry is responsible for the nonzero unbal-
anced stator pulsating torque even at synchronous speed
operation. For a single-phase PM motor, the proper se-
lection of a capacitor to obtain a balanced stator voltage
system will lead only to the minimization toward zero of
the stator asymmetry effect. The rotor asymmetry effect
cannot be eliminated.

VII. CONCLUSION

than half Synchronous Speed for a one-phase unsymmetThe Starting performance prediction for a line-start PM

rical LSPM motor.

motor can be made using a quasi-steady-state analysis. The

3) For pure single-phase motors (split-phase), when orjotor torque behavior during asynchronous operation can be
one stator winding is energized, the magnetic field créalculated through the study of different torque components:
ated by excitation (PMs) transforms from a rotating fiel§2ge torques, magnet braking torque, and pulsating torques.
opposed to the rotating field created by stator flux into &he deduced torque expressions may be extended for the gen-
pulsating field and the corresponding braking torque vagral case of then-phase ac motor, supplied with unbalanced

ishes.

For thepulsating torque componenthe main observations
areas follows.

stator voltage.
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