1300 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 39, NO. 5, SEPTEMBER/OCTOBER 2003

Revolving-Field Polygon Technique for Performance
Prediction of Single-Phase Induction Motors

Claus B. Rasmussen and T. J. E. MiJleellow, IEEE

Abstract—This paper presents a new analytical technique for
improving the performance prediction of single-phase induction
motors, especially capacitor motors. The technique uses the
split-phase motor electrical equivalent circuit analysis together
with electrical and magnetic parameters whose variation is
computed from the equivalent balanced polyphase motor, so
that the same magnetic circuit analysis can be used for both.
(The term split-phaseis used to cover motors operating from a
single-phase supply but with the phase windings split into two
orthogonal windings, one of which may have a capacitor in series
with it during running or starting.) The technique accounts for the
elliptical envelope of the magnetizing field vector and results in
improved precision, since the three-phase electromagnetic model
is considered to be more precise than the normal split-phase motor
analysis. An important result is the computation of vector polygons
of flux density for each section of the magnetic circuit, providing
a better basis for core loss prediction. The double-frequency
torque ripple is also obtained from the stator magnetomotive force
and flux-density polygons. Three different electrical equivalent
circuit methods for the split-phase motor (based respectively on

the cross-field theory, forward- and backward-revolving fields, . S .
and symmetrical components) are evaluated to determine the equivalent circuit [3]-{5]. In both cases the parameters of this

method best suited for incorporating the variation of the circuit c?rcuit vary with slip, load, and voltage. Their computation.is
parameters from the polyphase magnetic circuit analysis, and itis simpler in the polyphase motor because the flux is essentially
discussed how the core losses can be included in these circuits taconstant and rotates at synchronous speed, whereas in the

Fig. 1. Small induction motor of the type analyzed.

obtain the best overall performance prediction. split-phase motor it varies cyclically and is visualized as

Index Terms—nduction motors, single-phase motors, unbal- having forward and backward revolving components. Since
anced operation. the flux variation in split-phase motors is “elliptical” it can be

treated with reference to a variable-voltage calculation in the

|. INTRODUCTION equivalent polyphase motor [6]. This is the basis for the method

. . . . , _described in the paper.
HE single-phase induction motor is widely used in : . . . .
Superimposed on the main flux is a set of harmonic varia-

Iow_—power a_lppl_lcatlons such as r_efrlgerators anda V.a”et%ns caused by the effects of saturation, slotting, and skew [7].
of pumping applications, many of which run for long perlods]_

. . ese variations are themselves accompanied by induced rotor
Power levels range from subfractional to a few kilowatts, an . o . .
- . . . : currents which do not participate in torque production but con-
energy conservation studies have identified this motor as hav

L . ) . . . ?%ute significantly to the stray loss, and any method for esti-
significant potential for savings in energy consumption. Fig.

; mating the stray loss must be built on a sound analysis of the
shows an example of the type of motor analyzed. Against thrhsain flux as described in the paper [6].

background the efficiency of these small motors is an important .
In polyphase motor analysis the core loss and stray loss are

design parameter 1], [2] t%sually incorporated into the equivalent circuit by means of

The theoretical basis of design calculations for both . . .

. . . : . resistors connected, for example, in parallel with the magne-
polyphase and split-phase induction motors is the electrical: ! . . - :

Izing reactance or in series with the winding resistances. In

single-phase motors the equivalent circuit has two sections, for
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Fig. 2. Single-phase motor equivalent circuit including core loss.
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Fig. 3. Split-phase motor equivalent circuit based on forward- and backwali

revolving fields, including core loss.
(g)

The circuits described in this paper have variable core-loss res
tors, with the losses divided between the two parts of the circt o

Fig. 4. Split-phase motor
components, including core loss.
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according to physical principles described later. The circuits a o
solved iteratively by means of a computer program [15].

II. THEORY
A. Equivalent-Circuit Models Saxyl,, ()

The equivalent-circuit models used in this paper are based
the classical models extended to include core-loss resistan
[8]-[14]. Fig. 2 shows the pure single-phase model, Fig. 3 thss(x,, +x,)1., D
forward- and backward-revolving-field model [14], and Fig. ¢
the symmetrical components model [15]. The cross-field mod
shown in Fig. 5 is considerably more complex because it iii-

rotor
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cludes a tapped main Winding [4]r [10], [15].1 [16] and threeig. 5. Cross-field equivalent-circuit including a tapped main winding and
core-loss resistances connected in parallel with the elementshafe core-loss resistors [15], [16].

the winding equivalent circuits that represent their respective

flux linkages. winding. The motor is then analyzed as a three-phase motor at
no load, and the voltage is ranged to cover all saturation levels.

B. Revolving-Field Polygon Technique

The following parameters are logged: magnetizing magnetomo-

When analyzing a split-phase motor, the technique starts tbye force (MMF), magnetizing reactanc€,,, and values of
replacing the split-phase winding with an equivalent three-phgseak flux densityB in every section of the magnetic circuit:
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Fig. 6. Integration of three-phase and split-phase electric and magnetic analysis, by the revolving-field polygon technique.
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Fig. 7. Polygons obtained at three different load points for 470-W motor.

stator teeth and yoke; rotor teeth and yoke. The magnetiziag equivalent three-phase balanced machine which has the same
MMF and X, are used to determine the magnetizing reactangeometry as the single-phase machine. If slotting and phase-belt
of the split-phase motor as shown in Fig. 6. effects are ignored, the three-phase machine has circular loci
The procedure is iterative and starts with the split-phase mdgr both the magnetizing MMF and the flux, and its nonlinear
netizing reactance taken from a standard magnetic circuit calcoagnetic equivalent circuit is used to determine the relation-
lation. The procedure generates polygons (approximate ellipssisips betweerk ,, and the peak flux densities in each section,
of the MMF and reactance values in a polar plot in which theaken over a range of voltage at no load, is used because the
magnitude is represented by the radius and the angle is the plssgarated main field reactance in the cross-field model of the
during one cycle at fundamental frequency. When the procedgiagle-phase machine most closely represents the general mag-
has converged, the corresponding polygons of flux density metic state of the machine. The parameters storedAyitHrom
each section of the magnetic circuit are found by cross plottitige voltage-ranging calculation are the flux densities and MMF
from the polyphase ranging calculation. drops for all sections of the magnetic circuit, and the total mag-
The process described by Fig. 6 can be further interpreteetizing MMF.
graphically as in Fig. 7. The space vectors of flux density in The voltage-range data from the three-phase motor are then
each section of the magnetic circuit are related to the magtieked to the split-phase equivalent circuit. The cross-field
tizing MMF space vector via the magnetic equivalent circuit fanethod was selected for this, since it operates with a main
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field reactance and a magnetizing current as in the three-phg Stator MMF Stator tooth flux-density Torque
equivalent circuit. The other two split-phase equivalent circuit:
operate with forward and backward components which make
more difficult to relate the magnetizing current and the mair )( =
field reactance to the three-phase motor data.
The voltage-range data from the three-phase motor are a
plied to the cross-field split-phase equivalent circuit in the fol-
lowing steps. Fig. 8. Calculation of ripple torque.

1) Solve the cross-field circuit for a starting value Xf,,.
This produces a revolving field polygon for the space
vector of the magnetizing MMF, with a generally ellip- ,
tical shape. ET

2) For each value of magnetizing MMF along the polygon &
look up the corresponding value for the main field reac:
tance of the equivalent three-phase machine. The result
is a polygon forX,, representing its variation over oneFig. 9. Comparison of tooth flux densities obtained by finite-element

. - calculation and the revolving-field polygon technique. 470-W two-pole motor
electrical peI’IOd. at 100% load. Adjacent tooth flux-density waves.

3) Determine the mean value &f,, from the polygon and
apply this in the cross-field circuit.

4) Repeat steps 1)-3) until the mean valueXgf has con-
verged to a steady value.

At this point the electrical quantities from the cross-field
method are determined, and the flux densities for each secti
of the magnetic circuit are mapped from the fidgl, polygon L
obtained in the voltage-ranging calculation; see Fig. 6. rPolygon value 1.45T

Polygon value 1-75 T

-
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C. Core Losses E 015//‘\
The revolving-field polygon technique generates the tim¢ o - NN
waveform of the flux density in each section of the magnetic

L L . Fig. 10. Revolving-field polygons and finite-element tooth flux-density
circuit, permitting the core loss to be calculated using veforms in 12 adjacent stator teeth at 66% voltage, no load. 470-W two-pole

modified Steinmetz equation of the form 50-Hz motor.
Wi = o087 ®) 4 ¢, |98 2 1 . o _
Fe = Lh + Ce dt (1) constant spatial flux distribution. Thus the torque waveform is

o _ obtained from a point-by-point multiplication of the stator MMF
V\{hereCh, C., andn are _coeff|C|ents determined from standar@inq tooth flux-density polygons. Finally, the mean torque ob-
sine-wave loss curves;is an exponent of the order of 1.5-2.53ined from the cross-field equivalent circuit calculation is used

and|dB/dt|* represents the mean value(df3/dt)* over one 1o scale the torque waveform over a complete electrical cycle.
electrical cycle. The polygon of the space vector of flux density

in each section of the magnetic circuit is used to find a represen-

tative BB value via aB? weighting, which is deduced from the Il RESULTS

formof (1) as a reasonable and simple means of representing thgest results from this technique are shown in Fig. 7 for a
losses can be calculated by superimposing slot and phase-BgHw that the total stator MMF is much more elliptical than the
harmonics on the3 waveforms, but this process is beyond thgyagnetizing MMF, the magnetizing reactarcg, or the tooth

scope of the present paper. flux-density space vectors. The near-circular loci of these last
) three parameters justify the revolving-field polygon technique.
D. Ripple Torque To validate the flux polygon shape still further, a transient fi-

The revolving-field polygon technique can be used to detamite-element calculation was used to determine the time flux-
mine the torque ripple taking into account the polygon shapdensity waves of the teeth. This result helps to identify the pa-
of the stator MMF and the motor flux; see Fig. 8. rameters which control the circularity of both the magnetizing

The instantaneous torque is derived from the product of tMMF and the resulting flux polygons. Fig. 9 shows the finite-el-
back electromotive force (EMFNd®/dt and the phase cur- ement tooth flux-density waves at full load.
rents, divided by the speed, wher®¥ is the number of turns  Agreement between the finite-element method and the re-
per phase. The produdfi combined for all three phases is thesolving-field polygon technique is good, considering that the fi-
stator MMF space vector. The flux/time derivativ® /d¢ will  nite-element result includes flux-density variations due to space
have the same polygon shape as the flux, and the highest derharmonics associated with phase belts and slotting. These ef-
tive appears where the amplitude of the flux is highest, assumifegts are not modeled in the polygon technique.
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Fig.11. Comparison of forward- and backward-rotating field equivalent-circuit model with test data. Split-phase motor with running ca@@citoty@2-pole,
50 Hz. (a) Line current (A) and torque (). (b) Efficiency and power factor. (c) Iron l08Er. plus stray los$¥Vsy., plus rotor copper losB. . . (d) Main and
auxiliary currents (A).
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Fig. 12. Comparison of symmetrical-component equivalent-circuit model with test data. Motor is the same as for Fig. 11. (a) Line current (Apghehdrqu
(b) Efficiency and power factor. (c) Iron 1088 plus stray los$Vsyr, plus rotor copper losB c.x . (d) Main and auxiliary currents (A).

To get an idea of the influence of saturation on the circularitgsistance increase) during the whole test. The rotor temper-
of the flux polygons, a comparison with finite elements is madgure was assumed to be 20% higher than the stator winding
at reduced voltage as shown in Fig. 10. temperature.

The comparison at reduced voltage also shows good agreeFigs. 11-13 show that the cross-field and the forward- and
ment with the finite-element results. The flux-density polygohackward- components methods agree closely and provide the
at reduced voltage is circular, and it is concluded that saturatibest agreement with measurements. Both methods lack load de-
has little influence on the shape of the polygons of flux, flupendency at light load, probably because the magnetic circuit
density, and magnetizing MMF in a typical split-phase motosolver does not directly account for the actual elliptical shape of
The circularity is attributed to the relatively long time constarthe fields in the split-phase motor. The symmetrical components
of the rotor compared with one electrical cycle. In other wordmethod deviates from the other two methods, as a result of the
the cyclic variations in stator MMF are compensated and virtdifferent methods for including the core loss. All three methods
ally cancelled out by opposite variations in the rotor MMF.  give the same results when the core losses are excluded.

B. Validation of the Revolving Field Polygon Technique by

A. Comparison of Split-Phase Equivalent-Circuit Models Comparison with Standard Test Data

To validate the overall performance prediction, several com-
In order to show the quality of the methods the results aparisons were made with standard test data. One such compar-

compared with standard measurements in the range 0%—1269 is shown in Fig. 14 for a 2200-W two-pole 50-Hz capac-
load. Stray losses are added to the mechanical losses. The céphmotor. Agreement between test and calculation is improved
parison includes line current, torque, efficiency, power facté@mpared with Figs. 11-13. Similar comparison results were
(treated as negative for plotting purposes), main and auxi”e@ptained for different motors at 470 and 2200 W. The magnetic
currents, and the sum: cose stray losses+ rotor ohmic loss. circuit calculation for the equivalent three-phase motor is de-
The core losses are modeled by (1) with a weighting factor &fibed in [10].

2 as explained earlier, and the stray loss is taken as 2% of the
shaft power. IV. CONCLUSION

The temperature of the stator winding was set to the meanA technique for improving performance prediction in split-
of the measured average winding temperature (obtained frpfmase induction motors has been presented, including theory
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Fig. 13. Comparison of cross-field equivalent-circuit model with test data. Motor is the same as for Fig. 11. (a) Line current (A) and torqe) (Efficiency
and power factor. (c) Iron 099/, plus stray los$Vsy,1, plus rotor copper losB c.x . (d) Main and auxiliary currents (A).
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Fig. 14. Comparison of calculation and test for a 2200-W capacitor motor (stars: calculation; circles: test).

and experimental results from a selection of motors. The tegtared with one electrical cycle, such that induced rotor currents
nique is based on the elliptical locus of the space vectors effectively damp out the variations in total stator MMF.
stator MMF, magnetizing MMF, and air-gap flux, and a corre- The technique improves the basis of the core loss calculation
sponding locus constructed for the magnetizing reactance. in the split-phase motor in two main ways. First, it provides
The varying saturated magnetizing reactance is determireedyraphical visualization by means of polygons representing
from a voltage-ranging calculation in the equivalent balancélde variation of flux densities through one cycle, which show
three-phase machine. The technique therefore takes accounthef degree of “ellipticity” in the various field components.
both the elliptical variation of the stator MMF and the effect oBecondly, the core losses developed from the modified
saturation on the magnetizing reactance and main flux. FronSteinmetz equation are incorporated in the main variants of
practical point of view it has the advantage of using a commahe equivalent-circuit model based on cross-field, forward-
magnetic circuit analysis for both the polyphase and split-phased backward-revolving fields, and symmetrical components.
machines. The split-phase motor analysis is improved as a @amparison with test data brings out the differences between
sult of the greater precision in the polyphase electromagnetii@se theoretical models, and it is shown that the cross-field
model, particularly in relation to the calculation of the air-gamodel and the forward- and backward-revolving-field model
flux-density waveform including saturation harmonics, [6]. produce somewhat better results than the symmetrical compo-
It is shown that the loci of the space vectors of magnetizimgent model.
MMF, air-gap flux, and tooth and yoke flux densities are much The technique also produces the waveform of the double-fre-
less elliptical than the locus of the space vector of total statguency torque ripple directly from the interaction of the stator
MMF. This is attributed to the long rotor time constant comMMF polygon and the main flux polygon.
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Comparison with test data for a 2200-W capacitor motof11] P. H. Trickey, “Capacitor motor performance calculations by the cross-
shows an improvement for the revolving-field polygon tech- __field theory,"Trans. AIEE pp. 1547-1553, Feb. 1957.

. . . . .. [12] W. V. Lyon and C. Kingsley, “Analysis of unsymmetrical machines,”
nique over the standard equivalent-circuit models. similaf*? Trans. XIEEpp- 471—436 Ii//lay 193y6. ’

results have been obtained with 470- and 1100-W motors.  [13] F. W. Suhr, “Symmetrical components as applied to the single-phase
Itis perhaps interesting to note that the solution of the equiva- - induction motor,"Trans. AIEE vol. 64, pp. 651-655, Sept. 1945.

lent-circuit dels i ti iabl | ist %4] T.J. E. Miller, J. H. Gliemann, C. B. Rasmussen, and D. M. lonel, “Anal-
ent-Circuit moaeils Incorporating variable core-loss resistance ysis of a tapped-winding capacitor motor,”Rmoc. ICEM’98 vol. I, Is-

requires an iterative technigue far beyond the computational tanbul, Turkey, Sept. 2—4, 1998, pp. 581-585.

capability of the original developers of these models in thg!5] T J. E. Miller, PC-IMD User's Manual, Version 2.5 Glasgow, U.K.:
1020519505, even thouah th N Id h b SPEED Laboratory, Dept. Electron. Elect. Eng., Univ. Glasgow, June
_ , ev ugh the concepts would have been very jgg9°

recognizable by them. However, the revolving-field polygon[16] C. B. Rasmussen and T. J. E. Miller, “Extended cross-field theory of

technique and the validation by transient finite elements are  the tapbed-winding capacitor motor, including iron loss and alternate
. « " . . connections,” inConf. Rec. - nnu. Meetingpl. 4, Chicago,
essentially “computer-age” methods without parallel in the | "5001 pp’ 22752279,

original literature.
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