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Calculation of Synchronous Reactances of Small
Permanent-Magnet Alternating-Current Motors:
Comparison of Analytical Approach and
Finite Element Method with Measurements

Jacek F. Gieras, Ezio Santini, and Mitchell Wing

Abstract—The synchronous reactances of permanent magnet of the magnetic field. This distribution is very helpful to

(PM) motors have been determined using: 1) analytical method, correctly estimate the form factors of the rotor and stator
i.e., form factors of the stator field (armature reaction factors), magnetic flux densities.

2) finite element method (FEM), and 3) experimental tests on .- . .
a special machine set. The analytical method is widely used The finite element method (FEM) makes it possible to

in calculations of synchronous reactances of salient pole syn-find the d- and g-axis synchronous reactances and mutual
chronous machines with electromagnetic excitation. Rotors of (armature reaction) reactances by computing the corresponding
PM synchronous machines have more complicated structures, inductances, e.g., [3], [4], [6], [18]-[20]. It can be done by
hence it is more difficult to predict accurately the magnetic field using the flux linkage and magnetic vector potential concept or

distribution in their airgaps in order to find the form factors of . o
the stator field. Numerical methods of field analysis can easily energy stored in the winding. Recently, two modern FEM tech-

solve this problem. The FEM can predict both the synchronous Niques in ac machines analysis have emergedent/energy

and mutual (armature reaction) reactances in thed and ¢ axes. perturbation method[7], [8], [15], [23] and time-stepping
The leakage reactance can then be evaluated as a differenceanalysis[1], [5]. These methods are especially suitable for
between synchronous and mutual reactances. As an example, ayangjent analysis of converter-fed PM synchronous machines.
small, three-phase, four-pole motor with SmCo surface mounted
PM's (three parallel magnets per pole), and mild-steel pole shoes The measurement of the synchronous reacta_m_:es for small
has been investigated. Such a complicated rotor structure has PM synchronous motors seems to be more difficult. There
been intentionally designed in order to be able to compare the are several methods for the measurement of synchronous
advantages and disadvantages of the analytical method and the reactances of medium and large synchronous machines but the
FEM. In the FEM, the reactances have been calculated using assumptions made do not allow one to apply these methods

both the flux linkage and current/energy perturbationmethod. ¢ I PM h t In thi ial
Synchronous reactances as functions of the stator current and ©© SMa synchronous motors. In this paper a specia

load angle obtained analytically from the FEM modeling and laboratory setup is presented for the load anglestimation

from measurements have been compared. of small synchronous motors. The measured load angle, input
Index Terms—Analytical approach, FEM, measurements, per- voltage, armature cur(en't, armature winding resistance, and
manent magnet ac motors’ synchronous reactance. pOWer faCtOI’ a”OW f0r f|nd|ng the SynChI’OhOUS reactanﬁe@

and X,, on the basis of the phasor diagram.

I. INTRODUCTION
. Il. ANALYTICAL APPROACH
HE accuracy of calculating the steady-state performance

of small permanent magnet (PM) synchronous motors AS |t_|s known thed- and g-axis synchronous reactances
depends on the accuracy of calculating the synchronous rede defined as
tances in thel andg axes. For typical medium power and large
q . yP . p . g Xsd :Xad+Xl qu :Xaq+Xl (1)
synchronous motors with electromagnetic excitation analytical
methods usindorm factors of the stator (armature) magnetiayvhere X4 is the d-axis mutual (armature reaction) reactance,
flux densityare good enough. Small PM synchronous motorg,, is the g-axis mutual reactance, andl; is the armature
sometimes have a complicated structure, and numerical \@ihding leakage reactance per phase. The reactafigeand
analog modeling is necessary to obtain an accurate distributgﬁmetimesXaq depend on the magnetic saturation due to
Manuscript received March 31, 1996; revised March 12, 1998. This wo“?e mair_‘ flux. The leakage reactante (.:OnSiStS of the slot,
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gierasjf@utrc.utc.com). . . o The analytical approach to calculating the synchronous
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can be assumed to be a periodic function of the stator inne
perimeter or can be found using numerical or analog modelingt

The d-axis mutual reactance agebxis mutual reactance are
expressed in terms &brm factorsof the stator field (armature
reaction factorsf¢y and kg, i.e., [12]

Xoa = kaXe Xog=kpoXa. )

The mutual reactanc¥, is the same as that for a cylindrical-
rotor synchronous machine

(lewl)Q TLZ‘

Xo =dmypof
mp  kcg

3)

wherem; is the number of stator (armature) phasesis the !q
permeability of free spacg), is the input frequencyiV; is the

number of stator turns per phadg,; is the stator winding
factor for the fundamental space harmonids the number of
pole pairs;r is the pole pitchL; is the effective length of the
armature corek¢ is Carter's coefficient for the airgap, amgd
is the airgap in thei-axis. To obtain a saturated synchronous |
reactance, the equivalent airgépg should be multiplied by
the saturation factok,,; > 1 of the magnetic circuit, i.e., to
obtain kcksag. In most salient pole synchronous machines !
with electromagnetic excitation, the magnetic saturation affects

1 0

only X, since theg-axis airgap is comparatively very large. (b)
In some PM synchronous machines the magnetic saturation | QB
affects bothX,,; and X.,,. ,q i 4 d |
The form factors of the stator field are defined as thel = _x o
ratios of the first harmonic amplitudes-to-the maximum values ! - é" .s* : g
of normal components of stator (armature) magnetic flux g ' ! oL © ® i“‘
densities in thel-axis andg-axis, respectively, i.e., : ’ - q%
_.%.
Badl Ba 1 N -a—g'ﬂ 0 an
kra = by, = =22, 4 2
f Bad fa Baq ( )
The peak values of the fundamental harmonig;; and . : :
B, of the stator magnetic flux density can be calculated q L T T 1
as coefficients of Fourier series for the fundamental harmonic, I | I
ie., ©
4 (057 Fig. 1. Distribution of thed-axis and g-axis magnetic flux density for
Boal = — B(z)cosz dv rare-earth PM rotors: (a) inset-type PM rotor, (b) surface PM’s, and (c) buried
T Jo PM rotor.
4 0.57
Bog1 = —/ B(z)sinz dz. (5) 4T fOsam g
7 Jo By =— {/ —(Bygsinz)sinz dz
e 0 C
For the distributions ofi- and ¢-axis, magnetic flux densities 0.57 !
according to Fig. 1, the first harmonics of the magnetic flux + / (Bagsinz)sinz da:}
densities are 0.5am
i) in the case of inset-type PM’s [Fig. 1(a)] _ lBaq {i(om — sinar) + 1 — ar +sin Oﬂr} )
Qo C
4 0.5am g
Boar = p [/ (Baa cosx) cosz dx i) in the case of surface PM'’s [Fig. 1(b)]
0
0.57 4 [0
+ / (cgBaacos ) cosx dx Boar = T o (Baacosz)cosz dr = Beg 8)
0.5am

0.57
1 4 . .
= —Baul[(am + sin an) + ¢4(m — ar — sinaw)] (6) Bag1 = p /0 (Baasinz) sinz dz = Bag (9)
T
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TABLE | k4 for salient pole synchronous motors with electromagnetic
REACTION FACTORS FORPM SYNCHRONOUS MACHINES excitation [12]'
Rotor configuration Coefficients kyq and kgq . FEM
ksa = x[am +sinar A. Approach
Inset type +cg(m — an — sinar)) . .
kfq = %[21;(0‘,r ~ sinar) The two following concepts are the most frequently used in
PM rotor +7 — am + sinc) the FEM computations of the steady-state inductances:

1) the number of flux linkages of the coil, divided by the
current in the coil;

Surface PM rotor kra=ksg=1 . . .
2) the energy stored in the coil, divided by one-half the
current squared.
Buried PMs kra = tartssin[(1+a)F] Both concepts give identical results for linear inductances but
k1q = z(am - sinom) not the same for nonlinear inductances [13].
Salient pole If the incorrect potential distribution does not differ very
synchronous motor kfa = L(om + sinar) greatly from the correct one, the error in energy is much
with field excitation ktg= g(mr — sinam) smaller than that in potential [21]. Therefore, the steady-state
winding inductances are often very accurately approximated even if the
potential solution contains substantial errors.
In order to predict accurately the dynamic behavior and
iii) in the case of buried PM's [Fig. 1(c)] performance of a converter-fed PM brushless motor, one must
4 0 50 . hgve. accurate _knpwledge of values of the self- and mutual
By = _Bad/ cos <_$> cosz dzx winding dynamic inductanceWV/di rather then the steady-
g 0 Q state valuel/I [15].
2 asin(l+ a)z/a  asin(l — a)z/a]®" In the early 1980's, theurrent/energy perturbation method
- ;Bad{ 1+ o 1—« L of calculating inductances was proposed [7], [8], [15], [23].
4 1 _ - This method is based upon consideration of the total energy
= _Boaa—— sin [(1 + 04)5} (10)  stored in the magnetic field of a given device comprising
4 [O-Bam windings.
Bag1 = —/ (Bagsina)sinz dz In the papers [8], [15] the self and mutual inductance terms
®Jo 3 of the variousn windings have been expressed as the partial
:2 B O'OM(l _ cosz) de derivatives of the global stored energy with respect to
R N various winding current perturbations:;. These derivatives
1 . can, be expanded around a “quiescent” magnetic field solution
= —Baglam — sinan). (11) , . S .
T obtained for a given set of winding currents, in terms of

For inset type PM’s the coefficient, expresses an increasevarious current perturbationsAi; and £A4;, in the jth and
in the d-axis armature magnetic flux density due to a decreakth windings and the resulting change in the global energy.
in the airgap [Fig. 1(a)] fromg + i to ¢ where h is the The details are given in [7], [8], [15], and [23]. For the
depth of the slot for the PM. Since the magnetic voltag&o-dimensional (2-D) field distribution the current/energy
drop acrossg + h is equal to the sum of the magnetigperturbation method does not take into account the end wind-
voltage drops across the airgapand ferromagnetic tooth ing leakage.
heightk, the following equality can be writter3,4c g/ 1o + For the steady-state conditions a similar accuracy can be
Brh/(poptr) = Baa(g + h)/uo. BecauseBr.h/(pop-) < obtained calculating first the synchronous reactance, then
B,q(g + h)/uo, the coefficient of increase in the magnetienutual reactance, and finally the slot and differential leakage
flux density due to a decrease in the airgap,sz 1+ h/g. reactance as a difference between synchronous and mutual
Of course, whem: = 0, then B,q1 = Ba4, Bayit = B,,, reactances.
and k;q = kg, = 1. It means that the machine behaves as In this paper the inductances will be found on the basis of
a cylindrical rotor machine. Similarly, for the surface magnédtux linkage, Stokes’ theorem, and magnetic vector potential
rotor kg = kg, = 1 [Fig. 1(b)], since the relative magnetici.e.,
permeability of rare-earth PM'g,. ~ 1. For the buried magnet
rotor thed-axis armature flux density changescas(x/«) and v /V x A-dS j{A dl
the ¢ axis armature flux density changesssx [Fig. 1(c)]. L=—=125 =
The parametewr = b,,/7 is the ratio of the PM or pole shoe 1 1 1
width b, to the pole pitchr and can also be expressed as awhere A is the magnetic vector potential around the contour
angle. l. The synchronous reactance is when the total {Nrg,; or

The coefficientskyy and ks, for different rotor configu- ¥,,) includes both mutual and leakage fluxes, i.e., the stator
rations are given in Table . The last row showg; and slot, tooth top, and differential leakage flux.

(12)
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The magnetic flux through the airgap does not include the 0=0-8
stator leakage, but simply théaxis andg-axis linkage flux
Weq OF ¥ .. The first harmonics of these main fluxes give the LR vV
mutual (magnetizing) reactances [19], [20]. A combination of atLs
the total fluxesl .4, W¥,,, and linkage fluxed,; and ¥, will
give the stator leakage reactance (excluding the end connection iTagXaq
leakage reactance). 1119.¢ b J1aaXad
If the armature currenf, = 0, then it follows that the
normal component of the rotor magnetic flux density deter- E;
mines the location of the-axis. A line integral through the
airgap gives the distribution of the magnetic vector potential. 5, +E¢
The values of constant vector potential represent flux lines.
Numerical Fourier analysis of this vector potential yields an
analytical expression for the fundamental harmonic, i.e., Lq I,

A.(pa) = a; cos(pa) + by sin(pa) = Aoy sin(pa+ aq) (13)

where Ag; = \/a? + b? and oy = arctan(b; /a;). The angle ®
ay relates to thei-axis which is they-axis of the FEM model
since it shows the angle of zero crossing of the magnetic
vector potential through the airgap line contour. This angle is
usually found to be zero due to the symmetry in the machine. _
The ¢-axis is related to thel-axis by a shift ofr/(2p) thus F9- 2. Phasor diagram of a synchronous motor.
a, = ag + 7/(2p).

These permeabilities can then be used for the no-load linear
B. Synchronous Reactances calculation. This ensures that the saturation effect which occur

In a 2-D FEM model thed-axis andg-axis synchronous in the loaded model is not ignored in the no-load results.
reactances, respectively, excluding the end leakage flux are

C. Mutual Reactances
Xpu=2nf2od x, = opp2u 14
sd =21 f Ly sq = 20f I (14) The d-axis andg-axis fundamental components of magnetic

) . flux in the airgap can be derived by performing a Fourier
wherel,q and¥,, are the magnitudes of the total fluxes in the i< o the vector potentialbaround the inner surface of
d andg-axis, respectively/,q and I,, are the magnitudes of o o 1a1ure core. In Fourier series the cosine term coefficient

Fhed-;ms andq-aX|hs stator currents, f:espectwel;t/; afldsdtpe a; expresses the quantity of half tigeaxis flux per pole and
input frequency. The-axis and;-axis fluxes are obtaine oM the sine term coefficiert; expresses the quantity of half the

the combination of the phase belt linkages [3], [4], [6], [18]d-axis flux per pole [20]. Thus, the fundamental harmonic of

According to the phasor diagram for a synchronous motor, tﬂ?e resultant flux per pole and the inner torque load aigle
rotor excitation flux andi-axis armature flux are in the same(,:ig 2) are

direction while theg-axis armature flux is perpendicular.
The calculation of the synchronous reactances using (14) are [ 5 ;2 b1
sensitive to the values df,; andI,,, respectively. This is due o+ 0 arctatt ay (16)

to the fact that in the full-load analysis of a PM synchronoush_ ic 1 h h
motor the values of,,; and,, both approach zero at different | IS magnetic flux rotates at the synchronous speed f/p

load angles. The rounding off errors that occur in the FEl\ﬁi,n revolut.ions. per second) and induces in each phase winding
amplify the error in the synchronous reactance as the armatmﬁ following internal EMF:

current components tend toward zero. The use of a constan
current disturbance, in both,; and 4, solves this problem.

= V2 f Nk ® = \/(Ef + TuXa)? + (g Xag)?.

The synchronous reactances are then (17)
X/, IQWfA‘I’sd ng _ QWfA‘I’sq (15) The phgsor diagram _shown in_Fig. 2 gives the following
Algg Algg expressions for th@-axis andg-axis mutual reactances:
where AW,y and AWV, are the changes in flux linkages at Ejcosé; — E;
the load point in thel-axis andg-axis, respectively, ant 7, Xaa = T g (18)
andAl,, are the values of thé-axis andg-axis stator current E; siné;
disturbances, respectively. Xog=—5—. (19)

. ) . - 1
The magnetic saturation that occurs in the loaded finite ele- o

ment solution should be transferred to the unloaded probleArmature reaction affects saturation of magnetic circuit at dif-
This is done by storing the permeability of every element offerent loads. To take into account this effect another equation
tained from the loaded nonlinear magnetic field computatiosimilar to (18) is used [20].
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Fig. 3. Laboratory setup for measuring the load arfgté PM synchronous

motors: TSM — tested synchronous motor, ASM — additional synchronous
motor with the same number of poles as TSM, PM — prime mover
(synchronous or dc motor), B — brake, and DBO — dual-beam osmlloscoq@lg 4. Cross section of the tested PM rofor.

N\
0y
(%
////
=
In general, the calculation of the end connection leakage \ S
)

reactance is rather difficult using a 2-D FEM program and @) (®
does not bring satisfactory results. For this purpose a three-
dimensional FEM software is recommended [23]. ——

D. Leakage Reactance

The armature leakage reactance can be obtained in
ways:

1) from numerical evaluation of the energy stored in the|

slots and in the end connections;

2) as the difference between the synchronous reactance a

armature reaction reactance, i.e.,

X1 =X,qg—Xgq Or X; IXSq—Xaq. (20)

IV. EXPERIMENTAL METHOD

A reliable method of measurement of synchronous reacf’

tances results from the phasor diagram (Fig. 2). Thus, th&&
following equations can be written:

Veosb =FE; + 1,qXoq + I, X1 sin(¢p — &) + I, Ry cos(¢p — 6)

=FE;+ I, Xqsin(¢p — 6) + I, Ry cos(¢p — ) (21)

Visind =1,X1 cos(¢p — 6) + IgXag — Lo Ry sin(¢ — 6) © @

C

=1,X,,cos(¢p—6)— I,Rysin(¢p — 6). 22
. arred (d) ) et (d) ) ( ) Fig. 5. Magnetic flux distribution (FEM) in the cross section of the tested
The d-axis synchronous reactance can be found from (21) amdtor: (a) at no-load, (b) with load at 10 Nm shaft torque, dexis stator

the g-axis synchronous reactance can be found from (22), i.8x and (d)¢-axis stator flux.
Vcosé — Ey — I, Ry cos(¢p — 6)

Xsa = I sin(¢ — 6) (23) windings can be found. When the TSM is connected to a three-
Vsiné + I, Ry sin(¢p — 6) phase power supply and the oscilloscope receives the signals
Xog = 7 coé(d)— 5) (24)  Vrsm and Easu, the load angleS can be measured, i.e.,

the phase angle between instantaneous valuegrgf; and

It is easy to measure the input voltad§ phase armature Eyasv. Equations (23) and (24) allows for the investigation

current/,, armature winding resistande, per phase, and the of how the input voltage” and load anglé affect X,, and

angle ¢ = arccos{ I, /(m1V'1,)]. To measure the load angley "t js necessary to say that the accuracy of measurement

6.“ is recommendeq to use the equipment [17] as shown Fthe angle5 much depends on the higher harmonic contents
Fig. 3. The EMFE/ induced by the rotor flux is assumed 9, Visa and Efasu

be equal to the no-load EMF, i.e., & ~ 0.
The terminals of the two corresponding phases of the tested V. EXPERIMENTAL VERIFICATION OF

synchronous motor (TSM) and additional synchronous motor THE ANALYTICAL APPROACH AND FEM

(ASM) are connected to a dual-beam oscilloscope. The no- ]

load EMF’s E;rsy of TSM and Ef sy of ASM operating A. Construction of the Tested Motor

as generators should be in phase. Thus, the same positionBhe stator of a small 1.5-kW, 4-pole, 1410-rpm, 380-V,

of the TSM and ASM rotors with regard to the same phaghree-phase, Y-connected, cage induction motor manufactured
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Fig. 6. Distributions of thed-axis andg-axis armature magnetic flux density in the airgap of the tested motor.

by GEC (South Africa) has been selected. The stator consists 1.2
of a laminated core made of cold-rolled electrotechnical sheet- e
steel and a three-phase double-layer winding. There are 36 , ,
semi-open slots with the slot opening equal to 2.25 mm. The L~
number of turns per phase i$; = 240 and the coil span is & kgq IS ey
equal to the pole pitch. The stator inner diameter is 82.54 mrgi 1o
and the effective length of the armature stack js= 103 mm. 1 ksa A
The commercial cage rotor has been replaced with a surface % |- o
PM rotor with mild-steel pole shoes [10]. The yoke and shaft // =
have been made of one piece of a solid carbon steel. The os
length of the rotor solid core is 100 mm. Three parallel 10- 00 0.2 0.4 0.6 0.8 10
mm wide and 5-mm thick surface SmCo PM'’s per pole have “
been designed as shown in Fig. 4. To reduce the airgap, mé&ige7- Form factors:;4 andk s, as functions ofv = b, /7 for the surface
. . . . , PM rotor with thin mild-steel pole shoes.
the motor self-starting, and improve its stability, the PM’s have

been equipped with thin mild-steel pole shoes covering 83% of

the width of PM’s. Thed-axis airgap (mechanical clearancefmld'zteel pole shoes are srr:)ownoin Figr. 7.hFor tEe IOtOkr of the
is g = 0.3 mm, theg-axis airgap isg, = 5.4 mm, and the ested motor = b,/7 = 45°/90° = 0.5. Then the leakage

thickness of the mild-steel pole shoedis= 1 mm. The PM’s reactanceX; = 2.014 © (I, = 0, k¢ = 1.0258) and armature

have been magnetized radially. reactlo_n reactanes(,q = 9.102 Q and X,, = 9.8082 Q
Fig. 5 shows the magnetic flux distribution through the Crogsccordmgrto (). (3). (25), anrd (26) have been calculated

section of the motor as obtained with the aid of the FEM. THEM / = 50 Hz. Forl, = 7.5 A the leakage reactance

d-axis andg-axis magnetic flux density distributions in thex: = 1677 .. This reduction is caused by the magnetic
airgap along the pole pitch are plotted in Fig. 6 saturation due to leakage fields [16]. In order to find the

leakage reactances, classical equations for slot (double-layer
winding), end-connection, differential, and tooth-top leakage
B. Analytical Approach permeances have been used [12].

The form factors of the armature reaction can be derivedowever,Xqq and X,, have been obtained with the mag-
on the basis of Fig. 6, similarly to those in Section I1. For thBetic saturation due to the main flux being neglected. Fig. 8

surface PM rotor with mild-steel pole shoes #hend ¢-axis SNOWS the mutual reactancés,q and X, plotted against the
form factors are armature current for the analytical approgéh,; = 1).

The synchronous reactances according to (1) at50 Hz,
I, =0,andks,, =1areX;q =11.12Q and X, = 11.82 Q.

e
L
//

1
kga = ;[owr + sinam 4 ¢, (7 — an — sinan)] (25)
111
kfg =~ |- (ar —sinar) + 7 — ar + sinar|. (26) C. FEM
€ The computation on the basis of the FEM shows that

the mutual reactances are dependent on the armature current
The coefficientc), ~ 1 — d, /g, <1 is evaluated in a similar (Fig. 8) which means that the magnetic saturation is included.
way as the coefficient, in Section Il, whered, is the Owing to the thin mild-steel pole shoe which is subject to
thickness of the mild-steel pole shoe agdis the airgap in the magnetic saturation, theaxis mutual reactance is more
q axis. For the tested maching = 0.8148. The form factors sensitive to the armature current than thexis reactance [see
kra and ks, versuse for the rotor with surface PM’s and also Fig. 5(c) and (d)].
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Fig. 8. X,q and X, as functions of thems stator current/, at f = 50 Hz. Computation results using analytical approach and FEM.
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Fig. 9. Synchronous reactancg;, at constant terminal voltage of 220 V Fig. 10.

and f = 50 Hz versus: (a) the stator currefit and (b) the load anglé.

Xs5q, Q2

X))

andf =

20 T T T T T T T
19 Classical -e— o
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18 + FEM Energy Perturbation A— b
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17
16 B
15
14
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FEM Flux Linkage -+—
18 + FEM Energy Perturbation &—
L Measurement —+— |
17
16 —
15 | ) .

(b)

Synchronous reactancks, at constant terminal voltage of 220 V
50 Hz versus: (a) the stator curreft and (b) the load anglé.

The calculation of the leakage reactances has been déneComparison

using (20).

D. Experimental Tests

Figs.

9 and 10 show thé-axis andg-axis synchronous

reactances obtained from analytical, finite element, and exper-
imental methods. In both cases, the FEM results are closer

to the

test results than those obtained from the analytical

Experimental tests have been performed using the machapproach.
set according to Fig. 3. It was possible to test the motor only The load angle’ in the range of armature curredt? <
in the range of the stator current from 5.7-17.5 A. The no-lodg < 17.5 A can be both positive or negative. Consequently,
the stator current, decreases and then increases as the angle

current is approximately 5.7 A.
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recommended. In this way the difficult problem of laboratory
measurements ak ;4 and X, for small synchronous motors

d-axis FEM Flux Linkage -—

25 g-axis FEM Flux Linkage -x- -

X . Q
(1]
(2]
1 1 I I I | t 1 [3]
6 8 10 12 14 16 18 20
I, A
(4]
Fig. 11. Stator leakage reactankg versus armature curreff, at f = 50
Hz.

[5]
betweenk; and/, increases from negative to positive values.
This is why two values o ;; and X, for small values of the
armature curreni, have been obtained [Figs. 9(a) and 10(a)].
Classical approach neglects this effect.

The computation of the leakage reactatGeon the basis of
the FEM gives slightly different results when usiAg, — Xqq
and X, — X,4. Both results are very close to the analytical
results (Fig. 11).

(6]
(7]
(8]

El

VI. CONCLUSION

The analytical and finite element approach to calculating t £
synchronous reactances have been compared with the exgefl
imental tests on a new type of PM synchronous motor withll
surface PM’s and mild-steel pole shoes. A full comparative
analysis (FEM flux linkage, FEM current/energy perturbation; 2]

seems to be successfully solved.
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