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SUMMARY

~This report contains results from a finite element study of the SR machine whose dimen-
sions were provided by Mr Lewis Unnewehr of Sullair Corporation. The objective of the study
is to determine the static and steady-state operational characteristics of a given machme desrgn
to see if it meets certain design specifications. ' o

The study made use of a two-dimension, finite element program that has been developed
and descrlbed in [1-3]. The same set of references also contained inforrmation on the simulation
methods and types of control used in this study. Part I of this report presents the basic mput‘ '
data used in this study. The iron parts, 'lnC'luding that of the shaft, are assumed to have the rna‘g-

" netic characteristics of M19 steel. The current distribution in the stator coils is assumed to be
_uniform. )

Part I contains the results from the FEM calculations: included in here are static charac-
tenstlcs of the flux distribution at several rotor posmons and computed proﬁles of the flux. link-
ages, the induced emf, and the static torque as a function of rotor position for a range of current |
excitation. These static characteristics are for the base case design given in Table -1 and are
obtained with 'only one stator phase energrzed at a time. B

Part Il of the report contains results from sensitivity studies to determme the’ *effects of
vanatlons in the airgap, in the relative width of the stator to rotor poles, in the shape of rotor-
poles, ‘and in the skewing of the rotor poles. Unless otherwrse stated the curves and data
presented in this report are for the base case dimensions given in Table 1. Sensitivity analysis
on airgap length, pole shape, and pole width have been obtained by making the appropriate
changes on the rotor pole, the stator dimensions remained the same as those given in Table 1.
Also presented are a set of static characteristics for a machine with a smaller alrgap length of
0.5 mm. ,

Finally, Part IV of report contains steady-state operational characteristics of .the stator
current -and shaft torque of the machine operating in the current- and angle-control modes as-
predicted from a steady state simulation assum'ing‘ a constant input dc voltage. In the steady

state simulation the electrical condition of the machine and its torque output are modeled by the

approprlate flux linkage, induced emf, and developed torque profiles given in Part IL.

At the end of the report is a brief discussion on some of the effects that we have stodied »
and the conclusion that the basic design, with standard angle and current controls appears to be
capable of dellvermg the desired torque
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Part l‘lnput data



 Figure 1.

Cross sectional view of the SR motor



Table 1. Geometric data of the SR motor

All dimensions in millimeters

18.0
40.0
70.0
102.0
135.0:
L.
140
28.0°
18.0°
24 tums:
8
6
21
25




Table 2. Finite element data
Number of nodes: 4297
Number. of elements: 8496
Number of nodes in aigap:. 360
Number of elements in airgap: 720
‘Number of layers: 30 -

Radius of outer boundary: 150 mm




Table 3. Motor lamination B-H data
B (Tesla) - H(At/m)
0.0 0.0
0.5 54,
0.55 60.5
0.6 o 67.6
© 0.85 ' 748
0.7 83.5
0.75 93.5
0.8 - 104.4
- 0.85 116.9
0.9 131.3
0.95 148.2
1.0 167.1
1.05 187.8
1.1 214.9
1.15 950.7
1.2 . 298.4
1.25 374.
1.3 , 485.5
1.35 652.6
1.4 1010.6
1.45 1551.8
1.5 - 2308.
1.55 , 3342.
1.6 ’ 4775.
1.65 ~ 63686.
1.7 ~ 8356.
1.75 10743.
1.8 14165.
1.85 18303.
1.9 23874.
1.95 30240.
2.0 44565.
2.05 79580.

2.06 87537.7



o

- Figure 2. Air mesh




Figure 3. Iron mesh




Part II Static Characteristics
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Figure 4. Flux lines at aligned position =



Figure 5.



- Figure 6. : Flux lines at 28 4
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Induct ance (mH)>
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Figure 9. Inductance curves, 0-45 “in 1 intervals
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Incremental Induct ance (aH)
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_ Figure 10.  Incremental inductance curves, 0-45° in 1~ intervals
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Figure 11. Inductance curves, 10-200 A, 10 A intervals
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Back EMF coefficient profile

~ Figure 13.
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Part I1I Sensitivity Studies
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Figure 14. Effect of changing the airgap length



Torque (H-m)
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Figure 15. Effect of changing the rotor pole width
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Figure 16.  Effect of a 2° chamfer on both sides of the rotor pole face
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Figure 19. _ Effeét of sloping the rotor pole face



Flux C<Wb)
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Part IV Steady-State Waveforms



‘Current(A)

Figure 23.
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Current waveform at 1000 rpm, | msec off-time
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Figure 24.  Current waveform at 2000 rpm, 1 msec off-time -
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Figure 25.  Current waveform at 1000 rpm, 0.3 msec off-time
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- . Figure 33. . DClink current at 6000 rpm



Torque (N-m)

Figure 34.

Rotor angle(deq) -

Shaft torque at 4000 rpm, Qgn= -43.5 By=-15
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- Figure 35. Shaft torque at 4000 rpm, 84p= -43.5 t0 -41 Qo= -15
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- Table 5. “Steady-stale data at 5000 rpm

k)\iAA*tAA***_***A****At*kkkkltttkllAkttkkl

“* Speed in rpm= 5000.00000000000 &
’kkkkk'*tAkk*kiklatt*ttkﬁkﬁklkk_tAAAAkkiAAAk ) .
: : DC Link Phase ‘Switches - Diodes
- On Off Cond. Ave. Eff. - Max. Ave. Eff. Ave. . Eff. Ave. Eff.
U5 00 B0 0 BR REOD 00 5 00 00 00 00 00 NN 30 00 00 0 20 U0 00 00 D 0D 08 00 BN VR BN DB VD 0E SE OF S0 00 00 DR 00 08 UE B0 R0 R0 A0 85 00 00 BE B1 00 B8 00 E0 B0 50 B0 00 000 00 SL BB 00 B3 00 €8 00 B0 40 00 0000 00 00 00 00 00
-50.0 ~-18.0 32.0 140.3 173.9 217.5 76.1. 117.0° 61.4 111.2 14.7 36.3
-~49.5 -18.031.5 134.3 168.1 210.4 72.9 112.8 5.8 107.3 14.1 34.8
-49.0 -18.0 31.0 128.5 162.7 204.7 69.8 108.7 56.3 103.4 13.5 33.5
-48.5 -18.0 30.5 122.8 157.5 199.0 66.8 101.7 53.9 99.6 . 12.9 - 32.1
- —48.0 -18.0 30.0 117.1 152.6 193.4 63.9 100.7 51.5 -95.9 12.4 30.9
—47.5 -18.0 29.5 111.6 147.7 187.1 61.0 . 96.8 19.1 92.2 11.9 29.6
~47.0 -18.0 29.0 106.2 142.7 182.2 58.2 93.0 46.8 88.6 11.4 28.4
~“46.5 -18.0 28.5 100.9 137.8 176.7 55.5 89.3 44.6 85.0 10.9  27.3 '
-46.0 ~18.0 28.0  95.8 132.8 171.3 52.9 85.6  12.4 81.5. 10.5% 26.2 ‘§
-45.5 =18.0 27.5 90.7 127.8 165.9 50.3 - 82.0 40.3 78.1 " 10.6° 25.1 - !
AKKKAKKKRAKKKKRAKKAKKARAKRKRAARAAAANARAARNKKARN
x Speed in rpm= . 5000.00000000000  *
ARRAKRKARAKRARKKRKRKRAKAKARARAALAKAAKARAAKRARAA LR
On  Off Cond. fpave = Tpmax  ‘lave(shaflL) Powver Co'trip
NN !l s un l! R R R IR R TR T TR R TR N TR I N TR [ TR (NIRRT PRI ] ," st NN EN
-50.0 -18.0 32.0 57.26  304.217 170,77 89939,06 1.51
-49.5 -18.0 31.5 54.85  294.40 164.55 86156.08 1.54
-49.0 -18.0 31.0 52.49  284.73 157.48 82453.95 1.56
-48.5 -18.0 30.5 50.18 275.31 150.55 78828.05 1.59
. —48.0 -18.0 30.0 47.91 .266.19 143.73 75256.43 1.62
 -47.5 -18.0 29.5 45.68 256.83 . - 137.04 71755.67 1.64
~ ~47.0 -18.0 29.0 43.50 247.53 ° 130.50 68330.74 1.67
. -46.5 —18.0 28.5 41.38 238.48  124.15 65003.65 1.70
. -46.0 -18.0 28.0 39.30: 229.24 117.89 61727.40 1.73
-45.5 -18.0 27.5 1.76

37.24 220.06 111.72 58496.50



AAAAAAAAANANAAKAAARAAARAAAAAAARAAAAAARKARAGR

4 Speed in rpw='  6000.00000000000 4
AKRAKAKKAKKARRAARARKARARAKRARRARAAARKRKRAAKRAARA AR
L . v DC Link Phasao Suitches | Diodes
on Off Cond. Ave. Eff. Max. Ave. Kff. Ave. EfFf. Ave. Eff.
R R R IR R T N T T I T R N I T R R N R R T N R I R I TR IR RTNTNTNT] 0 Il.”-ll HHANHORNDBUIIBUTRINNNOB NI O
-54.0 -18.0 36.0 157.9 178.1 236.4 °© 81.3 119.3 67.0 114.9 14.3 32.
-53.5 -18.0 35.5 152.2 172.1 225.0 78.4 115.7 64.5 111.4 13.8  31.2
-53.0 -18.0'35.0 146.5 166.3 213.6 75.5 112.1 62.2 108.0 13.3 30.1
-52.5 -18.0 34.5 140.9 160.6 202.3 72.7 108.6 59.8 104.6 12.9 29.1
-52.0 -18.0 34.0 135.4 155.1 196.2 69.9 105.1 57.5 101.2 12.4 28.1
-51.5 -18.0 33.5 130.0 149.8 191.4  67.2 101.6 55.3 97.9 12.0 27.2
-51.0 -18.0 33.0 124.6 144.7 186.6 614.6 y .2 53.1 94.6 11.5 26.2
+50.5 -18.0 32.5 119.4 139.7 181.8 62.0 9.8  .50.9 91.4 11.1 25.3
.~50.0 -18.0 32.0 114.2 135.0 177.1 59.5  91.6 18.8 - 88.2 10.7 24.5
-49.5 -18.0 31.5 -109.2 130.5 172.4 571.0 88,3 -46.7 85.1 "10.3 23.6
f*tklk*tAtk*k*k*kt**iklllktkt*lAﬁlhﬁlkhh*
* Speed in rpm=  6000.00000000000 3
**ktkk*_khktt*t**t*tt»thkA'AthhA;kA‘AAA‘At;\AAAA o
On Off Cond. ‘I'pave Tpmax Tave(shaft) Power Trip
R R R R R TR TR R R R TR TN R RN R R N T E N RIRIRTRIN]) l_‘ Bt NItINIRIENBIRRBNINRBR TN
-54.0 -18.0 36.0 -53.36 292.41 160.07 100572 .36 1.53
-53.5 -18.0 35.5 51.42 284.45 154.27 96931.21 1.55
-53.0 -18.0 35.0 49.52 276.59 118.57 . 93348.43 1.57
-52.5 -18.0 34.5 47.65 268.90 142,96 - 89826. 44 1.59
-52.0 -18.0 34.0 15.82 261.26 137.45 86362.30 1.62
-51.5 -18.0 33.5 14.00 253.55 132.01 82946.15 1.64
-51.0 -18.0 33.0 42.21 245.85 . 126.64 79569.57 1.67-
-50.5 -18.0 32.5 40.45 238.723 121,35 76248.43 ~1.69
~-50.0 —18.0 32.0 38.73 230.65 116.18 72995.89 .72
-49.5 -18.0 31.5 37.04 223.08 11 69814.40 1.75

i1,

Table 6. Steady-stale (lataipt 6000 rb]n
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DISCUSSION AND CONCLUSION

The computed inductance and static torque curves for the machine dimensions considered
show that both wider rotor-width and a small rotor skew produce a shift of the positive slope of
the inductance curve away from the aligned position. A shift of the positive slope towards the
unaligned position has two advantages: One is that the phase inductance is at its maximum posi-
- tive slope, hence maximum torque, when the phase is energized. Secondly, the flatter induc-
tance profile near the aligned position when the phase current is to be commutated allow a faster
~ drop off of the commutated current, thus smaller negative torque. '

The broader torque-angle curve with a wider rotor pole width and skewing can be
explained from the observation that torque reaches a maximum when the stator and rotor poles -
begin to overlap. At a low level of excitation current, the torque remains relatively flat until .
complete overlap when bulk saturation of the stator poles occurs. But with higher excitation
~ current, bulk saturation of stator pole happens earlier and the torque peaks then. Thus, with a
wider rotor pole width, initial overlap will happen earlier and complete overlapping of the stator
pole will happen before the alignment of rotor and stator poles. A small skew of the rotor in the
direction of rotation has the same effect. But with skewing, the neutral torque position is shifted
away from the geometric aligned position; moreoyer, the maximum - static torque could be
smaller because of the smaller Xmm/Xmu ratio.

Toothed pole-face structure can bring about an increase in the torque by increasing the
tangential component of the flux density. But on the basis of the same minimum airgap length,
after adjusting for the increase in effective length of the airgap due to the teeth, toothed pole-
face structure does not produce more torque. As shown in Figs. 14-20, the most effective way

- of increasing the torque capability of the machine is still to reduce the airgap length subject to,
of course, manufacturing costs and tolerances.

The predicted steady state results show that with proper angle and current control on the -
machine the basic design is capable of delivering the required shaft torque at the desired speed.
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The aligned position is defined as the posmon where the axis of thc excited phase pole coin-
cides with that of the rotor pole.
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APPENDIX

. Given in this Appendix are the numerical values of the flux linkage for the base case
design. They correspond to the curves plotted in Fig. 7; they are repeated here in numeric form
to facilitate future calculations requiring these numbers. -
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Table 7 Flux linkages (C,oht.')

" Current  Angle  Linkage ~ Current Angle Linkage
A de) (Wb @ (deg)  (Wb)

.000 - 0.0622
.000  0.1244
.000  0.1863
.000  .0.2468
.000  : 0.2996
.000  0.3340
000 . 0.3568
.000 - 0,3737
.000  '0.3876
.000. - 0.3991
1,000 . 0.4084
.000 . 0.4159

.000 7 0.4224
.000 0.4283 .
.000 +0.4337
.000 0.4390
.000 0.4439
.000 0.4485
:000 0.4528
.000.  0.4566
.000 ~  0.0601
.000 . '0.1201
.000 " 0.1798
.000 - - '0.2384
.000 102901
.000 + 0. 3255
.000° 0.3490
.000° . 0.3662
.000 - 0.3799
.000 0.3911
.000 '0.3999
.000 . 0.4073
.000 0.4139
.000 0.4201
.000 0.4257
.000:  0.4311
.000  0.4363
.000 10.4412
.000 ., ‘50,4459
.000  0.4503

10.60 4.000  0.0665
~20.00 4.000 | 0.1329
30.00 4.000  0.1988
40.00 4.000 0.2629
50.00 4.000 0.3163
'60.00  4.000 0.3478
70.00 - 4.000  0.3691
80.00 4.000 = 0.3860
90.00 4.000 - 0.3998
100.00 4.000 0.4110
110.00 © 4.000  0.4206
120.00 - 4.0000 - 0.4288 e
130.00 - 4.000 0.4358 130.00
© 140.00 4.000 - 0.4419 - . 140.00
© 150.00 4.000 - - 0.4473 : -150.00
160.00 4.000 = 0.4521 B 160.00
'170.00 4.000 - 0.4563 170.00
180.00 4.000. - 0.4600 ~ . 180.00
190.00  4.000 0.4633 +.190.00
200.00  4.000  0.4662 = 200.00
10.00  5.0000 ~ 0.0644 - 10.00
20.00 5.000 0.1287 - 20.00
1 30.00  5.000 0.1926 : 30.00
' 40.00  5.000 : 0.2550 - 40.00
50.00  5.000  0.3085 50.00
60.00 5.000 0.3414 60.00
© 70.00 5.000 ~  0.3635 : - 70.00
©.80.00 - 5.000 0.3804 180.00
90.00 5.000 = 0.3942. ' . 90.00
. 100:00: - 5.000 0.4057 * :100.00
110.00 5,000, - = 0.4153 - o 1110.00
120,00 - 5.000 ~ 0.4232 1120.00
130.00 5.000 ©  0.4298 130.00
'140.00  5.000 = . 0.4356 . , 140.00
'150.00 5.000 . 0.4410 .- 130.00
© 160.00  5.000. 0.4460 160.00
.170.00° 5.000 0.4507 - 170.00
'180.00:  5.000 - 0.4548 180.00
190.00  5.000 0.4586 - , ©1390.00
200.00  5.000 0.4619 +200.00

(o)}
o
(@]
o

o
o
o
)

ESENENEN ERNECEN BN BUEEENENER PN PYRNEEENENEN F. - - W= = Wo N - N



Current

(A)

.00
.00
.00
.00
.00
.00
.00
.00
.00

00
00
00

.00
.00

00
00
00

.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

00
00
00

.00

00
00

00

Angle
(deg)

8.000
8.000
8.000
8.000
8.000

©'8.000
8.000.
8.000

8.000
8,000
8.000
8.000
8.000

‘8.000

8.000
8.000
8.000
8.000

8.000-

8.000
9.000
9.000
9.000
9.000
9.000
9.000
9.000

'9.000

9.000.
9.000
9.000
9.000
9.000
9.000 -
9.000
9.000
9.000

--9.000

9,000
9.000

Clss.

Table 7 Flux linkages (cont.)

Flux
Linkage
(Wh)

0.0578
0.1157
0.1732

.0.2298

0.2802
0.3160

10.3401

0.3575
0.3711

- 0.3817

0.3902
0.3977
0.4046

- 0.4109

0.4169
0.4226
0.4279
0.4331
0.4380

0.4428

0.0556
0.1112
0.1665
Q.2210
0.2699

0.3055

0.3302
0.3479

1 0.3612

0.3712
0.3797

-0.3873

0.3944
0.4010
0.4072
0.4132
0.4189
0.4243

0.4295
0.4345

Current

(A)

10.00
20.00
30.00
40.00
- 50.00
60.00
70.00
80.00
90.00

- 100.00
-110.00

120.00
130.00

-140.00

150,00
160.00
170.00

-180.00
©190.00°
-200.00

10.00

20.00.

30.00
40.00
50.00
60.00
70.00
80.00
90.00

- 100.00

110.00
120.00

130.00

140.00
150,00

- 160.00

170.00

180.00

190.00
200.00

| Angle
~ (deg)

10. 600.
10,000
10.000
10.000
10.000
10.000
10.000
10.000

10.000
10.000

10.000

10.000.

10.000
10.000

110.000 -
10.000

10.000

10.000°

10.000

10.000
11.000-
11.000

11.000

11.000

11.000

11.000

11.000

11.000
11.000
11.000
11.000
11.000

11.000
11.000
11.000

~11.000°

11.000
11.000
11.000

11.000

- Flux
Linkage
(Wb)

0.0534
0.1067
0.1598
0.2122

- 0.2593

0.2943
0.3193

+0.3371

0.3502
0.3599

.0.3684

0.3762
0.3835

- 0.3904

0.3969
0.4032
0.4091
0.4149
0.4204
0.4256
0.0511
0.1022
0.1531

- 0.2033

0.2486
0.2827
0.3075

-0.3254 .

0.3381

10.3479

0.3565
0.3645
:0.3720 :
:0.3791

10,3859
0.3925
0.3988
0.4048
0.4105

0.4161



Current
mép,

HNo.oo,
130.00

'140.00
150.00

160.00

170.00

,Hmo 00

Angle
(deg)

12.000
HN . 000

HN ooo
12.000 .
12.0G0 -
12.000
12.000 :
12.000
12.000
13.000
13.000
13.000
13.006

13.000

13.000

13.000
13.000

13.000
13.000
13.000
13.000
13.000
13.000
13.000

00 7-13.000

200.00

13.000
13.000
13.000
13.000
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Table 7 Flux linkages (cont.)

Flux

Linkage

- (Wb)

. 0.0488

0.0976
0.1462
0.1943
0.2377
0.2708
0.2951
0.3129

0.3253
0.3352

0.3441
0.3523
0.3600
0.3673
0.3744

- 0.3811

0.3877

- 0Q.3940

0.4001"
0. 4059
0.0465

-0.0930
0.1394
- 0.1852
.0.2268
10.2587.
-0.2823
10,2997
10,3119

0. wNHw

Current

(A)

10.00

20.00
30.00
1 40.00
50.00
60.00
-70.00
80,00

‘90.00
100.00

110.00
130.00
140.00
150.00
160.00
170.00
180.00
190.00
200.00

10.00
20.00.

30.00

- 4000

50.00
60.00
70.00

'80.00

90.00
100.00

110.00

120.00
130.00
14 O .00
150.00
160.00

170.00

180.00
190.00

Noo 00

Angle
“(deg)

'14.000

14.000
14.000

'14.000

14.000
14.000
14.000 -
14.000Q
14.600 .
14,000
14.000
14.000
14.000
14.000
14.000
14.000

14.000

14.000
14.000
14.000

15.000°

15.000
15.000
15.000
15.000
15.000
15.000
15.000
15.000
15.000
15.000

-15.000

15.000
15.000.
15.000
15.000
15.000
15.000
15.000

152000

Flux
- Linkage
(Whb)

0.0442
0.0884
0.1325
0.1761
0.2157

0.2465

0.2693
0.2861
0. NmmH



Current

(A)

Angle

(deg)

16.000
16.000
16.000
16.000

16.000

16.000
16.000

'16.000
'16.000

16.000

16.000
16.000

.16.000

16.000
16.000
16.000

'16.000

16.000
16.000
16.000
17.000

17.000

17.000

©17.000

17.000
17.000
17.000

17.000 .
17.000 .

17..000
17.000

17.000 . -

17.000

17.000 -
17.000

17.000
17.000
17.000

17.000 . -
17.000

Flux
Linkage
(Wb)

0.0396
0.0791
0.1186
0.1577
0.1934
0.2216
0.2428
0.2583

0.2698

0.2800

- 0.2895

0,2986

.°0.3074

0.3157
0.3238
0.3315
0.3390

0.3463

0.3533

.0.3602

0.0372
0.0745
0.1116
0.1484
0.1822

- 0.2091

0.2294
0.2442
0.2555
0.2656
0.2753
0.2845

0.2932
0.3020

0.3102

0.3182

0.3259
0.3333
0.3406
0.3477
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" Table 7 Flux linkages (cont.)

Current
(A)

10.00
20.00
30.00
40.00
50.00

- 60.00
70.00

80.00 -

90.00

100.00

110.00
120.00

»130.00

140.00
150.00

160.00

170.00

1180.00
. 190.00
1200.00

10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
90.00

- 100.00

110.00

. 120.00
©130.00

140.00
150.00

+ 160.00
170.00
©180.00
~190.00

200.00

~ Angle

18
18
18

(deg)

.000
.000
-000

3.000

.000

3.000
.000

.000
.000

.000"

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

. 000"
.000°

.000

.000

.000

.000-

.000
.000
.000

.000"
.000
.000
.000
.000
.000
000
.000 -

- Flux
Linkage
(Wb)

- 0.0349

0.0698
0.1046
0.1392
0.1709
0.1964 "
0.2158
0.2299
0.2411
0.2513
0.2609
0.2701
0.2792
0.2879
0.2964
0.3046
0.3125
0.3201

. 0.3276

0.3349
0.0326

" 0.0651 .

~40.2738

0.0976
0.1298 .
0.1595
0.1836
0.2021
0.2155
0.2267
0.2369
0.2466
0.2559
0.2650

0.2823

:.0.2907 .

0.2988

- 0.3067
. 0.3143

0.3218
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© 10.00

20. 00

30.00
40.00
50.00
70.00

80.00

90.00
100.00
©.110.00

1120.00

"130.00

140.00
150.00
' 160.00

170.00

180.00

190.00
1200.00

10.00
20.00
30.00
40.00

50.00

70.00
80.00
190.00
100.00
'110.00
120.00
130.00

-140.00-

150.00

160.00

170.00
180.00
190.00
200.00

~Angie

(deg)

20.000

20.000
20.000

20.000
20.000
20.000
20.000

20.000

20.000
20.000
20.000
20.000
20.000
20.000
20.000
20.000
20.000
20.000

20.000

20.000

21.000
21.000°
21.000

+ 21.000.

21.000

21.000

21.000
21.000
21.000
21.000
21.000

'21.000

21.000-
21.000
21.000
21.000

21.000
©21.000

21.000-
21.000
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Table 7 Flux E:Bnou (cont.)

0.0302
0.0604

-0.0906

0.1205

0.1482

0.1708
0.1882

0.2011
0.2122
0.2225

0.2322

9.2416

1 0.2507
0.2596

0.2683

..0.2768
0.2850

0.2930

0.3009
0. 3085

0.0279
0.0557

"0.0835

0.1111

0.1367

“0.1580

A

0.1743
0.1867 -

0.1978

0.2081

0.2179
0.2273
0.2365
0.2454

0.2542
0.2628

0.2712

©10.2793
0.2872

0.2951

~

HQ@ .00
180.00
-190.00
Noo 00
- 10.00
20.00

30.00

;v 40.00

'50.00
70.00
80.00
.90.00
Hoo 00

116.00
120.00 .

130.00
140.:00

 150.00

160.00
170.00
180.00

-190.00

200.00

22.000

22.000
22.000:
22.000
22.000
NN @oo

22.000
22.000

22.000
22.000
22.000
22000

22.000
22.000
122.000°
122.000

22.000

23.000
23.000
23.000
23.000

23.000 -

23.000

23.000

23.000
23.000
23.000
23.000

23.000

23.000

23.000

23.000
23.000
23.000

. 23.000

23.000
23.000

- Flux,
Linkage
(W)

0.0255
0.0510

. 0.1017
0.1253

0.1450

0.1603
0.1723

0.1833

0.1937

0.2036
0.2131

.0.2223

0.2313

0.2401
. 0.2488
0. 2573
' 0.2656
0.2738
0.2817
0.0231
. 0.0463

0.0923
0:1138

1 0.1320

0.1463

- 0.1581

0.1690
0.1794
0.1893

©0.1988

0.2082

0.2173
0.2263
10.2350
1 0.2434

0.2518
0.2600

.0.2680
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Table 7 Flux linkages (cont.)

Current




Current
(A)

10.00

20.00

30.00
40.00
50.00
60.00
~70.00
“80.00
90.00
100.00

110.00

120.00
130.00
140.00
150.00
160.00
170.00
180.00
190.00
200.00
10.00
20.00
30.00
40.00
50..00

60.00

70.00
80.00
90.00

- 100.00

110.00
120.00
130.00
140.00
150.00
160.00
170.00
180:00
190.00
200.00

Angle
(deg)

32.000
32.000

32.000-
32.000

32.000
32.000
32.000

32.000

32.000
32.000
32.000
32.000

132.000

32.000
32.000
32.000
32.000
32.000

©32.000

32.000
33.000
33.000
33.000
33.000
33.000

'33.000

33.000
33.000
33.000
33.000
33.000
33.000

.33.000

33.000
33.000
33.000
33.000
33,000
33.000
33.000

-6 -

Table 7 Flux linkages (cont.)

Flux

Linkage
(Whb).

0.0080
0.0161
0.0241
0.0321
0.0402

- 0.0482
0.0562

0.0643
0.0723
0.0803
0.0884
0.0964
0.1044
0.1124
0.1204

0.1283"

0.1362

h.o.pro

0.1518
0.1596

- 0.0077

0.0153
0.0230
0.0306

0.0383

'0.0459

 0.0536
. 0.0612
0.0689

0.0765
0.0842
0.0918
0.0995
0.1071
0.1147
0.1223
0.1299
0.1375
0.1450
0.1525

Current
(A

10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
90.00
100.00
110.00
120.00
130.00
140.00
150.00
160.00
170.00
180.00

1190.00

200,00
10.00
20.00
30.00

40.00

50.00
60.00 -

70.00
80.00
90.00
100.00

110.00
120.00
130.00

140.00

- 150.00

160.00
170.00

180.00

190.00
200.00

- 35.000-

Angle
(deg)

34,000 .

34.000
34:000

34.000-
34.000
34.000
34.000
34.000
34.000
34.000
34.000
34.000

34.000

34,000
34.000.

34.000

34.000

'34.000

34.000
35.000
35.000 .
35.000
35.000
35.000
35.000
35.000
35.000
35,000
35.000
35.000
35.000
35.000

35.000-
35.000
35.000
35.000
35.000
35.000

Flux
Linkage
(Wb)

0.0073
0.0147
0.0220
0.0294
0.0367
0.0441
0.0514
0.0588
0.0661
0.0734
0.0808

.0.0881

0.0955
0.1028
0.1101
0.1175
0.1248
0.1321

0.1394

0.1467
0.0071

.0.0142

0.0213
0.0284
0.0355
0.0426
0.0497
0.0567
0.0638
}0.0709
0.0780

0.0851

0.0922

S 0.0993
. 0.1064

0.1135
0.1206
0.1276
0.1347
0.1418



Current
LQ)‘

10,00
©20.00
30.00
40.00
-50.00
70.00
80.00
90.00
.'100 00
. 110.00
1120700

130.00°

140. Oov;
150.00
160 oo

170 oo

1.80.00
190.00
200.00

4

Angle

“{deg)

36 . 000
136.000
'36.000

36.000
36.000

36.000 -
36.000
36.000

36.000
1 36.000°

36..000

36. 000‘

3610@0‘

37;000

137.000

37.000

37.000 -

37.000

37.000.

37.000

37.000
37.000 .-
37.000 "
37.000
37.000

000
7.000

37. OOO}E{
37.000

37.000.
37.000 .

37.000
37,000

- 62 ~

.T@m‘7ffmﬁfil;£cskmﬁn)

(Wh)

0.. 0069

~0.0138
09.0207
<,0.0275
10.0344
. 0.0413 "
10.0482
0.10551
0.0620 .
9.0689
0.0758
0.0826
,@‘Oags
0 0964
0.1033
0 1102

0.0873

@y

lOJOO
20.00
©.30.00
40.00
50‘00
60.00
70.00
80.00
90.00
-100.00
116.00
120.00
©130.00
©140.00
150.00

'lGO 00,

Angle

(deg)

38..000 -

38.000
38.000
38.000

38.000
- 38.000

38.000
38..000
38.000
38.000

38. 00@"-

) 39.000

39.000
39:.000

39.000
139:000
39000
) - 39.000

39.000

39.000 .
39.000 .

39.000
39.000
39.000
39.000

39.000
39.000

39.000
39.000
) 39.000

Flux
Linkage
(Wh)

0.0066
- 0.0132
0.0263
0.0329
0.0395
0.0460

0.0526
0.0592
0.0658

'0.0723

0.0789

-0.0855
0.0921

0.0986

0.1052
0.1118
0.1184

. 0.1249
10.1315
0..0065

0.0129
0.0194
0.0258

.0.0323

0.0388
0.0452
0.0517
0.0581
0.0646
0.0711
0.0775

- 0.0840
- 0.0904

0.0969
0.1034
0.1098
0.1163
0.1227
0.1292



Current

@

Angle

40.

40

40.
40.
40.
40.
40.
40.
40.
40.
40.
40.
40.
40.
40.
40.
40. -
.000

40.

40

40

41.
41.
41.
41,
41,
a1,
41.
41.
41.
al.

C41.
41.
41.
41.

41

41.
41.
41.
41.

(deg)

000
.000
000
000
000
000

000

000
000
000
000
000
000
000
000

000
.000

000
000
000
000
000
000
000
000
000
.000
000
000
000

000
000
000
000

000 -
000

000 -

000
.000

[eRejojojoloNoloNolofoNoNoRooNoNoNoNoloNoloNoloNoNoNoNoNooNoloNoNoNoNoNoNoNo N
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Table 7 Flux linkages (cont.)

Flux .'
Linkage

. (Wh)

.0064
.0127
.0191
.0255
.0318
.0382
.0446
.0509
.0573
.0637
.0700
.0764
.0828
.0891
.0955
.1019'
.1082
.1146
.1210
.1273
.0063
.0126
.0189
.0252
.0315
.0378
.0441
.0504
.0566
.0629
.0692
.0755
.0818
.0881
.0944
.1007
.1070
.1133
.1196 .
.1259

Current

(A)

180.
190.
© 200.

Angle

(deg)

.000
.000
.000
.000
.000
.000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.000
.000

.000-

.000

.000
.000°
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

,,c>c>c>o<3c)oi:tidc:c:oc:c>o<3t>o};q;g OO OO0V

Flux

Linkage

(Wb)

.0062
.0125
.0187
.0250
.0312
.0374
.0437
.0499
.0561
.0624
.0686
.0749
.0811
.0873
.0936
.0998
.1061
.1123

.1185
.1248
.0062
.0124
.0186
.0248
.0310
.0372
.0434
.0496
.0558
.0620
.0682
.0744
.0806
.0868
.0930
. 0992
.1054
.1116
.1178
.1240
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