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ABSTRACT

This thesis presents an efficiency improvement of a three-phase induction motor drive based
on an optimum slip frequency control. The comparison between the proposed control and
conventional V/Hz control has been made. The induction motor drive is controlled by sinusoidal
PWM voltage source inverter in order to adjust the modulation index and fundamental frequency
for operating at every load condition. The closed-loop speed control using an encoder to keep
motor speed constant is included. All of control systems are implemented by a microcontroller for
calculation of the slip frequency and speed cycle. Also, the sinusoidal PWM pattern is
implemented by the microcontroller. In this thesis, the analysis and calculation using MALAB
program of the speed control based on the optimum slip frequency is given. The calculation
results show that the optimum slip frequency point depends on the motor parameter and supply
frequency, independently of load conditions.

Finally, the test with three-phase induction motor, 2.2 kW under various speed, load torque
and motor temperature conditions has been performed, in order to investigate the losses and
efficiency of system compared with the constant V/Hz operation. The results show that for the use

of the optimum slip frequency control, the efficiency is improved.
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damihnszua 7, uaz 1, szdenimih g, gy 8, wag 5, muddumunmi 4.5 90
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A 4.7 WeNnsanans lufiadduaui 5 wmulan 7, wiwldnyagm (4) Aoyuves
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T = ¢1,sind, (4.21)
a8 @ @ oA o ot a a 1
YYD ITATUAUN 5 3LAARNUITIVOWBIADIN 60 ussTaTuAUVBINBINDT VAT

T = ¢1,sin(S, — 6a1t) (4.22)

° o o = fo o A o [ o @ o o
dmius lutindsududi 7 wiinldn 7, ssbwdndyag (¢,) druyuveaussila 5, yu

a e w oA - o oI = 1
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— (7, cos 8, =1, cos &, )sin 6wt

annsadaglaums 1aily
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I;sind; - I,siné,

s ar a o a ow [ i
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1NAINE3 IUUATUDINTITADUAUN 11 LHAZOUAVN 13
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Cora Loss of V/Hz Control
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Total Loss of V/Hz Control
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4 a o s g e ar o =
nuuaNudaalivInzau dMTuA NS AN Mmounuguuruinasuasll

Speed | VI-1 Ia fs Torque Pin Pout Ploss | Efficiency
(rpm) (V) (A) | Hz) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 432 | 443 | 149 2.9 2149 912 12307 31.1
375 496 | 443 | 165 29 228.0 | 98.3 129.7 38.5
450 62.4 | 445 | 19.7 29 261.7 125.6 136.1 41.0
525 68.8 446 | 21.3 29 280.4 137.2 143.2 42.6
600 81.6 | 447 | 244 2.9 3224 172.4 150.0 433
675 88.0 | 448 | 26.0 2.9 345.8 178.3 167.5 449
750 100.9 | 450 | 29.1 29 397.1 211.8 185.3 46.1
825 107.3 | 451 | 307 29 425.1 235.6 189.5 49.2
900 120.2 | 4.53 | 339 2.9 485.7 | 291.3 194.4 50.0
975 126.6 | 4.54 | 35.5 2.9 518.3 272.0 246.3 51.1
1050 | 139.5 | 456 | 386 2.9 588.0 | 370.0 218.0 51.5
1125 145.9 | 4.57 | 40.2 2.9 625.5 | 400.8 224.7 50.0
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o 1
M1319N 7.1 (A9)

1200 1588 | 4.59 | 433 2.9 704.7 474.6 230.1 49.7
1275 165.2 | 4.60 | 449 29 746.6 472.1 274.5 48.3
1350 178.1 | 4.62 | 48.1 29 835.1 534.6 300.5 49.1

1425 184.5 | 463 | 49.7 29 881.0 545.1 3359 48.8

1500 | 197.4 | 4.65 | 52.8 29 979.4 609.0 370.4 50.2

M3 7.2 HONMITNATOUNIIAIVAVUUVITIFUABANNAAINTNNTE Tan 40 % vesiina

Speed | VI-1 Ia fs Torque Pin Pout Ploss | Efficiency

(pm) | (V) | (A) | (Hz) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 474 | 5.11 | 155 5.8 3303 169.2 161.1 50.4
375 53.8 5.12 17.1 5.8 348.2 177.5 170.7 533
450 66.6 | 5.15 | 20.2 5.8 389.1 208.6 180.5 54.5
525 73.0 516 | 21.8 5.8 411.8 221.6 190.2 57.0
600 859 | 5.19 | 249 5.8 461.9 261.5 200.4 62.0
675 92.3 N S5 526.5 5.8 489.3 273.6 218.7 64.0
750 | 105.1 [ 5.23 | 29.7 5.8 548.6 317.8 230.8 63.2
825 111.6 | 5.24 | 31.3 5.8 580.6 352.7 227.9 63.5
900 1244 | 527 | 344 5.8 649.3 4253 224.0 62.5
975 130.9 | 5.28 | 36.0 5.8 685.9 436.3 249.6 64.6
1050 143. N3 144 29.1 5.8 763.2 509.1 254.1 65.6
1125 150.2 | 5.33 | 40.7 5.8 805.1 542.9 262.2 64.8
1200 | 163.0 | 5.36 | 43.9 : 5.8 8924 622.0 | 2704 67.7
1275 | 169.5 | 537 | 455 5.8 938.3 625.0 3133 68.8
1350 1823 | 540 | 48.6 5.8 1034.8 697.7 337.1 65.9
1425 188.8 | 5.42 | 50.2 5.8 1085.1 713.9 371.2 67.0
1500 201.6 | 545 | 533 5.8 1191.2 786.2 405.0 67.0




M3190 7.3 HANINATOUMIAIUANUVULIINUABANUDAINNNTE INaR 60 % VBINNA

Speed | VI-I la fs Torque Pin Pout Ploss | Efficiency

(rpm) | (V) | (A) | (H2) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 51.6 | 6.06 | 16.0 8.8 506.4 318.0 188.4 59.8
375 58.0 6.07 | 17.6 8.8 528.4 307.8 220.6 61.2
450 70.8 | 6.10 | 20.7 8.8 577.5 325.1 252.4 64.2
525 773 6.12 | 223 8.8 604.3 352.9 251.4 65.9
600 90.1 | 6.15 | 25.5 8.8 662.4 | 389.3 273.1 67.4
675 96.5 | 6.17 | 27.1 8.8 693.7 | 3843 | 309.4 68.7
750 109.4 | 6.20 | 30.2 8.8 761.1 458.1 303.0 69.6
825 1158 | 6.22 | 31.8 8.8 797.2 500.0 297.2 72.3
900 128.7 | 6.25 | 349 8.8 873.8 573.7 | 300.1 73.8
975 135.1 | 6.27 | 36.5 8.8 914.5 601.3 313.2 74.3
1050 148.0 | 6.30 | 39.7 8.8 1000.0 | 673.6 326.4 74.8
1125 1545 | 6.32 | 41.3 8.8 10458 | 717.7 328.1 75.3
1200 | 167.3 | 6.35 7 444 8.8 1141.1 | 799.9 | 341.2 76.1
1275 | 173.8 | 6.37 | 46.0 8.8 1191.1 | 800.2 [ 390.9 75.3
1350 186.7 | 6.41 | 49.1 8.8 129527 875.0 420.7 74.6
1425 193.1 | 6.42 | 50.7 8.8 1350.2 889.7 460.5 73.3
1500 206.0 | 6.46 | 53.9 8.8 1464.1 964.1 500.0 73.0

M3 7.4 HANINATBLMIATUAVUULUSIAUABANNDAINNNTE THaa 80 % VOINAA

Speed VI-1 Ia Fs Torque Pin Pout Ploss | Efficiency
(rpm) (V) (A) (Hz) | (N-m) (Watt) | (Watt) | (Watt) (%)
300 C = = = g 2 = ~
375 - . - = - - = -
450 3 2 % - e - - <
525 = : : - - & - S
600 944 | 7.27 | 26.0 1.7 923.8 557.7 366.1 66.6
675 100.8 | 7.29 | 27.6 11.7 959.2 577.8 381.4 69.0
750 113.7 | 6.20 | 30.7 11.7 1034.7 | 638.3 396.4 70.1
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A1313N 7.4 (Av)

825 120.2 | 6.22 | 323 11.7 1074.7 | 671.3 403.4 71.0
900 133.0 | 6.25 | 355 11.7 1159.5 | 749.0 410.5 74.4
975 138.5 | 627 | 37.0 11.7 12042 | 778.4 425.8 74.7
1050 152.4 | 6.30 | 40.2 11.7 1298.8 | 868.7 430.1 76.4
1125 158.8 | 6.32 | 41.8 11.7 1347.6 | 897.5 450.1 773
1200 171.7 | 6.35 | 449 11.7 1451.0 | 985.1 465.9 76.6
1275 178.2 | 6.37 | 46.5 11.7 1505.0 | 1024.7 | 480.3 11D
1350 191.1 | 6.41 | 49.7 Jel=7 1617.7 |11075.2 | 542.5 75.8
1425 1975 | 642 | 51.2 1.7 1676.6 | 1106.5 | 570.1 76.6
1500 | 2104 | 6.46 | 544 11.7 17983 | 1177.8 | 620.5 75.7
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M3 7.5 HANMINATBUMIAIVANUUVITINUARBANNAAINTNTS THan 100 % Vaiisa

Speed Vi-1 Ia fs Torque Pin Pout Ploss | Efficiency
(cpm) | (V) | (A) | (Hz) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 - - = = g 4 : -
375 3 5 = F 2 . = =
450 - - < 7 ~ S S -
525 - E - 2 % F — -
600 98.7 | 848 | 26.5 14.7 1246.3 | 796.2 450.1 71.5
675 105.2 | 8.49 | 28.1 14.7 1285.7 | 815.2 470.5 74.0
750 118.1 | 853 | 313 14.7 1369.2 | 899.0 470.2 76.0
825 1245 | 855 | 32.8 14.7 1413.3 | 944.8 468.5 78.4
900 137.4 | 859 | 36.0 14.7 1506.1 | 1026.1 | 480.0 79.2
975 143.9 | 8.61 | 37.6 14.7 15549 | 1064.8 | 490.1 79.0
1050 | 156.8 | 8.65 | 40.7 14.7 1657.1 | 1157.1 500 78.8
1125 | 163.2 | 8.66 | 423 14.7 1710.5 | 1207.1 | 5034 77.7
1200 | 176.1 | 8.70 | 45.5 14.7 1821.9 | 1271.3 | 550.6 78.4
1275 182.6 | 8.72 | 47.0 14.7 1880.0 | 1309.6 | 570.4 77.1
1350 | 1955 | 8.76 | 50.2 14.7 2000.8 | 1412.2 | 588.6 78.5




M1319N 7.5 (D)

1425

202.0

8.78

51.8

14.7

2063.3

1450.0

613.3

78.8

1500

2149

8.82

54.9

14.7

2193.7

1512.8

680.9

79.6

M319M 7.6 HOMINATEUMsAILRUUUBANNDAAYIMINEauNn152 THan 20 % YoaRia

Speed | VI Ia fs Torque Pin Pout Ploss | Efficiency

(rpm) (V) (A) | (Hz) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 331 | 3359 | 158 2.94 167.7 97.7 70.0 35.7
375 36.8 | 3.57 | 175 294 176.0 102.7 733 44.5
450 438 | 3.57 | 209 2.94 195.4 124.7 70.7 47.4
525 47.1 | 3.57 | 225 2.94 205.6 127.4 78.2 48.4
600 3$.2 | _35% 1234 2.94 227.1 147.2 795 50.3
675 56.2 | 3.60 [ 27.6 2.94 238.3 145.8 92.5 50.9
750 61.8 | 3.64 | 309 2.94 261.5 162.7 98.8 52.6
825 64.5 | 3.66 | 32.6 2.94 273.4 178.9 94.5 56.1
900 69.6 | 3.70 | 36.0 2.94 297.8 207.8 90.0 56.8
975 12.1 13058%) 37.3 2.94 310.2 177.0 133.2 58.6
1050 | 76.9 | 3.78 | 41.0 2.94 335.0 180.4 154.6 59.1
1125 79.20 | 3.81 | 427 2.94 348.2 258.0 90.2 57.1
1200 83.6 | 3.87 | 46.1 2.94 374.1 273.8 100.3 55.3
1275 85.6 | 3.90 | 477 7 2.94 387.2 267.0 120.2 54.3
1350 90.0 | 3.96 | 51.1 2.94 413.6 267.8 145.8 55.8
1425 92.1 | 399 | 52.8 2.94 426.1 268.7 157.4 54.9
1500 | 96.1 | 4.05 | S6.1 2.94 453.6 274.0 179.6 57.5

M3 7.7 KansnageuMsauaNuUUaNudaatiminzauiaise Inaa 40 % veanna

Speed | VI Ia Fs Torque Pin Pout Ploss | Efficiency
(rpm) (V) (A) | (Hz) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 469 | 5.07 | 158 5.8 335.5 200.3 135.2 54.3
375 52.1 | 5.05 | 175 5.8 352.0 203.2 148.8 57.2
450 61.9 | 5.04 | 209 5.8 390.8 245.1 145.7 58.4
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M3 7.7 (Ae)

525 66.6 5.05 | 225 5.8 411.2 251.0 160.2 61.8
600 753 5.08 | 259 5.8 454.2 291.9 162.3 67.0
675 79.5 5.09 | 27.6 5.8 476.7 300.9 175.8 69.4
750 87.4 5.14 | 30.9 5.8 523.1 342.0 181.1 68.2
825 91.2 507 | 3206 5.8 546.9 374.4 172.5 68.2
900 98.5 5.24 | 36.0 5.8 595.6 431.0 164.6 66.7
975 102.0 | 5.27 | 37.7 5.8 620.5 435.6 184.9 69.0
1050 108.7 | 5.35 | 41.0 5.8 670.0 469.9 200.1 70.0
1125 112.3 | 5.39 . 42.7 5.8 696.5 515.9 180.6 69.0
1200 118.3 | 5.47 | 46.1 5.8 748.2 9L 196.7 72.4
1275 1214 | 551 [ 47.7 5.8 774.4 571.1 203.3 73.0
1350 127.4 | 5.60 | 511 58 827.1 587.0 240.1 69.9
1425 130.3 | 5.64 | 52.8 5.8 853.3 602.1 28] .2 72.4
1500 1359 | 5.73 | 56.1 5.8 907.3 622.2 285.1 72.4

MM 7.8 HapINadeMIALRNILIAURRRlINzaNnIE Tran 60 % YBINnA

Speed | VI Ia Fs Torque Pin Pout Ploss | Efficiency

(rpm) V) (A) | Hz) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 574 | 621 | 158 8.8 503.2 3129 190.3 62.1
375 63.8 | 6.19 | 17.5 8.8 229.1 318.5 210.6 64.5
450 759 | 6.18.| 20.9 8.8 586.2 356.1 230.1 67.4
525 81.5 | 6.18 | 225 8.8 616.8 366.4 250.4 69.0
600 923 | 622 | 259 8.8 681.4 415.7 265.7 70.4
675 97.3 | 6.24 | 27.6 8.8 715.0 4i1.3 303.7 71.9
750 107.1 | 6.30 | 309 8.8 784.6 493.7 290.9 123
825 111.7 | 6.34 | 32.6 8.8 820.3 541.1 279.2 75.6
900 120.6 | 6.42 | 36.0 8.8 893.4 616.6 276.8 76.5
975 1249 | 6.46 | 37.7 8.8 930.7 6474 283.3 76.5
1050 | 1332 | 6.55 | 41.0 8.8 1000.6 | 707.0 293.6 76.8
1125 137.2 | 6.60 | 42.7 8.8 1044.7 | 7444 300.3 76.9

149



150

M3afi 7.8 (d19)
1200 1449 | 6.70 | 46.1 8.8 1122.3 802.2 320.1 78.0
1275 | 1487 | 675 | 47.7 | 88 | 11615 | 8127 | 3488 77.2
1350 | 156.0 | 6.86 | 51.1 | 88 | 12407 | 8600 | 380.7 76.4
1425 | 1595 | 691 | 52.8 | 88 | 1280.1 | 8849 | 3952 75.2
1500 166.5 | 7.02 | 56.1 8.8 1360.9 913.8 447.1 75.0

MIN 7.9 WANINATDUMIAIVANUUUANVRAAUIMINZAuNN1TE TMaA 80 % Y0INAA

Speed Vi1 Ia Fs Torque Pin Pout Ploss Efficiency
(rpm) | (V) (A) | (Hz) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 - - 2 2 - = c -
375 F - T 7 ; 2 . -
450 * . 7 3 g r - 2
525 - = L - g o - -
600 106.5 | 7.18 | 25.9 11.7 908.5 542.2 366.3 70.1
675 1124 | 7.21 276 1 9534 572.0 381.4 71.8
750 123.6 | 7.28 | 30.9 11.7 1046.1 649.4 396.7 72.6
825 129.0 | 7.32 | 326 11.7 1093.8 | 699.3 394.5 73.3
900 139.3 | 741 | 36.0 11.7 1191.3 | 803.2 388.1 76.3
975 1442 | 746 | 37.7 11.7 1240.9 | 824.7 416.2 76.7
1050 | 153.8 | 7.57 | 41.0 11.7 1341.1 | 9376 403.5 78.2
1125 1584 | 7.62 | 42.7 11.7 1393.0 | 9829 410.1 78.9
1200 | 167.3 | 7.74 | 46.1 11.7 14964 | 1081.2 | 415.2 78.2
1275 171.7 | 7.80 | 47.7 1.7 1548.7 | 1091.0 | 457.7 78.7
1350 | 180.1 | 7.92 | 51.1 11.7 1654.2 | 1154.2 | 500.0 774
1425 1842 | 798 | 52.8 11.7 1707.7 | 11874 | 5203 77.8
1500 | 192.2 | 8.10 | 56.1 11.7 1814.5 | 12284 | 586.1 77.6
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M13519N 7.10 wamsnagouMsaIuguuUUANNdadlmnzauinise naa 100 % veanna

Speed | VI-] Ia Fs | Torque Pin Pout Ploss | Efficiency
(rpm) V) (A) | Hz) | (N-m) | (Watt) | (Watt) | (Watt) (%)
300 - = + = - - - -
375 - - - - - - - -
450 - - - = = = - =
525 # : - = = - - =
600 119.1 | 8.03 | 25.9 14.7 1135.6 | 665.5 470.1 72.0
675 125.7 | 8.06 | 27.6 14.7 1191.7 716.2 475.5 74.0
750 138.2 | 814 | 309 14.7 1307.7 | 8275 | 480.2 76.0
825 1442 | 8.18 | 326 14.7 1367.2 | 881.6 | 485.6 78.8
900 155.7 | 829 | 36.0 14.7 1489.1 [ 999.0 | 490.1 79.3
915 161.3 | 834 | 37.7 14.7 1551.1 | 1030.8 | 520.3 79.4
1050 1719 | 8.46 | 41.0 14.7 WA LhaiZ™S520.1 79:1
1125 177.1 | 8.52 | 42.7 14.7 1741.2 | 1201.0 | 540.2 77.6
1200 187.1 | 8.65 | 46.1 14.7 1870.6 | 1290.2 | 580.4 78.9
1275 192.0 | 872 | 47.7 14.7 1935.9 | 1345.2 | 590.7 77.6
1350 | 201.4 | 8.85 | 51.1 14.7 2067.8 | 14523 | 615.5 78.5
1425 206.0 | 892 | 52.8 14.7 21343 | 1504.1 630.2 79.3
1500 | 2149 | 9.06 | 56.1 14.7 2268.2 | 1590.2 | 678.0 80.0
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1. Yoyavesnemeimiinimuuruihoveanemas (Name Plate)

‘E’:l'lr?l"él Invensys Nr 607251 Box No. TOA100L4A101 AMB 40 C’
Phase 3 Pole 4 IP 55 Duty 51

IEC34-1 class F wt 21 kg k 3.6165

kW 2.2 Volt 220/380 A/Y Amp 8.7/5.0  r/min 1420 50 Hz
kW 2.6 Volt 254/440 A/Y Amp 8.8/5.1 r/min 1725 60 Hz

3

2. Yoyaueimeinszianssmuusuihavesnenes (Name Plate)
0 SIEMEN SHUNT-MOT 1GA5108-0AD40-6VEQ-Z
IP 23 IM B3
Armature
Volt 155-420 1/min 690-2060 Amp 7.05-10.5
KW 0.840-3.75
Field
Volt 310~ Amp 0.38

Volt230  Amp0.29
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3.2 Wan1snaaol No-load Test
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¥, =380 Volt, 1, =2.73 Amp, P, =335 Watt
5 .
zn,=—£0—=80.36=X1+Xm, 9=cos"( S }=79.25
J3x2.73 J3%x380x2.73
1, =2.735in79.25= 2.682 Amp, I =2.73c0s79.25= 0.509 Amp
R, -——2___s1027Q, =380 _gismo
J3x0.509 V3 x2.682
XL = 27#]4
81.802 =27 x50xL
L= 0.26038 Henry
3.3 Han1inaaod Blocked-rotor Test
V, =652 Vol Il,,=>5Amp, P, =1383.96 Watt
1% : .
o == 5.2 =752, 9= cos"(—-———383 49 )=46.20
] 7<% 3 x65.2x5

R,, = 7.52¢0546.20=5.20= R, + R,

X, =7.525in46.20=5.42,
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Juasioua

Power Analyzer (YOKOGAWA)
PZ4000
Wide Measurement Bandwidth
(DC to 2 MHz)

Accurately Sampling 5 MS/s

Harmonic Analysis (up to 500" ) Order

HARD N Digital Oscilloscope (YOKOGAWA)
U DL1520/L (4 Channel)
500300A 150 MHz bandwidth
200 MS/s sampling rate on one channel or
100 MS/s on two channels (DL1520/L)
8 bit vertical resolution
DC to 30 MHz, 850V (DC + AC peak)
2% DC accuracy, Internal low pass filter
WARNN Power Harmonics Analyzer (FLUKE)
M FLUKE 41B
30020UA  5'to 600 Vrms, 1.00 to 1000 Arms

up to 600 kw., 6 Hz to 99.9 Hz
Indicates fundamental to 13 th hamonices.

Measures crest factor, PF, DPF, K-factor

%THD, %THD-R
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WanNUN Multi Meter (Hewlett Packard)
U 973A
sazIoun True RMS 20 kHz Accuracy = 0.1%
Vac or Vde : 0 to 1000 Volts.
Iac or Idc : 0 to 10 Amperes.
Wann N Current Probe (CHAUVIN ARNOUX)
U E3N
510921909 Current Probe 10 — 100 Ampere / 1 Volt
Input 100 A Peak Max
Frequency: DC to 100 kHz. (@ 3 db)
Output 10 mV/A, 100 mV/A CAT 111
HaRN MR Digital Clamp (YOKOGAWA)
At 234302
SWAZOUA  Amp 40A /400A / 1000 A
Volt 40V / 400V / 600 V
Ohm 400 / 4k Ohm
HaANUN Digital Tachometers (YOKOGAWA)
U 3631
500ZI00A

Measurement range : 60.0 to 1999.9 rpm
and 60 to 19,999 rpm

Detection distance 30 to 300 mm.
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Band Differential Probe
700924
100 MHz
A probe lets you make wide-band

differential input measurements
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High Efficiency Control of 3 Phase Induction Motors
Based on Optimum Slip Frequency

C. Joochim and V. Kinnares
Dept. of Electrical Engineering, Faculty of Engineering, King Mongkut’s
Institute of Technology Ladkrabang Bangkok 10520, Thailand.
Phone: (662) 737-3000 Ext. 3519
Email: kkwijit@kmitl.ac.th

Abstract

This paper presents an efficiency improvement of
three-phase induction motor drive with closed-loop
speed feedback based on an optimum slip frequency
control. The performance comparison of the proposed
control and conventional constant V/Hz control in terms
of loss, efficiency and efficiency gain has been made.
Additionally, the performance calculation  using
MATLAB program is given. In the experiment,
sinusoidal PWM voltage source inverter controlled by
microcontroller MCS-51 is used. The results show that
for the use of the optimum slip frequency control, the
efficiency is improved.

Keywords: three-phase induction motor, optimum slip
frequency, constant V/Hz, efficiency, sinusoidal PWM.

1. Introduction

In response to the rapidly increasing cost of energy,
developments of adjustable speed drives for speed
control of induction motors have been more and more
investigated, especially PWM inverter supplied
induction motors. Attention must also focus on ways of
improving the efficiency of the drive system since
operating cost savings accumulated by efficiency
optimized operation may be substantial over the life
cycle of the system.

Torgue
4

Low V/Hz

p Speed
Fig. 1 Torque-speed characteristics for operation
at point P

Fig. 1 shows the torque-speed curves of adjustable-
speed induction motor drive with high and low V/Hz
ratio. Each voltage-frequency pairing defines a
particular motor torque-speed characteristic passing
through the specified operating point P but the
efficiency may vary widely [1]. If the voltage supplied
to motor is high (high V/Hz), then the iron losses are
large. If the voltage is low (low V/Hz), the iron loss is
reduced whereas the copper losses may rise unduly.
Therefore, there is an optimum voltage and frequency

(iron losses equal to copper losses) which gives the
specified torque and speed with maximum efficiency.
The constant V/Hz control of closed-loop inverter-fed
drives can take advantage of the speed feedback signal
for use in control of the inverter frequency to assure a
constant rotor frequency (slip frequency) at each load
condition [2]. However, the slip frequency generated by
the above control method doesn’t give the high motor
efficiency in every operating condition [1]. At light
load, higher efficiency will be achieved with a reduced
voltage by controlling the slip frequency held to an
optimum value, as compared with the conventional
constant V/Hz control. The motor flux from the latter
approach is greater than necessary for the development
of the required torque [3], and losses are high, resulting
in a motor efficiency which is less than optimum.

For this reason, the optimum slip frequency control
of three-phase induction motor drive with closed-loop
speed feedback is presented in order to offer the
efficiency improvement while a rotor speed is held to
constant value, same as usual constant V/Hz operation.

2. Losses of an induction motor

I
/7 ‘RS XS $E—p Xl'
— /!
ko v/
5 r
Vs R XEl

l-;l__‘:b

R.(1-5)
l |

Fig. 2 Per phase equivalent circuit

V. +motor terminal voltage
I. :stator current

R_ : stator resistance

X, :stator leakage reactance
X :magnetizing reactance
R, :iron loss reactance

E, :air-gap voltage

I, :rotor current

R_ :rotor resistance

X, :rotor leakage reactance
[, :magnetizing current

s :slip
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Induction motor losses van be sub-divided into three
major categories, according to their source and physical
mechanism, which are iron losses, copper losses and
mechanical losses. A power-flow equation [4] of
induction motor is given by

Pm= |M+Pm—.:far+Pm—m+Pmrﬁ+Pw (1)
where:
P, : power input to the motor
P,  :ironlosses
P, .. :stator copper losses
P, :rotorcopper losses
P, :mechanical losses
P, :mechanical power output

2.1 Iron losses ( P,,,)

The iron losses are generally accepted as being the
sum of the hysteresis losses and the eddy current losses
in the stator and rotor, depending on flux distribution
and supply frequency [5]. The iron losses can be
described by the following expression:

P =P +P, 2)

P, =Bt +B.f¢ (3)
B, 242

P, =|£x 4

e [f +ﬂ,Jf¢ 4)

where:

P, :hysteresis losses

P, :eddy current losses

B, hysteresis loss coefficient
B. :eddy current loss coefficient
¢ :flux

f :supply frequency

2.2 Stator copper losses (P, )
The stator copper losses can be simply calculated by

P, .. =3RRI} (5)

cu—stat

For motors from 1 to some kW, the eddy current effects
in stator windings can be neglected.

2.3 Rotor copper losses (£, )
The rotor copper losses can be calculated by

P, =3RI! (6)

cu-rot

170

2.4 Mechanical losses (P, )

The mechanical losses consist of the friction and
windage losses, which are usually dependent only upon
shaft speed and temperature. The friction will be
relatively constant once the bearings are warmed up.
The windage losses will generally vary with cube of
speed. However, it is likely to be assumed constant over
a wide range of operating conditions for calculating
motor performance when operation is from a fixed
frequency supply.

3. Optimum slip frequency method

The optimum slip frequency can be controlled by
adjusting rotor frequency in a manner that minimizes
input power while maintaining a particular torque-speed
load point. Consequently, the motor efficiency is
considerably high.

3.1 Operation at optimum slip frequency

From the conventional equivalent circuit shown in
Fig. 2, the gross mechanical power output, including
windage and friction losses, is

p. =3 4=9) )

s

The corresponding electrical power input to the motor is
P, =3I'R/} (8)

where R, is the resistive part of the input impedance

(thevenin impedance). Hence, electrical efficiency is
given by

I'R (1=5)/s
TN o

s " tin

From equation (9), it can be observed that, the motor
efficiency can be controlled by varying slip. Thus, on
differentiating with respect to §, and equating to zero,
an expression is obtained for the slip which yields
maximum efficiency, can be written as

dn _ I’'R (1-5)/s

10
ds I’R, i

After some approximation [1], this analysis yields the
optimum slip

& _ R‘_ |+ A |
=¥ v x V1+(R /R) an
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The optimum slip s,, determines the optimum rotor

frequency, i.e. optimum slip frequency f, . , as

follows

(12)

R I 1+ 4
f:!,npc :fssopr = ( >

L,+L)\1+(R/R)

where f, is the stator frequency. The optimum slip

frequency is independent of load torque but depends on
parameters of the induction motor equivalent circuit.

4. Calculation results

The method presented in this section uses MATLAB
program [6] to calculate the performance of operation
by referring to the equivalent circuit illustrated in Fig, 2.
The motor parameters are the same as for the
experimental results in order to verify the operation of
three-phase induction motor drive based on the
conventional V/Hz control and optimum slip frequency
control. The comparative performance evaluation of
both control schemes is as follows

4.1 Constant V/Hz control
From the calculation, it can be seen that the constant

V/Hz control at full load (N,=1500 rpm, N =1420

rpm, f,, =2.66 Hz) results in the constant slip frequency

along the frequency range. On the other hand, if the load
is reduced, then the slip frequency will be
proportionally decreased. The relationship between the
slip frequency and stator frequency, can be expressed as

Slip Frequency = sf, (13)
Using the above equation, the slip can be calculated to
obtain the total losses and motor efficiency in three-
dimensional form according to the torque and speed, as
shown in Fig. 3 and 4, respectively. The total losses of
the system will be high when the torque and speed are
increased. At rated torque and speed (1 pu.), the motor
efficiency will be reached the maximum value but it
will be decreased as the torque and speed are reduced.

Tatal Loss of Vitz Control

Torque (pu) L

Speed (pu)

Fig. 3 Calculation result of the total losses generated
by constant V/Hz control
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Eficiency of VM1 Control

8

0

N
ANS
L

Efficncy (%)
¥ 5 B 8

.

-o

0
Torgue (pu) 0 Speed (pu)

Fig. 4 Calculation result of the motor efficiency
generated by constant V/Hz control

4.2 Optimum slip frequency control

The motor efficiency and total losses corresponding
to the slip frequency at load torque 1 pu., can be
observed from Fig.5 and 6, respectively.

Efficency at Torque = 1.0 pu

[ 1 1 b} 4 5 L]
Sp Freguancy ()

Fig. 5 Motor efficiency variation as a function
of slip frequency

Loss o Torgue = 10 pu

B

—= 50 Hz
—e- WH
—— M He
-e- 0 H
—»— 10 Hz

SsEEdigpee

Sha Frequency (Hi)

Fig. 6 Motor loss variation as a function
of slip frequency

It can be seen that the slip frequency, which gives the
maximum efficiency and minimum motor loss, varies
with the supply frequency. For example, at 10 and 50
Hz, the slip frequencies that yield the maximum
efficiency, are approximately 2.8 and 1.2 Hz,
respectively. Therefore, If the optimum slip frequency is
maintained to a constant value, the efficiency will be
maximum. By using equation (11), the slip frequency
for optimum efficiency is plotted in Fig. 7.
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Optumum Sbp Froquancy for Maximum EMciency

Sip Freguency (Hz)

125

o 5 llll 15 ‘l‘ﬂ 1‘5 30 3 40 l‘S ;El 5‘5 _!;EI
Inverer Frequency (Hz)
Fig. 7 Optimum slip frequency as a function

of inverter frequency

From Fig. 7, the relationship between the slip frequency
and inverter frequency in term of linear equation, can be
approximated as

Slip Frequency =0.041f, +0.749 (14)

By combining equation (14) with equation (1) and (9),
respectively, the total losses and motor efficiency can be
illustrated in three dimensions, as shown in Fig. 8 and 9.
Unlike the constant V/Hz control illustrated in Fig. 4, it
can be noticed that the optimum slip frequency control,
which yields the maximum efficiency, is not varied with
the load conditions.

Total Loss of Optimum Slip Frequency Conlrol

Fig. 8 Calculation result of the total losses generated
by optimum slip frequency control

Effciency of Oplimum Shp Frequency Control

8

Effcncy (%)
¥ 5 8 8

-

Torque (pu) Speed (pu)

Fig. 9 Calculation result of the motor efficiency
generated by optimum slip frequency control
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4.3 Performance comparison of constant V/Hz and
optimum slip frequency control

The calculation result of loss reduction in Fig. 10 is
given by subtracting the calculation result of Fig. 8 from
the result of Fig. 3 while the comparative performance
in term of efficiency gain based on equation (15), is
shown in Fig. 11.

Eﬂ () Eﬂ;vm;) »

Eff Gain =
Eff o

100 (15)

Reducton m Total loss

Speed (pu)

Fig. 10 Calculation result of loss reduction

Effciency Gai (%)
- 5 B HAG

Torque (pu) L

Speed (pu)

Fig. 11 Calculation result of efficiency gain

It can be observed from Fig. 10 and 11 that the optimum
slip frequency operation offers the loss reduction
resulted in higher efficiency, especially at light load, the
motor efficiency gain is equal to 25 percent.

5. Experimental results

In order to verify the theoretical predictions, the
operations of both control strategies have been tested
with an experimental test rig system, as shown in Fig.
12. The experimental system consists of sinusoidal
PWM voltage source inverter controlled by
microcontroller MCS-51 [7], IGBT power module
(rated at 15 A, 1200 V) and squirrel cage type motor.
The motor parameters used in this study are 220/380 V,
8.7/5.0 A, A/Y, 2.2 kW, 1420 rpm, 4 poles, R =2.58
Q,R=263Q,R =431.02Q, X _=81.80Q, X =3.11
Q, X, =3.11Q. An abbreviated flow chart of the

controller program is displayed in Fig. 13 to give an
understanding of the controller logic.
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g Siemen Converler (smovic)
s 7
Computer

Microcontroller (T8SC51AC2)

Fig. 12 Experimental test rig system

Fig. 13 Flow chart of controller program

Figs. 14 and 15 show the comparison of constant V/Hz
and optimum slip frequency control for the motor
efficiency variation with speed at 50% and 10% of rated
load torque, respectively obtained from the experiment.
These experimental results are characterized by curve
fitting method using MATLAB program. From the
figures, at light load, the optimum slip frequency control
can offer the efficiency improvement but the efficiency
of both control schemes is more closely at heavy load.

Motor Efficiency at 50% Load

=
=
-
9
2
i
S {
e ‘
T + 1
i |
30 ¥ 1‘ i
S SR - b
o 450 &M 150 200 1050 1200 1350 1500
Speed (rpm)

Fig. 14 Efficiency comparison at 50 % load torque

Motor Effliciency at 10% Load

100 ==

L] [EERa—-
90 - e e B B b
: |=———sipen
om0 f e L=
o 1 !
é o el N (. . U5 S SN - -
fny i ! |
=1 e e r—v—-ﬁ-f_._j——_;— ——==4
2 B\ | | Wi
2 o - |
| ChaehemAAcAegy
[ I & = 2
A=

30 4

20 e
o0 450 600 750 %00 1050 1200 1350 1500
Speed (rpm)

Fig. 15 Efficiency comparison at 10 % load torque

Figs. 16-21 illustrate the experimental results of the
total losses, motor efficiency, loss reduction and
efficiency gain. The results are plotted in three-
dimensional form corresponding to the torque and
speed. The experimental results validate the simulated
performance except in a range of high torque (0.6-1 pu.)
and low frequency (0-0.4 pu.), since it is out of control.
This is due to the limitation of the motor insulation.

Total Loss of V/Hz Control

Lass (watl]

Torque (pu ) L)

Speed (pu)

Fig. 16 Experimental result of the total losses generated
by constant V/Hz control
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Total Loss of Optimum Shp Fraquency Control

Torwipd) * 8 Speed ()

Fig. 17 Experimental result of the total losses generated
by optimum slip frequency control

Reduction = Toal Lass

Terwalps) Speat (pu)

Fig. 18 Experimental result of loss reduction

Efficiency of Ve Contral

Terque (g ) N Spest ()

Fig. 19 Experimental result of the motor efficiency
generated by constant V/Hz control

Efficiency of Optimum Skp Fraquency Controt

8

Efficionc y(%)

5 & 8 8

-2

Torgue (pu |

Frequency (pu)
Fig. 20 Experimental result of the motor efficiency
generated by optimum slip frequency control
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Efficiency Gam

Torque (pu ) o

Speed (pu)

Fig. 21 Experimental result of efficiency gain

6. Conclusions

The investigation has shown that the efficiency
improvement is found for the application of the
optimum slip frequency control, as compared with the
usual constant V/Hz control, especially at light load
condition. The optimum slip frequency operation at
maximum motor efficiency depends basically on the
motor parameters and supply frequency, independently
of load torque. But there is still a disadvantage of the
motor parameters used to control, i.e. the parameters of
motor must be exactly known before which is
uncomfortable. In the future, if a development based on
a parameter auto-tuning method of the induction motor
is used, the control of system will be better.
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A Calculation of Induction Motor Loss Based on Optimum Slip Frequency Control
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Abstract

This paper describes a calculation of loss minimization of induction
motor drive based on an optimum slip frequency control. The
comparison of the proposed control and conventional constant V/Hz
control has been made. In the calculation, the motor losses due to
harmonic voltages associated with PWM technique are evaluated. Also,
the loss mechanisms are explained on the basis of an equivalent circuit
including the effect of stray load losses and skin effect correction. The
results show that for the use of the optimum slip frequency control, the
motor losses are reduced.
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7. MAKHUIN

wisiiaesvnwomediniioni1 3 ma fnamfyagiu so He T
#afl 220380 V, 8.7/5.0 A, A/Y. 22 kW, 1420 pm, 4 poles,
R =258 Q, R =263 Q, R,=431.02 Q , L =026 H,
L, =989 mH, L =9.89 mH, L, =mH, L =mH, R, =R =1044
Q. K =0.000172, k, =0.057
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