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ABSTRACT

Static converters have lead to a revolutionary change in the field of the induction
motor control. These static converter devices produce such types of output which are rich
in harmonics. Tl;e effect of these hanho‘nics on motor performances be not favourable,
The motor cﬁ;‘rents and ‘losgesincrease. in significant amount. The induction motor
performance is deteriorated due to ‘t_hﬁ.:‘il increase in the losses. Thlen it beéomes essential fo
investigate the performanc:é of the induction motor with these supplies. In the present
work, the induction motor pérform,ance is calculated with both sinusoidal and non-

‘sinusoidal. In the non-sinusoidél supplll_ies' the stepped voltage source inverters and
different PWM tiechm'ques are uscd. A éomparison between the performances obtained by

both type of supplies is investigated.
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: : ' ' Chapter 1
INTRODUCTION

1.1 Intx“ozduction |
Developmegts in digital and power semiconductors have lead to a rapid increase in
| the use of nénlinéar devices includjng adjustable speed drives. For this reason harmonics
have become a common préblem in many industrial electrical systems. In power system
harmonic pollution problems have loﬁé been bothering power compan.ies, manufacturers
and customers. The originations of harmonics can be classified as follows:
1. Power electronics devices, with the recent advances in power semiconductor
technbldgy, ﬁore_powgr eleqtfoni»qs@evices, such ﬁs phase controllers, inverters, A
: cyclo’qdnvert’éré, are widely used for '_electromechanical loads in the industry.
2. Thel‘ épplication of saturable core reac:tors for isolating dc components when the load
to be control:Ied dbesn’t‘requ.ir.e.dcf
3. The operation qf arc furnaces ,andl éléc_tric arc wélders, etc., these _non—gontinuous
loads 1'§sult in significant current distortion and the appearance of even harmonics in
the transmission and distribuﬁon systems. |
4. Shunt capacitor banks for ‘power factor correction and voltage regulation in a
distribution system.
5. Using series “inductors to reduqe the short circuit current of a transmission line.
Inductors and capacitors do not produce harmonics; however, they may result the |

potential for resonant problems, which can magnify existing harmonic levels.



As the lpow;c"r el‘e‘dror‘xi_cs ﬁeid,is conceméd, de;\'/elopments h'av'é,’lead to an ever-
increasing use of static Switching devices to control the fo:rque and s',peed' of'*z'xc'motors.
"Invariably the output voltage and current wav‘efprfr;s of these d’eviceé Icontgin numerous
harmonics. The order and magnitﬁdé of thesé harmonics depend on ﬁhe "desilgn és well a§
the nature of the load being éupplied. Genefally the voltagé soﬁrcq: inverters, current
_source i'n‘Veﬁers and pulse width modulated inverters are used to control the speed of the
induction motor. The output voltage of these static controllers deviates 'substantially from
" the sinusoidal form and contains wide spectrum of time harmonics. Within them the
lower order time harmonics in gene'ral,l having frequency closer to the wanted output
frequency and the sub harmonicsl' ‘in~part.jcul1ar_,‘are found pc')tentia.ll'yll objectionable in
practice and are at the éame time found difﬁcult.' to be filtered-off, These supi:ly time -
}‘harmonics give rise tc; an increase in the copper énd iron losses, to pulsating shaft-torques
and to a small reduction of the steady-state torque produced by the motor. The magnitude
~ and the distribution of the additional ldsses‘anl(.i the related m;)tor defating, in stéady state,
depenid on the harmonic contents of the voltage and, iﬁ some way, on the motor design.
However, in any case, the motor has to be derated for the harmonic effects due to the
non-siriusoidal nature of the voltagé supply. Besides direcﬂy reducing the rating of the
méchine, these time harmonics producé other undesirable eff_écts on the performance.
Since electric motors are designed on the basis of balanced three-phase sinusoidal inpth
- voltage. So non-sinusoidal wave-shapes have detrimental effect on.induction motor
performance.

Static frequency converters can be Isu-bdivi"ded into two basic sub-groups: dc link

converters and cycloconverters. In dc link converters, the power taken from the ac system



is first of all_coﬁvened into.dc power Hy a system side converter and then back into ac
power of the required voltage, frequen’cy and phase.nurrllber by a machine side.

In the case of cycloconverters, the network frequency is -directly converted to a
lower frequeﬁcy without inte;rmediate rectification, the output voltage being formed from -
the sections of ’;he input- voltage. The cyclocon‘verters are not generally favoured for
various speed induction motorvdrives' gue to certain drawbacks. These static frequency
convert,eré produce complex Awavef‘o'r%ns.' Thé most satisfactory way of considering such
complex wavefoirms is to split them int'o a s.in_uséid‘ai fundamental wave of the desired
frequency and then consider the effect of tﬁe ;emaining harmonics .separately. The
. unwanted harmonics will normally ‘be at ﬁequencies higher than the fundamental and
many of the drive systems are specially arranged to avoid frequencies below or near to
the fundamental values. The frequéncies of the harmonics may be.directly related to the
" fundamental freqﬁency or they may be unrelated to the fundamental as the case in
cyclocon%rerters. and some of the voltage source PWM systems.

The type of drive syétem aiéq de;;;i'dés whether thé harmonics occur predominantly
in the voltage or tlhe curreh'é. 'Voltage sotirce inverters usually produce complex _yoltag.e
waveforms cont"di_nin,g large amounts of harmonics and ‘;he rg:sultant current waveforms
» tend to contain a lesser value of h_arfnonic%.s. Conversefy, current source systems produce
curre;nts with hig}; harmonics conte.nts“ ar’1d in many basgs the voltage waveforms tend to
be more sinusoidal. It is not usual't‘o ﬁnd -similariy large harmonic contents vin both the
current and voltage gf any system.

In general, harmonics do not produce any useful torque in any of the systems and

produce additional losses and harmonic pulsations in the output torque from the motor



shaft. Considering the equi'véleht circuits (;f xribtpfs 1l1nder' harrhonic cc')nditions can make
fl_lrther understanding of these effects. In an induction motor the magnitude of the
equivalent circuit components will alter when hannqnic frequencies are considered. The
.ir‘npedance values of the circuit leakage inductances.will increase. Th'ey are effectively
jron-cored inductances; their values will iﬂcrease roughly in proportion to frequency. The‘
. stator resistance value will remain ‘gpll)_ro;cimate.ly constant; frequenciés' ﬁp to 1000 Hz are
not likely to cause significant change due fo skin "effects. The rotor resistance However, ‘,
will change and it could rise to twice the standstiu value due to the inﬂt;ence of the deép
bér designs used to improve stafting performance. The use of an equivalent resistance for
the core loss is. not entirely accurate for ﬁafmonic cbn'sidérations’ but this item is not
significant to the overall flow of ‘harmohic.currents. The effective value of slip increases
»vconsiderably when the hartnonicg are .consideréd‘ﬂ )

The behéviour of an induction motor on the non—siﬁusoidal v'oltlage.wavefonﬁs is
different from the behaviour on normal three phase sinusoidal supplies. A knowledge of
the performance of the inverter fed inductioﬁ 1ﬁotor on these non-sinusoidal voltage is
necessary for the proper design of the rﬁotor as well as to know the derating factor of the
motor. The exact steady-state behaviour of the motor fed by non-sinusoidal supply is
provided in this' work. The method of anaiyéis is based on the splitting up of thé non-
sinusoidal voltage into fundamental and harmonics and solving the equivalent circuit for
the performance. The aécuracy of the result dépends upon the number éf harmonics
considered. Larger the number of harmonics ‘the more accurate the performance. The

~ losses of the non-sinusoidal supply fed induction 'motor are calculated and compared with



that of sinusoidal supply. The comparison of efficiencies when supplied from these

sources. is given.’

1.2 Literature Survey

In power system, iﬁduction motors are the'lafgest component of the load and they
are widely used in industrial, commercial and reéidential applications. Some industrial
applications réquire speed control of indﬁction mc;tors, this cén be done through
electronic converters. A converter-fed electrical machine operates with a high harmonic
content of voltage and current. The motor behaviour, when applied a non-sinusoidal ‘ac
source, is quite di.fferent when applying a sinusoidal one, So the operation characteristics
of motof will b}e ~z‘1ffected. Therefore, to” study the impacts of induction motors under
harmonic v;)ltag’t}., it becomes lessen‘tialllvto'review the literature published in the area of
design-and analys‘is of indu:cﬁon motor tnder non-sinusoidal supply. The study of thi_s.
issue hells been fo'un'd since the 196,(.)’s.vAs upto date literatlure is presented in this chapter.

G.C.J aiﬁ [14] has pointed tdwérdé the various voltage waveshapes’ effect on the
threé—phasé,induc.:ti;on motor. He has dislcu,sséd' the contribution of harmonics to copper
lo,sées. and torqué. ‘He has concluded ‘that the torque of induction motor is effected b‘y
negligible amount f)ecause of voltage waveshape.

Klingshirn vand Jordan [15] havﬂe proposed a three-phase induction motor
performance under non-sinusoidal voltage source. Tiley have given» the method of
calculation of harmonic currents by using equivalent circuit approach. They have also
givén a simple method to account for the effect of maén_etic saturation. The losses are

, separatcd into various components and are concluded that the harmonic losses are nearly



indépendent of motor load. They have also shown that the losses of induction motor with
non-sinusoidal waveform impressed across its terminals can be markedly different from
its sinusoidal losses depénding upon the ha'rrrio'nic content of the impressed waveform.

Linders J.R. [16] has in'vestigated the effects of poor quality power on AC motors
~and pfopoéed the hidden costs and containment dqe to the electric wa.vev distortion.

Chalmers and Sarkar [4] have presented. thg various cofnponents of additional
vlo‘sses produced in induétion motors having"-'non-sinusbidal supply. In paﬁicular, the
importance of losses due to skew-leakage ﬂpxes and el;d-leakagef‘flluxes has been
demonstrated. They have pointed out that the skew—léakagg ‘1qsses are iﬁcreased Qhen the
' frequéncies of either the; fﬁndaxi_iental or the la'lr‘ges.t hafmqﬁics are iric‘:reaséc‘i. In such
caées it may become desirable to use the unskewed clzbnstruction. |

Sen P.K. and Landa H.A. [23] have proposedlderating opgrati;)n to the material of
an induction motor uﬁder waveform distortion. It has been discussed that the non-
sinusoidal voltage has detrimental effect on -the induction motor 'performance and
deratiﬁg of the rhachine is_needed. They haye suggested that drip-probf machines to be
less affected by harmonic distortion than. the totally enclosed machines and that less
found efficient nﬁa;:hin‘es‘would require a h%gher d‘erating.l |

Boglietti A., F efraris P., Lazzari M.. and Pfofumo F. [3] have' presented a simple

methodolégyv in order to analyse the energetic '!'behaviour of inducti_(;rlx motors fed by

i’WM invertérs, in comparison to classical sinusoidal supply. They have also pointed out
the method in order to separate the loss itemé in six-step inverter fed motors and given
the knowledge of the loss items used for energetic cdnsideratibn in order to select a

suitable power derating value.



Venkatesan K. and Lindsay J F. [24] have calculated the losses in an inductio‘n
~ motor fed from six-sfep voltage and current source inverters ana also given a comparison
of efficiencies when supplied by these sources. They have calculated the main and stray
copper losses with the help of equilvalen.t circuit that includes the effect of space
- harmonics and corrected for stray copper loss. Stray irdn losses due to magn_etomqtive
forces (MMF) émd_ permeance harrnénics; end leak_age and skew leakage are also
consid.erecfl.' Witﬁ fundame_ntal air gap ".ﬂ.ux held constant, a comparative study of the
losses in the motor when o;ﬂe‘rﬁted from voltage and current source .in;/ertcrs has been
made. |

Debuck G.G.f,, Gistelinck .P.‘.an&'i Backer deD. [7] have developed a. semi-
empirical induction motor loss model wh_ich estimates titme-harmonic dependent losses in
a non-sinusoidal fed induction m.otor as a funcltion-of motor power rating. Their aim is the
estimation of losses caused by harmonic-distorted current and voltage supplies. The
model may consider harmonics between 100 and 20000 and is constructed for ‘pow-er
© ratings between 1 and 1000 kW. Losses in rotor, stator and iron‘ (including most
important stray losses) are separately estimated and suitably combined. The model is
characierized by its simple and reliéble nature. They have also given the relationship how
 rotor resistance depgnds on bar height, shape, and material, frequency and open or closed
slot character.

Oguchi K. [20] has .given a comparison between motor performance of
multistepped voltage-fed and pulée-wi@th modulation (PWM) voltage—fgd designs. Motor
performalnce, such as the torque ripple an‘d the péak stator current ratio, is calculated for

the inverter output voltage waveforms with six to forty-eight steps. They have analyzed



the pérformance 'of a multiple, phase-shifted Yinveﬁe‘r-fed induction motor by the model
approach. |

~Antonio G.D. and Robe;to P. [2] have .g,'iven' a m'eﬁ‘qu to caléulhie the extra iron
los'ses» occurring in the cores of the invertc_ar '“fecll électrdmagnetib, devices. The loss
increase referred to the sinusoidal operation is evaluated, analyzing 1ts delp.endeﬁce on the
inverter énd on the lamination characteristics. Aﬂet a critical analyse;s of the models of
the iron losses, the expressions of these losses ha\‘f‘e. been developed, a$ a function of the
PWM inverter voltage waveforms and of its corresppnding amplitude spectrufn, taking
into accounts thfé voltage drops, the windiné characteristics and the fe’a"[ures of the used
léminations.

Ching Yin and W.J. Lee [5] halve' sugéested abput a real load test Ito inVeétigate the
effects of each order of haﬁnonics from 2 fo l?; "uﬁdér various Voltage bistonion Féotor
“on the performance of a three-phase induction rﬁdtors. According to test results, they
 have given idea that the harmonics With an brdefl beldw 5 have more irﬁpacts on a three-
- phase induction motor than the higher order harmonics. They have stroﬁgly suggested
.following points: |

a) Provide a quantized compéris;on'df the‘effecfs of each order harmonic from order 2 to

13 on the operation performance of thr;:e-phase induction mc;tors, particularly

- including even order vharmonics, zero-sequence harmonic\s and harmonics with an

order below 5.

b) Investigate the adequacy and adaptabi[itsr of relative regulationg relative to the

“voltage harmonic limits.



¢) Use the tempér'atur'e rise curve obtaixlaed' by a real full load test to déﬁne/revise the
new derating factor of an induction motor.

Murphy J.M.D. [18] has estimated the average torque produced in a 2 HP motor by
the 5th supply tirﬁp—flarmonic having a ‘magnitude of 20% of that of the fundamental. In
this calcula;ion he assumes a threefold increase in rofor resistance due to skin effect af the
harmonic freq'uenjcy and the torque was found to be only 0.125% of the fundamental
torque.

The study of literature shows that the operation of induction motor fed from a static
frequency converter is modified considerably in comparison with operation fromA
sinusoidal yoltage source. Presence of time harmonics in the applied voltage Wa\)cform
gives rise fo additiohal losses and pulsating torques in the motor. The additional losses
are ébout 20 percent of the fuqdamen,tal losses for the motor and there is necessity to see
the desigh ‘énd de;r,ating aspects. It is stroﬁ;;gly sﬁggested .that even brder harménics and
harmonics having.'l an order below 5 should be considered in related regulations of

harmonics control and limits.

13 OUTLINE OF THE PRESENT WORK

In the preseﬁt work, the steady-state performance of an induction motor fed by
non-sinusoidal supplies has been evaluated by Fourier analysis. Two cases are considered
operation of induction motor supplied with sinusoidal waveform and operation with the
supply of three-phase inverters, namely six-step, twelve-step voltage source inverters,
sinusoidal pulse width inverter (SPWM), modified sinusoidal pulse width inverte_r‘

(MSPWM) and harmonic injection sinusoidal pulse width inverter (HIPWM). The rotor



resistance variation due to skin effect has been. calculatcd in terms of the harmonic
frequency and conduction hei ght..
1.4 ORGANIZATION OF THE WORK

In this very first chapter a detailed intrbduction is gi-ven.' Thg lifterature publishéd
1n the concemed field is mentioned. E

Chapter-2 gives the discussion on inveytérs, which are used f;or the control of the
induction motor and also sources for non'-sinu‘soidal supplies. The line to line voltage
spectrum for different supplies is shown.

Chapter-3 deals with the perfo‘rmancc of the induction motor for both sinusoidal
~ supply and non-sinusoidal suﬁplieé. The ﬂo§v charts of vérious step'procedures and
functions, which are used to calculate the' performance of induction motor .under
sinusoidal and for non-sinusoidal supplies, are given. The harmonic equivalent.circuit has
been driven, The fotal rms current is calculated. The torque behaviour‘offf}'ié induction
motor is described. The impacts of the non-sinusoidal supply have ‘béen described. The
impacts of the non-sinusoidal supply on consumers and utility companies are discussed.

In the chapter—4, results are listed in form of performance characteristics of the
'_'motor. The results are discussed with different power supplies. A dqmpérisoh between
~motor performance of sinusoidal and inverter féd voltage is. mé‘de. it is shown that the
supply time harmonics affect the averé}ge -t,;)rque very less in amount. The harmonic

content and their magnitude of various forms are tabulated.

Finally, conclusions have been drawn from the results obtai;nedf lex,e‘_scope for

further work is also indicated in this chapter.

10



Chapter-2

NON-SINUSOIDAL SUPPLY SOURCES FOR INDUCTION MOTOR

Most variable frequency drive systems use switching circuits which do not
inherently produce sine waves, they ﬁorrﬁally produce square or pulsating voltages or
currents. The output of the static_:‘controllers contains wide spectrum of time harmonics.
These static confr,ollers can be classi_ﬁed”as one. of the two types of power sources—
voltage or current. In voltage source, the magnitude of the voltage applied to motor is
directly chtrolied and the current is a function of motor charécteriétic_s and the applied
volfage.-‘ Ip current ;ources_, the level of current flowing in motor is controlled and voltage
is a function of,‘t}.;é motor characteristics and the current. There are two types of link
inverters naﬁely, .the voltage source inverter (VSI) aﬁd current source inverter (CSI).
Voltage source in‘verter canvbe further classified into two types of sources square-wave
inverters with variable link voltage, and pulse width modulated inverter (PWM). The
output of a current source inverter is a sduare wave current which contains harmonics low
Zorde-rs, 'therefdre; current source inverter drives suffer sﬁccially at low load speed and
speed ripplé proi)lems. The ;variable -vol.tagé invertef output is variablé amplitude square
wave voltage while the PWM output'l ponsists of pglses with constant amplitude.
Basicaliy Ithere are three major sources for speed control of induction motor :

2.1 Volta:ge source invertér‘ (VSI) contrgl

. 2.2 Current source inverter (CSI)I c;)"ntrol

2.3 Pulse width modulated (PWM) control.

11



2.1 VOLTACE SOURCE-IN.VE'R’TER (VSI) CONTROL :

The voltage source inverter 'control is more common and this type of inverter
creates a relatively well defined switched Voltage waveform at the terminals of the motor.
T-hel voltage inverter consists of a phase—controlled bridge,.an auxiliary dc commutating
circuit and inverter bridge. Variable voltage is generated by controlling the firing angle of
the SCR’s in the phase controlled bridge. I‘he dc power rectified by means of phase
controlled rectifier from the ac at the normal frequeﬁcy is inverted to desired frequency
by a force commutated inverter. A stiff dc bus voltage is maintained by the use of a large

| capacitor in the dc link. The inverter thyristoré can conduct either for 180° or 120°.
Be‘caﬁse of the advantages in thé perfo'rnﬁancé, normally 180° conduotipn is applied.. The
“voltage source inverter controller is shown in I%igfi.l(a).
The harmonic voltages associated wi_th_ the voltage source 'in{{erter output are
determined by the low output imbedance_‘ of- the voltage s,c%urce inve'rter. The harmonic
currents are limited by the induction motor i_g:akage reactance. Tyﬁical {/oltage énd '
current waveforms are shown in Fig.2.2(és. The cpntvroller.acts‘ as a-VOItIage source and is
operated as an open-loop freqﬁehcy control and closed loop voltage control.

2.1.1 Six-Step Voltage Source Inverter
| The six—step voltage source inverter is shown in Fig.2.3. In six-step voltage
source inverter, each semiconductor is turned on and off for 180° iﬁtervals, and each
output terminal is connected alternatively for a half-period to the poéitivé and ne;gat;ve' :
rails of the dc ;‘,upply. A three—-pﬁase output is obtained by preser\)iné a mutual phase

displacement of 120° between the switching sequences in the three legs of the invérter.

12



The line’ ',vo,l_tages are shown in Fig. (2.4). The line output voltages can be

described by the Fourier series as follows )

v, -=32i§—V sin ot -lsinSmt-lsih7(ot:'+L.sin11cot+Lsinl3cot+ ............ 2.1
AT g 5 7 11 13

The rms value of the line voltage is v2/3 Vyor0.186 V\d’ and the fundamental

component has an rms value of v6 Vd/m or 0.78 Vq. In the six-step output voltage all
odd harmonics except multiple of three are présent.
2.1.2 Twelve—Step Voltage Source Inverter

A twelve—step waveform is shown in Fig.2.5 and has been used in ac motor
applications where the harmonic content of the six-step wave was deemed excessive. The
fundamex.lta_l amplitude V, -is given by

Vv
3

m

V, =

where Vi, is the maximum step amplitude. The Fourier series expansion of the twelve-
step waveform is .
T ) 1 a1 1, ) . ' '
V=§Vm s1nmt+ﬁs1%@t+-651nl3mt R e e (2.2)

All triplen harmqnibs are eliminated and the total harmonic content is 15.22 percent of

the fundamental, as 'compa'red with 31.08 percent for a six-step wave.

2.2 CURRENT SOURCE INVERTER (CSI) CONTROL
The current source inverter controller consists of a phase—controller bridge and an
inverter bridge. Commutation is achieved by means of commutation capacitors and

reactors. Variable voltage is generated by controlling the SCR firing angles as in the volt-
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-age source inverter. A large dc link. reactbr-thg-:n serves as a filter t(; provide constant
current to the invg:rter section where variable frequency current is generated. A block
diagram of this approach is shown in Fig. 2.1¢b).

The harmonic currents are'determined Iby the inverter output current and have
similar content to the hamlc;nics associated with the voltage in the voltage source inverter
control. Typical Voltage and current wavefc;rrns are shéwn in Fig.2.2(b). The harmqnic
cﬁfrents are limited By the motor leakage reactance. That means the lower the value of

- the leakage reactance the lower the .harm‘onic voltages.

Better thermal performance on a current source inverter can be accomplished by
using a motor with lower leakage reactance. This leads to the conglusion that a t;,ux:rcnt
source inverter does not lend iéself well to operate motor horsepower ratings less tha;n the
controller rating, but it is acceptable to operate :sta'ndard horsep'ower ratings larger than
the cont.roller rating. However, the actual mo"t<‘)r. performance from the iarger» motors will
be lirﬁited by the current capability of the con;croller. |

The basic current source inverter ciréy@t proauccs six step, or 'qu'asi-s-qﬁare wave
currents and the low order harmpnic cofnpoﬁenfs will cause;.torque pullsétion’énd irregular |
shaft rotation at low speeds and may excite ;nechanical resonance in the motor load

systems. The predominant pulsating torque in the sixth harmonic component due to the

fifth and seventh harmonic currents.
2.3 PULSE WIDTH MODULATED (PWM) INVERTER CONTROL

In many industrial application it is often réquired to control the output voltage of
inverters (1) to cope with the variations of AC input voltage, (2) for voltage regulation of

inverters and (3) for the constant volts / frequency control requirement. There are various
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techniques to vary the inverter gain. The most efficient method 6f controlling the gain
(and output voltage) is to incorporate pulse-width mddu_lation (PWM ) control within the
inverters.

The vpulse width modulated (PWM) inverter is the most popular adjustable
frequency controller technology today for voltage inverter . It _i_s characterized by pulsed '
output wavefqrms; of varying width to férm a simulated sinusoidal of controlled variable
frequency and rms voltage. The drive‘cénsists to é ﬁxéd diode rectifier and an inverter
section operated in a manner of produce variable voltage and frequency. The output has
reactors to filter the output current to the motor to reduce the magnitude of the harmonic
currents. A block .di'agram of this approach is shown in ]f ig.2.1(c) and typical voltage and'
current waveforms are shown in Fig 2.2(||c). . |

Dué to the many different colntroI stratégie_s'that can be used, it is not practical to
generalize about PWM oufput characteristics; The output voltage and freguency can be
rapidly altered Wifhin the inverter circuit, and the PWM inverter drive has a transient
response which is much superior to 'thét o_f' the six-step inverter. When a sophisticated -
PWM strategy is adopted , there are no low-order harr'_honics in the motor current, and
low-speed torque pulsations and cogging effects are eliminated. Pulse width modulated
inverter system, in .general provide supefior perfqrmance to the six step alternations:

(-lj : Th!e range of 'speed control v much wider and operation at and around

zero speed is quite satisfaétofy.

(2) Low frequen.cgrltorq_ue puiéations do not occur in the output and hence

there is less chance of exciting mechanical load resonances.
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(3) The current-wavéforms in the motor are always very p‘ear‘ to sinusoidal

leading to less motor derating.

(4)  The diode input rectifier means that the input power fact-or is always high

whatever the speed and load. |

(5)  In multidrive systems it is possible to connect a number of inverters to the

;c,ame power dc lmk to - allow tré_néfer of regenérated'pc;wer from same
drives to help feed other motoring drives.

However these advantages are prima‘rily“balanced by the increased complexity
and by the increased difficulty in pr‘otecting"the'se systems. The drawbacks of the PWM
inyeﬂer control are listed as: xv | |

(1) | ~attenu:».ltion of the- wanted fundamentél component of the PWMed

waveform. o

(i1) Drastiéally increased Switching frequencies stress on associated switching

devices anci therefore derafing of the switching device_s.

(iii)  Generation of high-frequency harmonic coniponents’.

The cdmrnonly used techniques [17] are namely single-pulse-width modulation
multi-pulse-width modulaﬁon, -sinusoidal-pulse-width modulation, phase-displacement
control, modified sinusoidal pulsé width modulation and harmonic injection pulse width
modulation techniqué. The motor performance has been carried out by appijring certain
techniques:

‘2;3.1 Sinusoidal Pulse Width Modula.tion' l(SP'WIAVI) Tec’imique
Since the ac motors are designed tc;, 'ollae"rat,e-' on a sine wave supply and the

inverter output voltage should be a nearly sinusoidal as possible. It séetns that the three-

16



phase square wav'e-rcferencé should be replaéed by a three-phase sine wave reference, to
- give a PWM waveform in which the pulse width in sinusoidally modulated throughout
the half-cycle. I,ﬁst;ad of maintaining ‘tl.;e width of all pulses the width of each pulse is
varied in proportion to the amplitude .of a sine wave evaluated at the center of the same
pulse. The distor-ﬁpn factor and lower-order harmonics are reduced significantly.

Each inverter phase or half-bridge has a comparator which is fed with the
reference voltage for that phasg and a symmetrical trianghlar wa\"e which is common to
all three phases as shown in Fig.2.6@/Again the ratio of carrier to reference ﬁequency or
carrier ratio, p, must be a multiple of three to ensure identical phase voltage waveforms in
a thrée phase syste;h. The triangular car,rie-r has a ﬁxgd_amplitude, and the output voltage
control is achiev;d by variation of the sifie wave amplitude. This variation alters the pulse
widths in ltjne outi:u't voltage waveform bﬁt; preserves the sinusoidal modulation pattern.

The area'_éf each puls;a corresponds approximately to the area under the sine wave
between the adjacent midpoints of off-peri ods on the gating signals. If §,, is the width of
m™ pulse. Then, the rms output voltage |

b 5 12
Ve = Vs( z —m] (23)
m=l P

‘The carrier ratio, p, determines the order of the predominant harmonics in the -
sinusoidally modulated pole voltage waveférm. The harmonics occur as side-bands of the
carrier frequency and its multiples and in general, the harmonics order is given by

K=nptm

where m, n are the side-band and the carrier harmonic respectively.

17



For cven values of n, there is an odc‘!' sitle-band sp.cc';trum.becaus,e thé harmonics
aré nonexistent when n and m are both even. Thus, th.c odd values of n possess cven side
band spectrum, because the harmonics are nonexistent when n and m are both odd. arge
harmonics are also present is the pble vbltage.wzweform at odd nmltible bf p, but since p
is é multiple of three, these carrier harﬁmnips, and certain other harmonics such as those
of order 2p + 3, are triplen harmonics, are not alpplied to the three-phase load. This lype
of modulation eliminates all harmox:ics less than or equal to 2p-1. The frequency
spectrum is shown in Fig.2.6.

2.3.2 Modified Sinusoidal Pulsé Width Modulation (MSPWM) Technique

In this technique the widths Qf pulses that are nearer to the péak .Qf the sine wave
do not change significantly with the variations-of 1116(1ulﬂli01’1 index. This is~duc to the
characteristics of a sinc wave, and the SPWM technique can be modified so that the
carrier wave is applied during flle first and l:.xlst‘600. intervals per half-cycle (e.g., 0 4o §0°
and 120° 10 180). This technique spectra are shown i.n Fig 27 for 'VSI operation.

The partiCLxlars follow: |

(a)  this tcclﬁhiqué defines the ac term F‘ig.2.“7(c) on.‘a linc- to- line basis
for VST,

(b) As shown. in Figs. 2.7(a), and 2.7(b) only the first and last 60°
intervals (per half—cyclej of the ac term qucform ére directly
defined through intersectfons of respective (sine reference) and
tl;‘iallgular (carrier) - wnvefbrms. Tiw 60° to '120° intervals arc
obtained by“folding“ the first and last 60° 'int’eli‘vals around the 60°

and 120 points respectively.



() As shown in Fig. 2.7(d) this technique provides a substantially
higher ac term gain as compared with the original sine PWM
technique. However it follows that hardware implementation for
this téchnique generates a sui)stantial (21-percent) ac term third
harmonic component on ;1 line;to—neutral basis.

2.3.3 Harmonic Injection PWM Technique
This improved technique (Fig 2.8) has been driven from the original sinusoidal
pulse-width modulated (PWM) technique through the addition of 17 percent third
harmonic component to the original _sin]é.' reference waveform. The further variation can
* be obtailned By injecting additional haﬁn’onics in the respective reference waveform. The
| resulting ﬂat-toﬁpea waveform Fig.2.8(a) allows overmodulation (with respect to the
original sine PWM technique) while maintaining excellent ac term and dc term spectra.
The particular foliows:
(a). the analyticall expression for the reference waveform is
V =Vm; sin (ot) + Vm; sin (3ot)
(b}  the ac term gain Fig.2.8(d) is _équal to the respective gain obtained
| .' -with the modiﬁed'sine PWM F1g 2.7(d) and substantially higher -

than the éne dbtaiﬁcd with the original PWM technique Fig.2.6(d)
The hardx&are implerlnentlation of this technique in quite simple. However, this
technique also generates a substan‘gial ac tgﬁrm third-harmonic component (17 percent ) on

line-to- neutral basis.
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Chapter-3
' MOTOR PERFORMANCE ANALYSIS

Static converters which are being increasingly used to obtain flexible performance
- characteristics from robust but inherentiy constant speed cage induction motors, have the
output VGltage 'an'd- current waveforms rich in harmonics. The effect on the motor
pexformanpe due to the non:sinusdidal \;'évéforms is to lb'e concluded. So in this chapter,

the performance analysis for sinusoidal and non-sinusoidal supplies is carried out.

31  ANALYSIS ON SINUSOIDAL SUPPLY

| Conventional f;qil_ivalent cigcﬁ'it Iis -used fdr the steady state analysis of the
induction motor. AThe equiiralent'circuit_ is -sh()wn in Fig. 3.1. Equiiralent circﬁit can be
solved by dividing into three parts in order to determ_iﬁe :the performance of the induction
_ motor. | |
Stator circuit impedénce Zs=R; +jX
Rofor ciréuit impedance Z; = R.2/51~I+ 1Xs
Magnet1z1ng Reactance = jXp,

hence Z - Ry, +JX2)(JX ) | | (3.1‘)
™ "R, /s +jX +Xm)] |
, 2/3) 2 '

R,X. (X, +X. Vs, ~[X,R,X. Vs,
W T R5) +(X, +X,,)’

(3.2)
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R, ' R,..
[szm(XZ +Xm)]+[_2'xm‘_—£]
m, = . 5, S5 -
[&j +(X, +X,)?
St ) o

SO Zm=m;+jm,
Total per phase impedance of the motor
Zr= Ry +m3) + j(Xi+ ma)

- The stator current per phase in calculated as;

I = Vv
'R, +m,) +j(X, +m,)

Power factor,

A R, +m,)
(®, +my)? + (X, +m,)* "

PF =

Voltage across magnetizing branch .
El = v_(Rl + JXI )(il)

So current in magnetizing branch -

The rotor current

L=1-1

2.
Air-gap power = -m—‘I-’-i
Sy

(3.3)

(G4

(3.5)

(3.6)

(.7)

- (3.3)

69

(3.10)

(3.11)



The electromagnetic torque is given by

Te=-% - (3.12)

The input power to the motor is calculated as

Pin=m.V.I; PF : (3.13)

Loss calculation

(i)

(ii)

(iif)

(iv)

)

Stator copper loss Py =m; I’R, . (314

Rotor copper loss ~ P,=m; 2R, - (3.195)

Iron loss

L 1 4
P;= ——[21+28(B,, —1.5)]f* W/k - (3.16
i 2500[ +28(By )] g (3.16)

where, By, is the maximum flux density.
Ffictibn and windage loés ‘It is calculated by the em;)iriéal formula given
by Yermekova [26] as follows

Ppw=0.016 x HP x 746 x (1-s1) (3.17)~
S;réy Load Loss: In tﬁe gmaly§is, tfxese are considered as the 2.07 percent
of the output ﬁower. o
};Ef'ﬁciency is calcuiated after adding al.l the losses

a ZI;OSSCS. |

=1 3.18
K ' Power Input (3.18) :

A flow chart is shown in Fig. 3.2 for the various performance calculations

“of the induction motor fed by the sinusoidal supply. A C-language

program is made for the performance evaluation.
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3.2 ANALYSIS ON NON-SINUSOIDAL SUPPLY
The input voltages to tﬁe inductibn motor operating on a voltagc source inverter
are periodic but non-sinusoidal. The_wgveform' depends upon the typ,'e_. of converter and
the period of conduction of thyristors. It is ré_dangular or sfeppe;i‘Wévéform for 180°
conduction of thyristors. For a pulse width m‘!(')dlulated inverter it is a p’,ulée wave
depending upon the method of modulation. .llf"or 120° conduction of thyristors the
wavéform depends upon the load also. If it is a motor load, the back emf of the motor
~ affects tﬁis waveform. In this chapter a method' of predict‘iﬁg currents and loéses in the
presence of time harmonics is presented. The followiﬁg assumptions have been made to
get simpler relations:
1. Saturation of iron parts of the méchine vis negiected.
2. The non-sinusoidal output voltage from three-phase bridge inverter is balance.
3.2.1 Method of Analysis
As the magnétic saturation is.neglected, the motor may be regarded as linear
device. The inverters produce cutput in ‘the form of complex wavéforms. The most
satisfactpry way of considering such compl.ex' waveforms is to split them into a sinusoidal
fundamental wave of the desired frequéncy and then consider the effect 6f the remaining
harmonics separately. The non-sinus_oidal excitation is expfe_ésc_:d as.a Fourier series. -
Using Fourier series, a ggneral e_xpressién c;':ln.be written for the voltage applied to the
motor as: |
v(t) = «E[V,sina)t + i‘Vksin(kwt +0 k)} ' ,. o ©(3.19)
. k=2 . : ; : ' o

The voltage waveform expressed by e_q.uétion (3.1‘9)".contains bad harmonics and

does not contain even and triplen harmonics .when the-load is a three-phase iinduction
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motor. Principle of superposition can be applied to determine the overall performance of
the induction motor for non-sinusoidal yol@ages; the motor behaviour for fundamental as
well as for each harmonic is determined independently. These individual responses.: are
added up to obtdin overall performance. . | I

The net current and torque of the machine are equal to the sum of the current and
torque contributions of each harmonic of the voltage waveform. Fig.3.3 represents a
series of independent generatofs, all lconnected ‘in series, supplying ﬁle motor. Each
generator would represene one of the voltage terms in equation (3.19).

3.2.2 Harmonic Equivalent Circuit; ;

The coﬁyeﬁtional equivalent '?cirlcuit is used in the steady-state analysis of the

inductioni motor. The be'.ha\'/jiour of the motor fer a harmonic voltage is obtained by
'modifying the equivalent circuit for harmonic under consideration. Thus, a series of
independent equivalent circuits, oxlle‘ for each harmonic is. used to calculate the complete
steady stalte behaviour ef the motor. Hérmonic equivalent circuit is shown in Fig.3.4.

In this case, the magnefiiing resistance branch representing iron losses is
neg.leetecll, sin'ce.th,is brarich contributes very little to the stator harmonic cﬁrrent. The
effect of increase in iron: lessee is, hmyev'er, considered separately as discussed in iron
calculations, to be followeci: The other differences bet\a\lzeen this circuit compared to the
circuit .,alt.' ftﬁidgmental freqliency_ are tlllosel need to. take eccount of the harmonic

| frequencies. Thus for a time hafmenic of .order k™ the modifications in the fundamental
equivalent circu.it. are done in the follo“"illig menner:
1. All reactances are ev.aluated at the :harm'(‘)nic‘ frequency, which is k times the

fundamental freciuency.
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an .

2. Skin effect is taken into account in calculating the rotor resistance. |
Hence, the rotor slip with respect to the fundamental rotating field, dénéted by sy,

is given by

(3.20)

Where n; is the synchrdnous'speed of the fundamental rotating field, and n is the

actual rotor speed.

The harmonic voltages gpplied to the machine produce harmenic currents. These
harmonic components in the phase‘ cpr;er;ts pr'oduce tiine 'ﬁamonic rlnlmf. These mmf |
have a speed which is a multiplé of the hérmbﬁié: <‘)rder and ﬁmdamér;tal synchronous
speed. Certain mmf’s rotate in the forward direction and certain others rotate in the
Backward direction. Thus the speed of the I.cth*-halrmoni;; mmf is knl. l'"he rotor slip in a

forward-rotating harmonic field is

kn, —n ‘ . '
5, ==L S (3:21)
1 , . . { .

and for a backward-rotating field

kn, +n ‘ |
S, = 3.22
= ) | (3.22)
In general, therefore,
kn, Fn |
S, = ‘ 3.23
= T, (3.23)

Where the negative sign is valid for positive-sequence harmonics and the positive -
sign applies to negative-sequence harmonics. The harmonic slip, sy, is expressed in terms

of s; as follows,
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(k¥ 1) s,

(3.24)

In equation (3.24)_, positive valuelirefers fo time harmonic fields rotating in the
opposite direction to the fundamental field whereas negative value refers to time
harmonic fields rotating in the same c_iiréc;tidn, as the.fundamental.

323 i’qrformance Calculation
Fig. 3.4 siho'wrs thé foﬁn of the equivalent-cirqﬁit of a 3-phase induction motor for

k™ harmonic voltages where

kR, (k¥1s, ) X2
(kF1ts) RI+(kFlts ) (X,+X, )

RK)=R,+ (3.25)

X, [R2+ (T 145, X2+ (cF 12, XX,
| R} +(kFlts, (X, +X,)

and  X(k)= kX, +kx (3.26)
fqr non triplen vglues of k. 'l'l‘he.top 31gns (df tand¥F ) refer to the forward rotating
ﬁelds; i.e: for k=1;7,1-3 . , \évhereas the bottom signs refer to the backward rotating
feldsic fork=s11,07, |
3.2.3(a) Harmonic Currents
N The calcuiatioq o'f hannc;nic-cuirelnté from harmonic equivalent circuits is done

exactly in the satﬁé way as for fundaméntal currents.

If Vi is the maximum amplitude of k™ harmonic component of applied voltage
- per phase, then with proper choice of origin of time;

v(t)= 3 V,sinkot | (3.27)
And then the rms value of k™ harmonic component of the stator phase current is given

by
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1, = (Vk/‘/E ) ' . ‘ ' . | (3.28)

w/R(k)2 +X(k)* . ‘

Usually, there are no zero-sequence harmonics and no even-numbered harmonics; hence -

the total rms harmonic current is given by.

] C | :
I, =[1§+1§+1,2,+133+--—+1§]4' | | (3.29)

=/ I S P . (3.30)
k=2 'A , ' .'

If T is the fundamental rms current of the miotor, the total rms stator current, including

the fundamental, is
l V ' 1
Lo = [+ E B4 4125 L 6aD
-+ | (3.32)
3.2.3(b) Motor Losses

Time harmonics of the voltage Waveform applied to thé motor result in a harmonic
coﬁtent in the stator and rotor currenfs, hgrmonic fluxes in the air gap and cause
additional losses. The additional losses owing to time harmonic currents increase the
heating 6f a given niachine; and may lead to a re_duf:tion lof its available continuous
output. If these losses are high, locations and relatidnship to the mofor and converter
design features are to be investigated. Tﬁe ‘losses for the .fundamental and each time
harmonic are as follows:

(i) Stator Copper Loss:
The harmonic curr‘ents contribute‘to tﬁe total rms ini)ut current. Skin effect in the
primary conductors may be neglected in szllli-\;virc wound machines, but it} should be

taken into account when the primary conductor depth is app:i:ciable.' Aééuming the skin |
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effect in the 'sta,tbr winding to be negligible, the stator copper loss on a non-sinusoidal
supply is proportional to the square of thé total rms Ic.urrént.

For the k™ time harmonic, the stator copper loss in a m;-phase cage motor can be
calculated as follc,)\;vs:

Py =m R, | , (3.33)

=m,‘[1',2 IR, f . | (3.34)

. (ii) Rotor Copﬁgr qus: | |
V-Vlhen coplgi'dering' tﬁé additional secondary éopper losses, skin effect must be

taken int§ aécoqn{ for all sizes of the motor since tﬂe secondary frequencies concerned
are high (slip is equal to 1 for the he;rmonic with orde? > 1). Loss due to each harmonic

must be considered separately and then added. In the case of a deep bar machine rotor,

the total rotor copper loss per phase is giyen by

P = IaRa +IR, N (335)

. k=2 .
where, the‘ﬁrst term represe;lté,thé lloss‘ due to harmonibé, and the secénd term will give
the .rotof'."copper' loss dué to the funddmental. At harmonic frequencies; the rotor
‘resistance is mﬁéh' greater than the .dc  va1ue. The actual increase depends on the
geometrical shabe of the cdnducfor cross-section and -of the 'rotorlslot in which it is
‘placed. Coﬁsideﬁng the geometricai~ shal;e,"'the-rotor resistance depends on. bar height, :
shape, and matéx;ial, frequency, and open or closed slot character. As a very ﬁrst.

approximation, slots are assumed to be open and rectangular. The rotor resistance for one

 singular rectangular bar as a function of frequency fy and conductor height H has been

calculated in following steps;
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Bar resistance, as compared to its dc resistance,

R f' I L ' ) .
R,bar( k) =I+C]H(cm)fl?5 . . .' . ' (3~36) ’

R R,bar,dc

With C, =0.1. |

With end-ring and bar dc resistance being approximately equal, total rotor cage resistance

becomes -

R (f) 1+(1+ CiH o fe?)

3.37
RR,dc 2 ( )
or
Rp(to) =1+ CH o7, k>1 | (3.38)
R.dc '
with C;=0.05.

The value of the constant C; depends upon the power rating of the motor which

are listed below:

C=0.025----0.05, for P<=10 kW ( when noniinally saturatéd)

C=0.15, for P>30 kW

The additional rotor copper losses form a 1arge portion of ad,ditionai losses in the
induction motors operating on nbn—sinﬁsbidal' SL}pplie‘s and érc; the lmain cause for reduced
efficiency. The variation 6f the rotor resistance with the harmonic frequency is shown in
the Fig. 3.5. | |
(iii) Iron Loss:
Tﬂe core losses in the rhachine are also irépree;sed By the preseric'e; of harmonicé in

the supply voltage and current. These occur due to harmohic main fluxes. These core
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Ioéses occur at high frequencies, but the fluxes are highly damped by induced secondary
currents. A time harmonic mmf wave is established in the air-gap by each stator current
harmonic. Thése time harmonic waves of mmf have the same number of poles as the
fundamental field, but rotéte forward or backward at a multiple of the fundamental speed.
However, the re?gﬁltaht time harmonic .air gap fluxes are small. These small harmonic
~main ﬂuxés caﬁge negligible increa‘sé-in;the core loss of the motor. The core loss due to
space haﬁnonic air-gap ﬂﬁxés is élso negligible, ‘bult'rthe end-leakage and skew-leakage
- fluxes, which no‘fr.nally contribute to thg stray load loés, may produce an appreciable core
loss at ’harmonic; ‘frequencies. An exact determination of these losses is rather difficult.
An appro;(imate analysis shows that these losses are very small in comparison ‘with the
other additional losses. The iron losses are calculated by knowing the flux density,
frequency of pulsation, mass of stator and rotor teeth and using the specific iron loss
curves pertainin‘é fti) the _lamihatibns at différ ent frequencies.
Klipgshim et. al., Cﬁalmefs et. al.‘ [‘1 51 & has stélted that increase in iron loss due
to noh-éjri:\.lso-idal, éxcitatio_ﬁ is 2 small fr‘a:ction'. Since tﬁel voltage of k™ barmonic is 1/k
times the flmdarhénltal, the 1;“‘ hairmo_nic ﬂ.ux density then is 1/k* times the fundamental
flux density.

B,(0=5B,() . | (3.39)

Where B(k) is the k™ harmonic flux density and By(1) is the maximum flux density of
fundamental wave.
Specific ixfon loss (W/kg) for different flux densities and at frequencies higher

than 50 Hz is calculated using the following expression:
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P 01351f+0000136f B2 ] wik L (3.40)
.2402[( B2 | wike SR ‘

For frequencies equal to or lesser than 50 Hz and flux densities greater than Q.8'Wb/1112,
.« for 0.5 mm following expression obtained by approximating the i;o'n loss curve [22]

given in Fig 3.6 at SOHz for lamination thickness is used

P = 2510 [21+28(B LS Whg S (3.41)
For flux densities less than 0.8 Wb/h)z, equation (3.40) is used.
A (iv) Friction and windage loss: |

Friction losses in bearings will Va;y in direct proportion to the speed of the motor.
The windage losses are caused by the fans; which may be mounted on the rotor for
cooling purposes and by the rotation itself. The power losses caused by windage will be
proportional to the third powér of the rotor speed and hence they will drop to very low
levels-under low speed operating conditions.

These losses are not influenced by the harmonics in voltage w.av"eform. When the
slip or frequency changes, however, then these 1osses are changed.l These losses are
empirically determined. An approximate expression, developed on the lines of
Yermekova [26] is given below: | |

W, =0.016xHPxT6x(1-s) W~ o (342)
(v) Stray Losses: ' ' | .I | | _ |

Stréy losses are due to space harmonics; croSscurréﬁfs in iron. The normal Vstr'ay
load losses are contributed by ‘e‘:nd leakagé .élxid 'skew léakage fluxes. At harmonic
frequencieé these leakage fluxesf are very much affected and conséquéxj.tly there is an |

increase in these losses. The end leakage flux and the associated stray load losses are
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‘present in both thé stator and rotor. The skew leakage flux is present only in squirrel cage
motors. These stray load losses are horrnall‘)/ 0.5 percent of rated output with sinusoidal
excitation. In small machines, this may even be 1.5 to 3 percent. The increase in these
losses can be taken to be proportional to the square of the current. These losses can be
empirically determ.iped using the cuneﬂt harmqnics at a particular frequency. As a result
of 'compiexity '.thé harmonic stray losses are taken only about 8 percent of the
fundamental stray losses [24j. _ ) |

Thus the sum of to"céll,l'osses under non-sinusoidal supply is calculated as

Piosss = By, +P,, + TIL + wa +PS (3.43)
324 Toi‘que ]é,eha?iour of Inducﬁoﬁ Mot(;r

The presence of | time harrﬁonic mr'ﬁf wave in the air gap results in additional
haﬁnonic torque on the rotor. These torques are of two types:
(a) Steady Harmbnic Torques:

Constant or steady torques are developed by the reaction of harmpnic air gap
fluxes with ham‘io'nic rotor mmfs, or currents, of the same order. However, tﬁese steady
harr‘nonic torques, which are very small fraction 'of rated torque, have negligible effect on

motor operation. The fundamental torque is given by

m R | '
T, = § (1) ' (3.44)
5, . , .

The k™ time harmonic currents produce mmf rotating forwards or backwards at a
- speed kNs. The harmonic slip sy is expressed in terms of the fundamental slip s; as

sk~=[('k:'!:‘1)is1]/k ‘ BT | (3.45)

So, the k™ harmonic torque contribution, Ty is given by;



pm,

Ry
(Izk)Z 2k

T ==
2nnk . Sy

(3.46)

The K™ harmonic cuneﬁts of order (6r;1.,.-‘l- ll), Qhere m ‘is an intelger,, ha#‘. t‘he same
phase sequence as the fundameptal current' with ﬁositive‘ phase ro:tat‘ion, 'alnd the k™"
harmonic currents of order (6m-1) have a ﬁhasé rotation opposite to that of the
fundamental cuﬁents. |

- The steady state harmonic torques are usefu_l or braking torqules in an induction
motor. The average torque of the induction motor is the algebréic sum Sf these harmonic
‘torques and the fundamental torque.
(b) Pulsating Harmonic Torques

Pulsating torque components .'are' produced by the reaction: of harrngnic rotor
mmfs with the harmonic rotating fluxes of'!a different order. 'The -harmorlyic air gab ﬂﬁxcs.-
are small, and the dominant pulsating t;)rqﬁéé 'arise from the inté;action between
harmonic rotor currents, or mmfs, and fundarriental rptating ﬂux. By the excitation of the
induction motofz stator magnetic field is cié_velqped which rotates at‘- a sbée’d of kN;
relative to stator. Each of these fields induces the rotor hérmonic currents. These produce
rotor mmfs which rotate at a speed kN with respect to stator. The torques developed by
the reaction of stator and rotor ﬁeldé having the same épeed with respect to stator are
constant. The torques developed iay the fields of different speed pulsate with a frpquency
corrésponding to the difference of the speeds' ofv rotor and stator mmfs The mmfs have‘

the same number of poles. So each stator mmf reacts with other rotor mmf to produce a

torque.

Both motdring and braking torques are possible. The fifth harmonic produces a

braking torque whereas seventh harmonic, motoring torque... These are very small in the
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inverter operation of the motor and can be heglgcted. Sixth harmonic pulsating torque
occurs wﬁen fundamental 'of stator mmf reacts with either fifth or seventh harmbnic rotor
mmfs. Fifth and seventh statorlharmonics reacting‘with fundamental of rotor mmf also
pfoduce sixth Hérrponic pulsating 10"rc{ue. i{eactipn of fundamental with eleventh and
| thirteen"th harmonics result.s in a pl;lsating 'torque- ,havi‘ng 12 times the fundamental
frequency. |

The pulséting torques have zéro a.ve'rage‘ value, but their presence causes the
angular Yelocity of the rotor to vaty during a revolution. At very low irregular cogging
motion sets a loWer limit to the useful speed range of the motor. The point at which the
sbeed pulsatiqn bécomes objectionable depends on the inertia of the rotating system. In
certain applicatipqé, »sucﬁ as machine tobl drives, 'thg speed fluctuation is infolerable.
Abnormal weari!rig of ’géan- teeth éan“also occur, particularly if the torque pulsation |
coincidlesl with a!sli‘laﬁ mechahiéal résonénpe.

This res_éyﬁ'a_nt ﬁequexllcy is ustally below 100 Hz, however, and a sixth harmonic
torque pulsation.is outside the range Of ghéﬁ resonance over most of the speed range.

The pulsating torque amplitude.is'given by |

(S T A | (3.47)

. 2 l 1 )
X, L(6K-1)" (6K-1)
where X, is the per unit leakage reactance of the induction motor, ¢, is the

fundamental flux and K is an integer.



The negative sign in the equation indicates 'the ~I'iridividﬁ£1 I',eﬁlléating torque
componente due to Ig.; and g are in Idireelt".phas,e opbosition, thereb_\,‘i redﬁeing the
resultant torque amplitude.

Equation (3.48) indieates. tl;at a siéﬁiﬁcant réducﬁo_n in peleeting torque is
possible when fundamental air' gap flux is reduced. This also diminishes fiiﬁdaﬁlental
torque, of course, but if a particular applicationl does not require high torque at low
~ :speeds', then field weakening can be employed to reduce pulseting torciue arhp'litude and
.so extend the useful low-speed rmée of operation.. | |

Low order torque pulsations can be.avoided by supplying the metor with an'

improved voltage or current waveform,: st_lch .es. a PWM wavefcirm employing a
sinusoidal modulation strategy. Howe‘ver, it is ‘a.i.cii_aracteristic of PV&I’M' techriiques that
large amplitude torque pulsations are ‘produced at high switching frequencies.

3.2.5 Motor Efficiency

The harmonic content of the voitage_weve has a direct bearing on fhe efficiency of
the motor. The magnitude of the harmonic losses depends on the harmonic content of the
motor voltage and current. Large harmonie veltag'es at low harmonie frequencies cause

s;jgniﬁcaﬁtly increased machine losses and reduced efficiency. However, most inverters
~do not generate hanﬁeﬁics of Iower order than the fifth, and high order harmonic currents
'usually have small amplitudes. |

The main cause to reduce the efficiency is the increase in motor resistance due to

skin effect. So the increase m copper losses is higher than the other‘iosses. The increase.

in core loss is less predictable because it is influenced by the machine construction and

magnetic materials used. If the high order harmonic content of the stator voltage
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waveform is relatively low, the .t;)tgl hgfmonic core loss due to skew—leakage and end-
leakage effects shiould not.e}{ceed 25 percelllt'of the fundémental core loss.

in induction motor, the harmonic curreﬁts apd los_ses are practically independent
of load, and the"no[ load losses pf anl_in‘:/erte.r- fed motor may be appreciably greater than

those Which are éxcited by silnusoidal isupp]y. |

32.6 Drive Stability |

Instability iﬁ the induction motor drive may occurs for certain critical frequency
ranges and loadir;g conditions when sppplie_d b'); non-sinusoidal supply. Machine that are
perfectly stable o‘h an ac utility network may become unstable with an inverter supply,
and machines that are stable when operated individually,:__:may become unstable when
several of the mp’ip'rs are ;)peratedlsimultaneo;ASIy as a group drive. Tﬁere are two:types

H

instability.

(a) - lInlhlerex_ltillobhv—-frequenby'instébilify: in the motor
(b) inétabili_ty, due to irite;action' between the motor and inverter.

The trahﬁent- respoﬁse of the ipduction motor becomes more oscillatory as the
su’pbly frequency is reduced, but the nom;all machine does not usually become unstéble
on an infinite system. ﬂoWevér, small moto.rs wi.th‘é low ineftia constant may be un table
Reducing the magnetizing reactance and increasing the stator and rotor resisténccs may
improve induction motor stability. Instability between motor and converter arises when
the converter wﬁich supplies the adjustablé—épeed motor has a finite source impe.danc_e.:
The impedance méy be introduced by a transformer or by the filter, which smooths the de

link supply in a static inverter drive. System instability usually occurs at frequeﬁcies

below 25 Hz when an inter change of energy taken place between motor inertia and filter
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capacitor. In an open loop adjﬁstablefspéed drlve, the unstable regi.o‘n of Qberatién is
normally cc;nﬁrmed to a certain 't'orque and 'fr'éc'luenoy drive. 'A,torque friequqncy diagram
can be prepared, as in Fig.' 37 in V;lhi(:h the uns"taljnl‘e zone", is e':n.closed lll)y the coﬁtour. The
size of the instable zone is affected by the system inertia; the load damping apd the
electrical parameters of the motor and supply soﬁrcé, the harmonic content of the stator
voltage waveform may slightly affect system stébiiity, pérticularly if t};e inertia is small.
Stability of the inverter—fed induction motor d;ive‘l is génerall}.r enhanced..

(a) iby increasing load tqfque and inertia

(b) by reducing stator vdl‘taée ' |

(c) by increasing ﬁlterr capaéitantg, réc}uéihg filter inductance ‘énd resistance.
3.2.7 Vibration and Overheating | ‘ |

The potgntial damage caused by harmonics voltage to a three-phase induction.
motor mainly come from rotor vibratioln and oyer}lxeating; Rotor vibration originates from
puls;cltion torque caused by positive and negative;—sequence harmonics. The vibration of -
the rotor can incréése friction losses of the i)eérings and reduce the 1jfe_ span of the
bearings, thus largely increase the probability of 'rf;ledhanical failure. If the rotor axis does
not have enough strength, the vibratioﬁ is likely t:!o twist the rotor axis é.nd the rotor will
rub the stator causing overheating until the wedges are damaged.

Overheating originates from harmonic currents. The temperafure rise of the
induction motor in any harmonic order case is Igreater than in the normal (ﬁmdamental'
wave) case, It means that an induction motor overheating may happen in any harmonic
condition. This will lead to the damage of stator windings, wedées and bearings,

shortening of the life span of the induction motor. -



3.1.8 Fl.oiw Cliér‘f for D_et'ei"minaﬁon of: the Performance of the Induction Motor
A .simplé". flow chart to achieVe' the motor perfofmance fed by non-sinusoidal
supplies is shown in Fig. 3.§(a) & Fig. 3..8I(‘b). Fig.3.8(a) & Fig. 3.8(b) are concerned with
steppéd inverter supply .and PWM inveﬁer supply respectively. The input data for a
computer pr&gram baséd on this flow chart includes mofor parameters (rotor parameters
referred to stétor),.maximum core flux cieqsity_, maximum stator teeth density, stator core.
weight, stator teeth weight, power rating of the motor and the ratio voltage. The detailed
input has been tabulated in Appendix. The. output data for this program consists of the
values of various harmonic order, stator currents, rotor currents, power output, efficiency,
torque and power factor all for individual harmonics as well as for the whole harmonics
at no load to full load speed. A C-lénghagq program based on the flow charts is
developed to i;ivestigate Fhe motor performance. In the performance evaluation
harmonics upto 31% order are considered. For each harmonic, motor is run from on load
to full load. After adding all thq éower inputs, losses, torques of each harmonic. at a
particular speed, the efﬁciéncy and torque are Icalculated. |
Thus due to the non-sinusoidal sui:ply, the motor performance is deteriorated.
The.efﬁciency reducés as the motor quiétance increases due to the skin effect. So the

supply, which is given for the inductio'h motor control. should be more close to the.

i

sinusoidal to get better performance.
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Fig. 3.8(a): Flow chart for stepped VSLsupplies
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Calculate m3, my , iron loss (TIL1)

by eq" 3.2,3.3, 3.41 respectively.

:

First calculate Rk, Sk (for concerned phase
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| Fig. 3,3FLOW CHART FOR THE PERFORMANCE EVALUATION OF THE
INDUCTION MOTOR FED WITH NON-SINUSOIDAL SUPPLY
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Chapter-4

RESULTS AND DISCUSSION

In order to investigate the performanc’e of an induction motor under sinusoidal
and ﬁon—sinusbidal'supplfes, a SHP, 3-phlase, delta ‘conﬁgcted induction motor is taken.
The motbr bararheters are given in-the Ai)pendix. lel,t‘his chapter a discussion on the
pefformar;"ce of 'ihe induction motor fégll by’ §inusoida1 and non-sinusoidal supplies is
giizen with the _h@lp o.f varidué characteristics. These characteristics are drav»'gﬁ:'f'\‘ﬁiith the
results obtained j)y rﬁnniﬁg'the C ,Iangi;age prggréms, which are based on tlfeﬂowcharts e
shown in ‘the chapter-3. The results | a'fé also tabuléted for different non-sinusoidal
sources.

In the induction motor control, the static switching devices are used. Due to the
presence of the harmonics within the output of these switching devices, the motor
performance is deteriorated. These harmonic .voltage,s produce the harmonic currents. So
the total rms curfeh_t of the motor is increased. The variation of the stator current with thé
speed is shown in Fig. 4.1 for both sinusoidal and non-sinusoidal supplies. To judge the
clear difference, an another curve is shown in Fig. 4.2 at the full load condition. Tt is
" observed in Fig. 4.2 that an increase in the nunl’xber of steps signiﬁcantly decreases in the
stator current. So by increaging the number of steﬁs, the non-sinusoidal supply for the
motor reaches near to sinusoidal supply. It can be séen that the increase in the number of
. the steps considerably improves,the stator current waveform.

Tﬁe incre;ase lin the stator current cI:.auises the additional losses. The increase in the

stator and rotor copper losses are shown in Fig. 4.3 & in Fig. 4.4 respectively. From these
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figures it is concluded that the additional losses can be decreesed‘ hy reducing the
harmonic components of the voltage waveforhl by ‘tlsing a multi—stepped or PWM
tnverte1~s. The difference between the rotor copper losses due to the six-step supply and
twelve-step supply is more than thev stator, cot)per ‘losses in both cases due to increase in
the'vrotor resistance. The rotor resistance increases due to the skin effect. The variation of
‘the rotor resistance is shown in Fig. 3.5 in the chapter-3. The friction and windage losses
are 57.09W at the base speed and they have been assumed to vary with the speed.

The time harrhonics have detrimental effects on the average stea.dy-state torque of
the motor. A combined torque-speed characteristic for both types of supplies is shown in
Fig. 4.5. Fig. 4.6 shows the variation of the torque with the speed at full load for both
sinusoidal and non-sinusoidal fed induction motor. It is cleared frofh LFig; 4.6 that the
time harmonics have very small vafiatioh m the torque ‘When supplied by non-sinusoidal
shﬁplies. The torque conditions at different 'st;_ppl'ies‘— are listed in the Table-3. The' bold
digits represent the torque at full load. - |

The harmonic contents- of the voltage waveform have a diteet' beafing on the
motor efﬁeiency. Efficiency cutves are .show:n'. in Fig. 4l7 & in F1g49 The motor
efficiency, which is 82.049% in the sine wave is'improved from 81 093% in the six-step
case, to 81.850%, in the twelve-step case. In the efficiency curve shown in-the Fig.4.9
_ harmomc injection PWM technique provides good efficiency, which is near to the
efficiency obtained by sinusoidal fed induction motot then the modified sinusoidal PWM
and sinusoidal PWM techniques. It is concluded that with the use of tnultl stepped and

modified PWM voltage source mverters, the motor efﬁcxency can be achleved as good as



fér the sinusoidal fed induction motor. Fu;thgr increase in the number of steps has little
effect on the motor efficiency. Comparison between performance of the induction motor
fed by stepped and PWM waveforms, shows that the torque, stator current waveform are
little improved by PWM than by stepped waveform. This is because:
(a) for SPWM, the waveform has no 5“‘,7“",1 1%,13%,17%,25",20% 31% harmonics. On the
other hand, the I9‘h, 23 harmonic increases tq.32% from 5.2% and from 4.3% compared
with six-step and twelve-step waveforms respectiveiy. -
(b) for MSPWM, the waveform has no 5,7",11",13",29" 31% harmonics. On the other
* hand, 17ﬁ‘l & 25" harmonic increases to 11% from 5.8% & from 4.0% respectively and
19™ 23" harmonic increases to 26% from 5I;2% and from 4.3% compared with six-step
and twelve-step waveforms respectively..
(c) for HIPWM; the waveform has np 5% 7% 11%,13% 29" 31 harmonics. On the other
| hand, 17‘1‘, 25M h‘armonic increases to 12% frdin 5.8% & from 4.3% respec’gively and 19™,
231 harmonic; iﬁéi‘easés to 24% from 5.2% anci frém 4.3% compared with six-step and
twelve-step wgvéforms respectively. - | |

The efﬁcigncies at the sinusoidal, six-step and twelve-step supplies are given in
~ the Table-2. Thé efficiencies-at full load are written in italics. It is cleared that the
- difference between the efficiencies _of_ the motor for . sinusoidal and non-sinusoidal
_supplies 1s about 2%

The beha}%iqur of the in_duétién ;.n'olfor at a particular harmonic as well as at the
fundament;xl is giv;n in the"liéble-4; In the Table-1 (2) & 1(b) various harmonics, which

are present in the hon-sinusoidal supplies, are presented with their amplitudes.



i

Due to the non-sinusoidal supply, the induction motor is excited Iby a sgri'és of the-
voltage sources. Since each harmonic voltage sil')\';rce produces its indil\'idual effects on
the mot-‘.or.. So these effects can be reduced by eliminating the lower order harmonics.
Lower order harmonics elimination can be achieved by the multi‘-ste‘pped or modified

PWM inverters. Then the motor performar‘lce'v-can be upgraded which might be near to

that for sinusoidal supply.
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HARMONIC CONTENT OF VOLTAGE WAVEFORMS

‘Table: 1(a)

Harmonic

| _ Amplitude (per unit)
' Order | Six-step Waveform | Twelve-step Waveform
11 1 : 1
-5 0.200 -
7 - 0.142 -
-11 0.090 ~0.090
13 0.076 0.076
-17 0.058 0.058
19 0.052 0.052
. =23 0.043 0.043
- 25 0.040 0.040
. =29 0.034 0.034
31 . 0.032 0.032
Table: 1(b)
. Harmonic Order Amplitude (per unit)
SPWM MSPWM | HIPWM
1. 1 1. 1
5 - - -
7 - - -
-11 - - -
13 - . -
-17 - 0.11 0.12
19 0.32 0.26 0.24
-23 0.32 0.26 0.24
25 - 0.11 0.12 .
229 - - -
31 - - -
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Table: 2
VARI-ATIO_N OF THE STATOR COPPER LOSS, ROTOR COPPER LOSS AND
EFFICIENCY OF THE INDUCTIQN MOTOR WITH LOAD -

FOR DIFFERENT SUPPLIES

Stator Copper Loss (Watt) Rotor Copper Loss (Watt) - Efficiency

Sinusoidal | Six-step | 12-step | Sinusoidal | Six-step | 12-step | Sinusoidal | Six-step | 12-step
Supply VST VSI Supply VS1 VSI Supply VSI VSI
' Supply | Supply ' Supply | Supply Supply [ Supply

288.664 305.274 | 289.692 196-.536‘ 220.089 | 198315 81.973 31.071 81786

282.420 299.030 |- 283.448 191374 . | 214,927 | 193.153 81.995 - 81.082 | 81.805

276.244 |- 292.854 | 277.272 | 186.268 - | 209.821 '| 188.046 82.013 81.089 81.821

270.137 286.747 |.271.165 | . 181218 | 204771 { 182.996 82.028 81.090 | 81.834

264.099 280.709 | 265.127 | 176214 | 199.777 | 178.003 82,041 81.091 81.843

. 258.132 274,742 | 259.160 | 171.288 194.841 | 173.067 82.049 | 81.093 | 81.850

252.236 268.846 | 253.264 166.410 189.963 | 168.189 82.055 81.094 | 81.852

246,411 263.021 | 247.439 161.590 | 185:.144 | 163.369 82.055 81.091 81.851

240.659 257.269 | 241.687 | . 156.830: 130.383 | 158.608 |  82.054 81.089 | 81.847

234.980 251.590 | 236.008 152.129 175,682 | 153.907 | 82.048 81.081 31.838

229375 245985 | 230.403 147488 .- [ 171.041 | 149.267 82.038 81.077 | 81.825

223.344 240454 | 224872 | 142908 166.461- - 144.687 82.023 80.984 | 81.807

218.388 234998 |219.036 | 138390 | 161.943 | 140.168 82.004 80.950 | 81785 |

- 213.008 229619 | 214.036 133.933 157.486 | 135711 81.983 80,911 81.7535

207.705 224315 - | 208.733 129.539 |' 153,092 | 131,317 81.954 80.866 81.727

202.479 219.089 | 203.507 | 125.207 | 148.761 |.126.986 81.912 80.816 81.687.

197331 | 213.941 [ 198359 |  120.940 144,493 | 122718 81.873 80.760 | 81.644

192.261 208.872 |'193.289 116.736 140290 | 118.515 | - 81.839 80.697 31.594

187.271 203.881 | 188.299 | - 112.598 | ‘136.151 | 114.376 81.773 80.622 | 81.538 -

182361 | 198971 | 183.389 108.524 | 132.078 | 110.303 81.725 80.557 | 81.476

177531 | 194.142. | 178.559 "1‘04‘.5171 +128.070 | 106.265 31.659 30.461 81.406




Table 3
VARIATION OF THE STATOR CURRENT AND TORQUE WITH LOAD

, FOR DIFFERENT SUPPLIES
Spee’ Stator current Torque
d | (Amp) (N-m) -
N: | Sinusoida | Six-step | 12-step VSI | Sinusoidal | Six-step | 12-step VSI
®e™m) | 1Supply -VSI . Supply . Supply’ VSI | - Supply
Supply .| Supply |-,

1430 4.454 4.580 . 4462 . 26811 26.753 26.808
1431 4.405 4,533 4413 " 26.485 -26.427 26.483
1432 | 4.357 4.486 ' 4,365 26.157 29.099 . 26.155
1433 4.308 4.439 4317 - 25828 25.770 25.826
1434 | 4260 | 4392 4268 | 25497 | 25439 | - 25.495
1435 4.212 4.345 4,220 25,164 25.106 25.162
1436 | 4.163. 4.298 4172 25.829 - 24.771 24.827
1437 4.115 4251 4123 24.493 24435 24,491
1438 4.066 4.204 4075 - | 24155 . 24,097 24,152
1439 4.018 4.158 4.027 23815 23.757 23.812
1440 3.970 4.111 3979 | 23473 23415 23.471
1441 3.922 4.065 3.931 23.130 23.072 23.127 .
1442 3.874 4.018 3.883. 22784 | 22727 22.782
1443 3.826 3.973 - 3.835 - 22438 -22.380 22.435
1444 3.778 3.926 3.787 ' 22.089 22.031 ' 22.087
1445 | 3,730 3.880 3.739 . 21.739 21.681 21.736
1446 |  3.682 3.834 3692 |, 21386 21329 | 21.384
1447 3.635 3,788 - 3.644. - 21.033 20.975 ©21.030
1448 3.587 3.743 3.597 20.677 20.619 - 20.675
1449 3.540 . 3.697 3.550 20.320 20.262 20.318
1450 3.493 3.652 3.50% 19.903 | . 19.959

19.961
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 TABLE:4

OPERATION FROM VOLTAGE SOURCE INVERTERS

Harmonic Stator Phase | Stator Copper | Rotor Copper Core Loss
Order Current (Amp.) | Loss(Watt) Loss (Watt) (Watt)
1] 4212 258.132 171.288 251.076
51 0.921 12.356 17.004 3.193
7 0.470 | 3.225 4770 1.629
11 0.191 0.053 0.878 0.659
13 0.137 0.273 0.470 0.472
17| 0.080 0.093 0.173 0.276
19 0.064 "0.060 0.114 0.221
23 0.043 0.027- 0.056 0.150
25 0.037 0.020 0.041 0.127
§E 0027| . 06011 0.024 0.094
31 0.024 0,008 0.018 0.083

N




wnapter-)

CONCLUSION

The steady-state performance of the induction mbtor is analyzed by Fourier analysis.
The motor performance is carriéd out for two commonly used adjustable frequency
controllefs, vqltage s;:wurce inverter and fo”r pulse width modulated inverter. For voltage
‘'source inverter, two cases namely six-step, twelve-step voltage source inverters and for
pulse width modulated inverter, sinusgidal pulse width modulated (SPWM), modified
Asinusoicial\ pulse Width mddulated (.MSPWM)', and harmonic injection pulse width
modulated (HIPWM) inveﬁeré are consid;ered. ' |
A comparison between ﬂlb motor performance under sinusoidal and non-sinusoidal
supplies (six-step;‘ ‘twel've-step & PWM voltage source inverters) is made. The folldwing
results are obtain‘éd:
L The detrimental effect of harmonics on the motor performance is substantially
- decreased by_iqéreasiné the numbér of steps of the in;zerter output voltage from six to -
twelvé. | |
2. Moc_lif";éd _siril'ls;oidal PWM.and' harfnpnic injection PWM technique provide l;etter
perfél'fnanccftéf the motor"than the sinusoidal PWM technique.
3. The overall a?erage torque of the'nigtg‘r due to harmonics is calculated. It is observed
 that there is a 'slightl reduction (less ‘ﬁ.‘m_n 1.0%) in steady state torque because the
average torques due to tﬁe positive—seciuen;:e harmonic currents tend to cancel the

average torques.due to the negative-sequence harmonic currents.
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4. For a given fundamental supply frequency, harmonic cur.rentsvand motor losses are
higher lin_ thé reduced torque output region' wher_1'r'_notor is fed by non-sinusoidal
supply. |

5. The efficiency of the non-sinusoidal fed indu;:tion motor can be improved by using

~multi-stepped and PWM waveforms. IFurthe'r increase in the number of steps has little

effect on the motor efficiency.

- Scope for future work

Further work of this problem can be taken up on the following lines:

1. Instead of the Fourier analysis in frequency domain, the time domain analysis
whereby all AquaAntities are obtained explicitly. and not as the sum of infinite series; can
be applied for the performance inves_tigation o'f.the i.ndu'ctior.1 mofor’when fed by non-
sinusoidal supply.

- 2. In the present work, iron and stray lésses are ‘c'ohsiciered constant_; so by applying
design parameters, performance of the motor can be e’,'va'lpa_ted.fc;rl'. about the exact
value of the iron and stray loéses. Optiﬁﬁza;cfop of mot‘o'r‘.lbsses carl be CArri;ad out. -

3. One-of the major problems lih ir;verter-fe'ci'xfiotors~ is the high level, of audible noise
produced by harmonic current and voltagé, components, So analysis' can be done to
predict the spectrum components prodiced by the motor and to relate it to the air-gap
flux .density distribution time harmopics caused l;y the non-sinusoidal supply.

4, The constant-speed performance of the induétion motor with applied 'stétor phase
voltages of any periodic form can also be 'ev‘al'uated by the mgtﬁod.of niultiple
referenée frames and also a digital model can be developed, whxoh is particularly
adapted for studying its dynax_ni.c’pérfonlnancé when fed &bﬁx an inverter. |
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APPENDIX

The data given below pertains to a 5 H.P, 400 volts, 3-phase, 50 Hz, 4-pole, delta

connected Squirfel-cage induction motor taken for the performance investigation [20],

Sk No. Input Quantity‘ - Symbol Value
1 Stator per phase resistance . R, 4.85 ohm
2 Stator per phase leakage reactance at normal - X 8.80 ohm
frequency ' '
3 Rotof per phaée resistance referred to stétor. R, 4.30 ohm
4 Rotor per phase leakage lreactance at the normal Xz 8.80 ohm

frequency referred to stator

5 .| Magnetizing reactance at normal frequency Xn 200 ohm
6 Maximum sﬁto_r core density .. I Bm 1.44 W_b/m2
7 Max.imum tator tooth density ‘ B 1.68 Wb/m*
8 Stator core weigh;c T | SCW 8.75 Kg |
9 Stator teeth weight . — STW 3.15 Kg

11
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