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Abstract

Variable speed AC motor drivel are widely used for ibdastrial &pplicatioos and

• majority of the iDdUltrial driYeS employ iDductioD moton. In most of the drives,

variable speed is achim!ld by VII control strategy, wlMft the air-gap Oux in the motor

can be maintained coastaDt at all fnlqueDcies. The V/1 cootrol can be achieved by

Yarioua modulatioe ICbeme& in inYerter-fed driws.

This th5i& anal,.. the adYUltapB and IimitatioDl of the exiItiDI modulation

schemel {or VII control and preseuUID improved modulation scheme called the uni-

fi<d modulaUoo odleme (VMS). TIUo odleme",mbUHs the ad..._ or popu1a<

modu1ation_ (thedeltaaod ......PWM modu1ation_l, at the fune

overcom.iDg their disadYaDt&ge5. The development, simulation results and experimen­

tal implementation of the propa;ed scbeme are Pn!8l!Dted. Comparison between the

difIem>. modulation__the ad'OD_ 01 the unified modulaUoo _ •.

This thesis aIao pnee»tI limulatiOll result.l of a SIMULINK imp1emeatation of

an inductioo motor dt.Wi using the unified modulatioD td1eme. TbMe results are

mmpared with the rsWtI of the delta.-modWated iDwrla'-fed iDduetioD motor drive.

The noW",- that the unified modu1atioo od>eme prov;dto improwd podonoaooe

in terms of lower-order harmonic attenuation and sub-harmonic elimination. FilIally.

a modified unified modulaUoa liCbeme is pnseated using the conventional~PWM

odleme,l<rpodonoaooe_t.
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Chapter 1

Introduction

AC macIlins are known II the work-holBM of the industry. Nearly eighty-five pereent

of the industrial moton in use toda,y are induction moton. The induction motors

haft D1IIIM!rOUI ad\'U.ta«- ..beD mmpued to DC motors IUCh .. IUPer efficiency,

~ 1000<""""""'" _ .-liabiIill', 1000<_, ,..;pt, volume aod in­

ertia. The preeence of commutators and bruahes make DC motol'l unsuitable for

explosive and dirty environmenta(l).

MOI& of the earlier primary applieatioDl inYOlviq: iDductioo JDOtors have beeu.

constaDt speed applicationa. This ill because variable spf.elI driY81 demand precise

and continuous control of speed with good stability and tranaieot performance. The

inductioD. moton are inBexibae in II*d when operat.ed from • aJUtaDt frequency AC

..pply. But the _ growth .. ..-~'""'"tedmo1otlY hu dw>ged

this eeeoario and enabled the widespread use of induction motors (or variable speed

driYel. Also the adVlUlCftl in poIft!I' circuit integraUoo, pacbging coacepts aDd iDte­

ptioD mpower citeait with the coatrol haw pat1y aided the abaft pI't)(8I.



Before the main f0CU8 or the tbelis could be diacuIsed, it woWd be appropri­

ate to provide a clear pictwe fA the induct.ioP. motor Ipeed control strategif.s., their

dwacteristic:s aDd capabilities ad the ways to implement variable voltage, variable

frequency AC supply. It then becomes easier to point out those aspect& which the

lheIis aimI to imptOYe. Tbe foUawiDg aection deeaibes the buic priDcip1ell of speed

coDlrol methods.

1.1 Speed control methods in induction motors

Speed COIltrol~ iD inductioo motors can be diecus&ed UDder t1ft) broad topics

......ly

1. Vector COIltrol: tchemeI

2. Scalar control achemt.8

1.1.1 Vector control schemes

The steady Itat.e performaDce achievable in inverter·fed AC motor driws is as sood

as the ODe compand to aeparately excited DC motor. However, the dynamic perfor.

muoe, which is a IIleMUre rA how fut the motor can mpood to the cb&nge in the

comm&Dd. epeed or torque, is Dot 110 &ood in the cue of inverter·fed AC motor driws.

Recently, the vector coDtrol.tr'&tegies have made a great change iD the dynamic per­

form.aDCe rA AC motor driws. Vectcx coDtrol hal made it ~bIe to coDtrol an AC

motor ill a ID&ZUlt!I' llimiIar to that of the -epar&tel, excited DC motor, &lid dieve



the ..... quaUly of dynamic pedormaDce[2j.

The r-... for the.uperior dynamic pedormaDce in separately excited DC motor

is due to the magnetic decoupling between the armature and field circuits. The rn.mJ.

produced by the &eId c:urm:lt aDd the m.m.f. productd by lite armature current are

spatially in quadrature aDd heuc:e there is DO mapetic couPI.in& between the two

circuits. This decoupliDg coutmues to exist, beta.. of the repetitive awitdJ.ing actiOD

of the commut&tor CD the rotor coils AI the rotor rotates. imspective of the speed or

the angular position or the rotor. This makes it PBible to etreet fast change!l in tbe

armature cin:uit without bein& hampered by the latp inductaDce of the &eId circuit.

SiDce the armat1lM current can cb.aDge rapidlr, the machiDe can develop torque and

aa:elerate or decelerate very quickly wbl!!:D. speed dwlger; are required.

Similar to DC moton, the torque in &II AC motor is produced AI a result of tbe

interaction of a current and a Bux. But (or singly-fed induction motors, since the

power if! fed on the stator aide ollly, the current nsponsible for the torque and the

curmlt re&pOQIi.bIe for prodoc:inl!: the flux are DOt euily RpU'&bie.

The fUDdamentaJ principle of wet« control is to aeparate tbe component of the

motor CUJ'1'eDt nspoDlible foe produciDI the torque &lid the COIDpooeDt rmpoDllible

for producing the Sax in such a way tbat they are mapet.ic&lly decoupled. The two

decoupled cunenta can then be controlled independently, as it is done in separately

excited DC moton. SewralICbeaMJl hued GO the above eoJK:ePt bave been deec:ribed



in tbe n.....mo(2. 3.'.5.61.

The vector COIItrol strategi5 ale ueed in motor dri.... that require good dJD&IDic

per{ormUct, aucb as reversible sheet rolling mills in the metallurgy industry and

other machine tool drives. Such drives are eaJJed 1Ugb-per{0I'm&DCe drives and they

U'e more reoeDl, bi&hJy accurate, c:omp&e:l: aDd apeD5ive.

1.1.2 Sca1ar control schemes

The scalar amtroI It.benB are known as medium. perf'orDlIoOCe drives u they have

W<J oood oteady ..... perlonoaace aod.....-hle dyuam;e porlonnaoce. Moot of the

industrial applicaUonl need medium. performance driWll where accuracy aDd dynamic

performuoe coasideratioos an!: DOt 10 I~t. Heace this tbesi& focuses on scalar

cootrol sc::bemes for' Ipeed control of iDdoctioo motors. The variouI methods of IIC&1ar

control employed in inverter·fed induction motor driWll are listed below

1. Variable terminal voltl.ge coatrol

2. Rotor rsistaDce control

3. InjectiDg \'Oltap in the rotor circuit

4. Variable frequeDqr control

The fint aDd the lut methods are applicable to both aquirre1 age and wound rotor

induction IDOtOr'I. wberel& the eec:ood aDd thiJd mdhods are applicable only to the

wowtd rotor iDductkla. motor.



1.1.2.1 Variable _ w1_ CODtroI

Speed control is adUeved by varrinI the tmnina1 voltage until the torque n!qUired

by the load is developed at th~ desired speed. The tennina1 voltage of the motor

control only up to the rated speed[7, 8, 9]. The torque developed is proportional to

the square of the termiD&l YOltap. && shown in equ.atiOD 1.1 (I)

T- 3 { V?Fr./. }
-;::;:: (R.+~)2+(X.+X:)2

where T is the mech&nkal torque developed

Wwv is the synchronous speed

X. is the stator rmdance

I(. is the rotor f'fIJistaDce referred to the stator circuit

x; is the rotor ractaDce refemld to the st.ator circuit

• is the rotor slip

(1.1)

The rotor eum!IIt is directly proportiou1 to the termiD&l voltage. Thus the torque to

cunent ratio decreues with the termiIIal voltage. Low-speed operation is only possible

for" fan-type load ia IbowD. in Fig. 1.1. The variable voltage at the terminals is



Figure 1.1: Speed coo.tI'oI of a fan-type kJad by It&1Or ~tage control of an indDCUon
motor{lO]

is simpler and cheaper to iD&tall. It is 1rideJy UBed in (an and pump driWlll, fractional

honepower drives, and ac-powered cranes and hoists ...here there is a demand (or

luto _ "1U&h.up oaIy for ............ po_ of the doty-<:ycle(l, 11). The

limitatioDB o( audI. driws include poor operating diciency and motor de--n.ting at

1.1.2.2 Rotor na.taac:e c:oai:rol

The wound rotor induction motors &l'e nonnally designed to obtain a compromise

between the normal running performance and the It&rtiDg performance. The rotor

I



the fulJ-1oad slip is Icnr. The ltartinl performance can be improved by CODDecting aD

exterDaJ resiItaDc::e in serieI with the rotol' wiDc1iD«. The iDcreue in rotor miataDce

dots DOt afrect the value 01 maximum torque but iDereue8 the sUp at maximum

torque. This alao substantially reduces the starting cummt. As the rotor starts

accelerating, the extemaJ nsilt&Dce can be slowly decreuedll, 111.

Fer a giwu load torque, tbe motor speed ill reduced as the rotor resiat&nce is

increued. Thus speed coatrol below the rated &peed can he achieYed. But the rotor

l"eIlist&Dce speed control is an inefficient method. Although it ~er& a constant torque

operaUoa with a high torque-to-cunmt ratio, the rotor copper Ioe&e& increase with a

decreue in speed aDd molt of it iI di8lipated in theederDaI~. HoweYer, it.

has the adYUltagfS such as low COlt, «ODd power factor, and high torque-f.o..Current

ratio for a wide speed ruge. Rotor rftIistaDce cootrol finds applications in low cost

drives requiring a hiIh torque.t.o-curreDt ratio auch as low-power excavators, crane

hoisllI""(12,13J.

Figure 1.2 ,hows the static rotor rtIlistance control where the rotor circuit resi&­

lance " llmOOthly varied. llIinI the priDcipJe 01 • c:bopper. The dip fnlqumq rotor

YDIt.qfs are rectified .ma: a 3-phaae diode brid.p and applied aac. an ext.emaJ re­

sistaDce R. The eelf-commutated lIemiconductor IWitcb S, cxm.nected in parallel with

.R, haa • period T and remain& on for. time t- for each period. Thus, the effective

value of the extub&I reIiataDee varies from R to 0 as t. varies from 0 to T. The



.­AC_

~.Il.

=~

--Figure 1.2: Static rotor rsi&taDce eootrol of a 'WOUDd·rotor induction motor(ll

1.3

1.1.2.3 luJectioll of 'VOltage in the rotor clrcuit

The equivaJeat cin::uit of the wound rotor induction mot« with an injected voltage

'v,l~ can be repreeented • abotm in Fig. 1.4

In the abeeoce of injected voltage, the rotor current I r is zero when the rotor

in phue with the induced \I01t.ge E at the atator. the condition at which the rotor

current will be zero is giveu by the Blip speed equation

(1.2)



Figure 1.3: Speed-torque CUl'\'8J for static: rotor I1!8iatance control of a 'IVOUDd·rotor
iDduction -"<\1)

Fi~ 1.4: InducUon motor equivalmt cireuit with rotor-injected voltage{l]



..here 0 is Ole tUlDl ratio between the stator &ad rotor wiDdiDp. The motor speed

is giftD by the equuioa(l]

W.-(I-~)w". (1.3)

where w.. dmotell the motor 8JMled, aDd w... the l)'DChrooous &peed. The speed of

the indudion motor can be controlled from synchroDOUS to standstill by varying Vr

from 0 10 (Elo). AJooillhe polarity or V. _........t, lheliipberomeo oepti...Dd

SQper~ speed can be achiew!d.Thus by .tjusting the voltage injected into

the rotor circuit, &peed control can be achieved(I, 14, 15, 16, 17]. The torque-speed

d:wacteristia b speed control by injection of rotor voItap are giYel in Fig. 1.5

Flgure 1.5: Speed control by lnjection or vol. in the rotor circuit(i]

10



1.1.2.4 Varioble frequeacy co.......

The~ opeed oCthe mot« ;, <fiftdJy~ to the suWly fnqu<ucy.

Thus by chusing the supply fR!quency, the synchronous speed and the motor speed

can be oontrolled above and below the rated speed.

1.2 Need for constant Volts/Hertz control

The roLaiiJlg air-gap Bux wave .. iDdUCf.8 a rounter e.m.r. E1 in the stator winding.

This COWlU!' e.m..l. .. _ than the applied stator terminal voltage V. by the stator

Ieab«e impedaoce drop. Thus the mapitude of the iDdoced e.m.l. E. is proportional

to the magnitude of the terminal voltage VI and is given by the following equation[18]

(1.4)

where 1:. is the winding ractor, f is the supply ~uency aDd N1 is the number

of &eriftl tuma per phue of stator wi.DdiDg. From equation 1.4 it C&.D be inf'ernld

that the air-gap lIux • is proportioDal to Ed/. H the stator drop is neglected, the

air-pp Bux can be considered proportionai to VdI. Induction moton are usually

deBiped to operate at the bee-poiDt of the mapetiutioa. c:une to make full use

of the mapetie material. Thus for e6ctive utilization, the air-pp Bux must be

kept COtlltant at all frequencies. MJy reduction in the supply frequency, without a

COl"f'eIPClbdi redoction in the terminal voItqe, will iDcreue the air-pp 80x and

saturate the motor. ThiI leads to aD increue ill mapetiza&o C1lm!Dt, distortion

II



in the line ctlrJaIt and \I01tage, iDcreued core losses and stator copper loss, and a

At Jowoer frequencies of operation, tbe Irt&tor drop cannot be nedected since it is

comparable to the induced e.m.f. Ea. In order to maintain the air-gap flux COWltant

Having exp1aiDed the ftrious speed controlltrategjm applicable to induction roo-

lon, the uext section~ the induction 1OOtm' characteristic:a and ita eapabilitie6.

1.3 Induction motor characteristics and capabili­
ties

The~ and capabilities of the induction motor caD be discuafled by ideD-

namely

1. CoDItant-Torque regioa.

1.3.1 CoD8tant-Torque region

The region of speed below the rated speed is referred to &II tbe constant torque region.

The electtomagneUc torque T_ produced by the motor is giY'tD by the equation(ll)

(1.5)

12



Figure 1.6: Induction mot.or cl1ar&eteristJca[ll

slip frequency I., equals s/,wbete s is the slip &lid 1 the supply frequency. In the

<nDlltaDt.-torque regioD,l.. nmaiDlI coDltaDt at ita rated value &Del the air-pp 8ux ...

is bpt coDStaDt by maintaining a constant YOltsfhertz ratio. Thus as per equation

1.5 the machine delivers the constaDt rated torque. The chancteristics ill Fig. 1.6

ahow various motor panmet.en such .. t8miD&l volt.ase V, motor torque T, output

po.er PM' stator CIlm!Ilt I ... aod slip speed w., vel'8Ul per unit frequency Q. Also the

1.3.2 Constant-power region

If the stator frequency is increued beyond the rated value, the motor speed inereases

beyoDd the rated speed. But ill molt of the a.pplicatjou. the terminal volt.age is

13



iDcreuiDI the supply freqoeDq c&uIS & decreue in the air-pop 8ux. The electromac-

netic torque in equation 1.5 becomes proportional to llr. But the constant power

opentioo demands that the eIectromageotic torquce vary inwnely with frequency. By

suitable control oftbe rotor frequency, in a ooutrol1ed-.Jip drive, the motor torque caD

be made to vuy inversely with f as required. Thia CODSt&Dt-potm' mode of operation

oomopoo><Io to the 6<Id .......... of the DC motot.

1.3.3 High-speed motoring region

in the cxmataDt-powel repm. In this region, the supply voltage is maint.ained at the

rated voltage aDd the slip frequency is maiDtaiDed at ita maximum value as the stator

frequeocy is iDcInaed. 'The output torque tberdote varies inversely as speed squared.

This is shown in Fig. 1.6.

1.4 Implementation of variable frequency AC sup­
ply

The need rc.. coaat&Dt VII OODtroI baa been outlined in the pmtioos eectiODS. In order

to m.plement the ...,.w.d VIf control, • .ariabIe frequeDcy - >ariabIe ..,/.... AC

supply is uOOl!8lIU')'. The generation of variable frequency AC power can be achieved



voIts/bertz output. A.IIo at low speeds, the field current caD be increased so that tbe

L&tiDg frequeacy coDWJters. Static frequmcy converters employ static solid-state

.,.;tdliDg <levies ouch u ....... _ ..... tum-olfthJriston (GTO). iDsuJatal

pte bipolar ........... (IGBT) and MOS-cootrolled thyristors (MCf).

1. DC liDk conYel1er

1.4.1 DC link converter

The block diasnmoft.he DC linkconwrter isahowD in Fig. 1.7. The fixed voltage

-
~-~=-hef I-~. oc_

power ts fed into the static Uwerter. The static inverter UMJ Il!IIliCODductor switching

15



derioeI to mmwt the DC input into an AC output. The flritdas of the inverter are

nitched lI!Q'OeDtiaUy suc:b that. the output is as cloee to a perfect AC .....ftf'orm ..

poesible. The output frequeDCy of the inverter is determined by the rate at which the

iDverter nrik:bes are trigered into coDduction: The inftl'ter control circuit usually

conilistlll of • group of klpc circuitry which generate and distribute &ring pu1&e6 in

the c:orrect sequence to the various nitehee. The output 01 the inverter, both the

YOI~ &Del ill f'requeoey, caD be controlled usin& the CXI1tro1 circuit of the inwrler.

But the output voltage ..morm is not ainUlJOidal &Del may oontain various dominant

harmonics. ExtemaJ filter citcuita are not often employed due to the dif5cu1ty in

obtainiD& effect.i...e operatioD over a wide r&I1p of frequmcieI. H&nDonic effects must

be taken into consideration while chooBing a motor for inverter driven applications.

The DOD-linueoidal output of the iDverter it dinctly fed \0 the induction motor.

Thi& dOElJ Dot pose serious limitations except a slight reduction in the rating and

efticieDcy of the motor. The VII output 01 the inverter can be controlled by variowI

control tedmiqoeI whkh caD be used to impiemeDt the inYerter COI1trol circuitry.

These techniques will be outlined in chapter 2.

The DC liDk coDftl'ter iIn'OlwB double power cooversion to acbie¥e variable volt-­

age, variable frequeocy AC supply. The ef6c:ieDcy of the coDYerter caD be anywhere

&om 85% to 95% in practice.

16



1.4.2 Cycloconveriers

In this type of ttatie frequeDey conYel'ten, AC volUge at supply frequency ts directly

ronverted to AC voltage at load frequeocy without intermediate rectification. The

output frequeDc:r is urually about ooe--third the supply &eq&eDCy and beDce the drive

is suitable only (or Iow-epeed operation. Thyristors are ueed to selectively COPJIect

the load to the IUpply and the Jow.hqnmcy output is fabricated &om &egmenu of

the supply voltap ftYeform.. This is shown in Fi&. 1.8.

.~
Figure 1.8: Input aDd outpu.t wavmorms of pbase-cootroUed cyclooonverter 118J

1.3 stated above, the output frequeDey of the cydocoD.wrter ill lsi than the supply

t'requeacy. Aa the output frequency approacbel the supply frequeocy, the harmonic

distortioD in the output YOIt.ge increuea, since the output vol. waveform is now

being c::ompoeed m£ewer &egml!IIta of the supply volta,se. This resultli ill iocreued

loeses in the cycloconverter and the AC motor, and the cwera1I efficiency of the system

is reduced.

17



1.5 Objectives and outline of the tbesis

The previous sectioDa explain«I the various speed coatrol stratePs. the induction

motor c:haracteristk:s, and the implementation techniques for a variable voltage vari­

able hqumey AC supply. Most of the industrial driWIII employing induction motors

operate in the alIJItaDt.-torque regioo. HeDce efIicieIlt VII coalrol beoolDflii aitica1.

In order to realize the OODSWlt voltlfhertz control, DC link converters are widely

uoed.

This thea aims to develop an impfOlftd VII c.oatrol strattv alta' & thoroqh

review of the available control strategim U8ed in the inverter coDtroI of the DC link

inverter. ThUi the principal foeus of the tbeIiI is to demop an improved inverter

control stra.tesY for the DC liDk maverter which aims to provide an efficient and

feasible V/1 control characteristic in the constant-torque region.

Chapter 2 fOCUIeI on the review of available VII ooDtroialrategiel such 8& sinu­

soidal PWM aDd dol.. modalWoo_.~ theU 0<1,.._ aDd wmt&­

tions. It alIo loob at. the limitations of these control &trategi.es for variable frequency

induction mota!" 00.... thereby letting the atap for the dewIopment of the impl1M!d

modu1ationtecl>nique.

Chapter 3 outlines the development of the improved modulation scheme called

the UDified modu1aUoo scheme and discusses the c.baracteristic (eatune of the new

ac:beme. A c::om.pariIoD of the c:bancteriatic: of the DeW ICbeme with that of the

18



EristiD« 8Chemr:s is aDo carried out. Also, this chapter briefly dilIcuIeM the effects of

harmonic:l on motor drives.

Chapter 04 deals with the experimental verific:.Won of the proposed modulation

tcheme l.ISiD« PIC JIlic:ro..cmtroUer. 'I'be experimental rsu!ta are aJ&o d.iecus:&ed.

Chapter 5 rocu- OD the applic:aticxl of the UDified modulation ICbeme for an

induction motor drive. The simulation rsulta obtained using SIMULINK models

are compared with the mRllt& of an induction motoJ' drive implemented using the

delLa modulation technique. Mat:::bi.De de-.rati.ns caIcu1atioos due to harmoni<z are

a1ao carried oat.

Chapter 6 outline8 the development ofa modified unified modulation scheme based

on the unified modulation IIJCheme &lid the cooventional sine PWM scheme. The

cb..vac:teristi of this modi5ed unified modulation lCheme are discuslIed &long with

ita applic&tioo for a vvi&b1e freqamey induction motoJ' drive.

Finally chapter 7 summarizes the entire tbeBis focusing 0J1 the contribution of the

reeean:h work and the &COpe fot future nae&:'Ch.

19



Chapter 2

Review of existing modulation
schemes

find volt.ge. fixed frequency AC power is CODVerted iDto variable voltage, variable

fnqueaey AC power. DC link c:oowrtm are widely ueed to realize VI! c:ootrol

d:a&racteristia required (or IIpC!ll!ld CODtrol in iDductioo motor driYell. The aecoDd Rage

or the DC link converter involves the inverter which is responsible for generatiDg a

variable voltap, variable frequency output. This chapter will diacuBs in deW! the

This chapter also provides the opportunity to discuss the characteristic features of

oa..m..

20



2.1 Inverter control techniques

The fuDcticm. of the inverter is to c:b&Dse & DC input pmn!I' into & symmetrical AC

output of desjrable lDagnitude &Del frequency. The inverter could be controlled to

giW! either & fixed ex variable voItaee output at • fixed or variable frequency. The

freqU<DC, "",troI ;, adUewd by amtrollin& the frequency ol the "",troI Jipal usually

known as the modulating 1igna1. The variable voltage output is adlieYed by varying

the DC iDput vol. and maintainiD« the inverter pin constaDt, or by maintaining

• c:oDStant DC input aDd Yal)'ing the inYmer pin. The inwrter pin can be defined

as the ratio of the AC output voltage to the DC input YOltap.

In most of the practical variable speed control app1icatioas, the DC input wltqe is

maintaiDed coDStant aDd the AC output vol. is varied by varying the inverter pin.

This general method of voltage control is termed pu1&e-width modulation (PWM).

Ia a more re6ned (orm of PWM, the pulse width is varied throughout the half-cycle

in. aiDUIOidal m&IlDeJ'. AlBo in recent ]"lUI. the UIIe fA delta modu1&tioo tecbniqueI

which are simple forms of diff'ereutiaJ pulse code modulatioD tedmique have gaiDed

unteh popularity. The foUowiD« &ectiou elaborate aD lbeee control techniqus used

in iDYmerI u.mely

• Sinusoidal pulse width modulation (SPWM) technique

21



2.2 Sinusoidal PWM modulation technique

The characteristic feature Cof the siDe PWM ill that the pulse width at a particular

angle ahouJd be proportional to the line of that angle. Voltage CObtrol is obtained by

varying the widths of all pulMs aDd atill maintainins the sinU&Oida.l reI&tioDship. 10

the cue of inverter control, a high frequency triangular carrier wave v~(t) is compared

with & sinu&oidal refen!Doe wave lIr(t) at the desired. frequeaey as ahowu in Fig. 2.1 .

...II --.' ..........•.• -. .... . ..
I "' ,. ,. .... - .. ~ . . - :.....,•.........•... '. ..... ..

. .
~. - ~ : .•... ;_. .;
_M~."". .. ' ... _. . ..
_15. ..., ..........__ ::......u,~ IJIl••_ ...,. o.a:z

:l1li.. .. .
5 .. . .. . ;. -, ..:. - " ". ~.,. : ,-.. ....: ...; .

.. ., .,.= .
4' -, .:- ~ _..- , . ; . f .. .": .

_le" -_." .".. " .. _ , ..•.... -,-_. . . . : . .
-15. 0.-..... .... ...._::.....:-"" '.G'U "1' O"t o.o:z

Figure 2.1: Sinusoidal pu1&e width modulaUon technique
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lriaDgular carrier has a lixed amplitude and a ce:mst&nt switching frequency. The ratio

of the sine wave amplitude to the amplitude of the carrier is termed as modulation

inda M. Control of the output voltage is achiewd by variation of the amplitude of

themod~aisnaI i.e. the siDe wave. This variation alters the pulse widths in the

output volt. waveform but preserves the siDWJOidaI property.

The ratio of the carrier frequeuc;r to the modulatin« frequency is termed 18 the

c:anier ratio JI. The distribution of DDde&inld barmooic::s depends on the carrier ratio.

For large curler ratios, tbe sine PWM inverter delivtJI a higb-quality output voltage

waveform in whidl the dominant harmoDiaI are in the higher order, clustered around

the carrier &eqoeDcy and its harmonica.Thill the carrier ratio is crucial in determining

the order of the dominant harmonica in the output voI~ of the sine-PWM inverter.

The harmonic spectrum of the output waveform, obtained using Fourier series anal­

)'5is., abows that the barmoniaI occur at the side-bands of the carrier frequency and

its muitipJes. In seoeraI form, the harmonic order can be given by k = np ± m. The

harmoniCJl are non-e:x:istent wben both m and n are either even or odd. Therefore for

even vallMll ofn, there is aD odd side-baDdapectrum and for odd values afR, there is

aD even side-baDd apeetrum..The hannoDic mapitudm are indepeodeDt ol the curler

ratio JI, provided JI is grater tbID nine{ll]. The map.itude8 of the major harmonic

componeDts plotted as a function of the modulation index M are given in Fig. 2.2

Fipre 2.2 &bowl the harmoo.ic: mapitude III expmeed 18 & fraction of the maximum.

23



,...~;,;:..
u ,.,.--

CIA t_2,ttt I t __ ±,

.,
.:110:1:1·.u ...~-..........'"

Figure 2.2: Harmonic conteDt d the siDusoidal PWM YOltage as & fuDction of modu­
lWon iDdex

fundamental magnitude Vi_ plotted (or values of the modulation index M between

aDd the modulation index can be seen from Fig. 2.2. Abo it can be seen that the

lowest barmoniaI of appreciable magaitude is of order P - 2. The fundamental volt-

age amplitude ".1 11 ~V'l!:D by the foUowiD« equ&tioo 2.1, which is aIao a meuure of

voltap utilization or inverter pin by the modulation acbeme.

v... =MV./arO:5 AI S 1 (2.1)

where V"" is the volLage magnitude of the DC supply. Improved voltage utilization can

AI 0Vft'rides LIte normUliDwIoidIJ modulation aDd is termed as the Oftr-modu1&tion.



Tbe pea.aJty paid is the appeuuc::e of kJwer' order hanoooics at the output voll.a8e

waveform ud the relatioD&hip between the amplitude of the fundamant.&l and M

form sampling technique{19] based 011. the ample ud hold principle. wbe:re the sine

modulatiq aigD&I is replaced by an equiftleDt stepped sign.al. 'I'hilI called for a mi-

crocomputer implemeDtatioo, and the power of the microcomputer was also UBed ill

With an overview of the sine PWM ac:beme, we proceed to discuas the application

of the siDe PWM tecbnique to illduetioll motor drive with the VII control strategy.

2.3 Sinusoidal PWM inverter fed induction motor
drives

In the ease of variable freqoeocy induction motor drives requiring VII cootrol, the

applic&lioo of coutant voIts{M:rtz supply at the motol' termiD&Ia results in a 000-

stant air-pp Bux, provided the stator voItap drop is negli.«ible. At low frequeocif.s,

thie drop oooatitute& a large proportioa of the tmnin&I voltage. Thus. COl' motoring

open.tioo, there is IIeW!n! uoder..ezcitaUoo and iDtoterable Ices ol torque capability.

This problem is wroaUy tackled by implementing a terminal voltage boost at low fre.

queocie& to COIDpeD5&te Cor the ata&or drop. This is shown in Fig. 2.3a. The Iinea:r

chancterirtic repreeeuts the ideal VI! curve.. The ooo-lioear characteriatie shows the
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YOItage booIt required at low frequencies. In the ofl'8et linear characte:riatic, • con-

stant vol. com.poaeDt v.. is added to the &eqDeDCJ-proportional com.PODellt .tw.,

to define the _ "'tage u(l1)

V.=V.+kw. (2.2)

IT the load requireI • hiP Rartiq: torque, tr. C&D be adjusted mdt that • large

---

Fisure 2.3: Li.near,non-linear and ofRt VII characteristics (or iDduction motor
dri... [l1J
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the motor operates continuously a& low frequeuciee.

Fie- 2.3b ahon the block~ (or an iDductioD motor' requiring VIf control.

MOlt o( the medium perfOI'1ll&DCe drives involving opeD-loop speed control use sine

PWM voltage.soura! inverters. The absence of speed or Dux sensing makes this a

kJw..c:art, alIIlIDeIrially viable adjustable-epeed drive. AlIo, the sine PWM scheme

hal a coDltaDt switching &equeaq and hence there is DO frequency modulation. The

amplitude modulation required to achieve variable output voltage is accomplished by

vuying the amplitude of the reference sipal. Howmer there~ IUfficieDt limitations

to the UlIe or siDe PWM acbeme for the VIf control of inverter fed inductioD motor

driws. The siDe PWM deme bcb an inhereot VII feat.ure. This calls (or the

DIe of additioDal circuitry ill &D&loz: i:nplemeDtation. IIoft-ter in digit&! hardware

implementation, the dilference in complexities are DOt 10 sipificant. Also in sine

PWM, due to CODStaDt nritcbing frequency operatioo, at lower operating frequencies

tb!re will be Iipi6cant attenuatioo of Iower-order hanDoDiai. But .. the frequeDq

of operatioD iDcreueI towuds the break frequeDey or the VII curve, the output of

t.he modulator becomet more of a equue wave thereby causiD« lignificant presence of

Iower-order 1wmoIlil::I a& the output frequmcy apectrum. AJao, a CODStant nrit.cbi.n«

fnlqoeucy for all frequeocies of the refermce IIignaJ signifies that the mtcbing fre­

quency will always not be an integral multiple of tbe reference frequency. This causes

the~ or lU~banDooics in the frequency IIPfIClnun of the output. Tbse
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b&rmoniaI incraIe the copper loe&a, d«:reue the ef5.c:iency IDd also cable torque

pWaationlI as will be uplaiDed in cbapta 3. ComputatioDally intensive ud impro­

vised sine PWM techniques which aim at harmonic eliminatioD have been attempted

l<l im".... the perl"""""" (20, 211.

2.4 Delta modulation scheme

The use of delta modulation technique in static: PWM inwrters was first introduced

by ZtoglS (22J. The delta modulat.ioo scheme ean be used for variable spe«l drives

because it oHm the following advantqes

• lohermt VII control

• AttenuatiDD of lower order

• Smooth traosiUoD from the VII mode to the coost.aDt volts mode

Deltamodulaton are simple forml!l o(differential pulse modulation and can be grouped

"'l<l the folJowiD(~ [23)

• The linear delta modulator (LDM)

• The~tamodulat« (I: - LUf)

• The adaptive delta modulator (ADM)

• The uyuc:brooouo delta modulat« (ASDM)

28



We limit our focus to one particulu~ of U)'llt.hroD0U8 delta modulator knmrn u

the rectangular waft delta modulator (RWDM) whic:h has been SIICalSlSfully imple.

m",ted aDd aoaJ)'2ed (241·

The rectaDgu1ar wave delta modulator has fOODd wide acD!ptance in invmer a~

plicatiooa. The bb:k diagram of the rectangu1ar wave delta modulator is 1bawD. in

Fig. 2.... It coDlists of a CODlpantor, a hysteresis quaDtizer in the feed-forward path

and &II inWgntor or • low-pall filter in the feedbadc path. The refermce IigD&I v,.(t)

is compued with the feedback camer signa! ve(t), which is obtained by iDtegrating

the modulator output aipa1. Buell on the sip. aDd the mapitude of the I1llIUltaDt

em>< 1igDaI<{lj. the ou'PU' of the modulato< boa __bIe IneIa ±V•. The time

duratioD between two luc::cessive leu ill determined by the slope of the reference

sipaI. AIsume the output of the modulator to be +\'.. This output is integrated

by the integator in the feedbad.: path to produce a signal which runps up with a

a10pe Sc equal to the integrator pill. Wbe:u the mapitude of the integrator output

aceedI the refereDce aipaJ by a pretd. valoe+.:1V , known u the hysteresil: band­

width, the modulator output tnritcbeB to -Y,.. Now the integrator output will ramp

down ,.;th the...,. oIope till the <nOT IigDaI ell).-the..-. "'lie -6V ('he

knPer hYltemlillimit), wbeD the modulator output tnritebel to +'Y.. The equatioDS

ch&racterizing the rectangular wave delta modulator are given &&(25)

«') - ,,(')-v.(')
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~ 2.4: Block diagram of the rectangular wave delta modulator, the modula1or
output aDd the modulatiou p..... '''''I
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v.(t) = v,'''['('ll

where v.{,) is the modll1ator output

V, is the aaturatioo level of the hystensis comparator

",(t) ~ the m.....,.,;pa1

vc(t) is the carrier sip&1

&gD is the sign function

(2.4)

A deUiIed perl"umao<:o 10&1"';' UlcJudmg the -.. of the modulator ............

on the output waYefonn of the rectuI.p1u WlIo¥e delta modulator was n!ported by

Abdel Rahim (25J. He showed tIW the parameteni of the modulator that atreet the

&equeuq spectrum ortbe modu1atoroutput are: the iDf.eKrator pin Sc. the bystereris

buldwidth av. the amplitude Vr and aqular fnlqumcy Wr of the reCetenoe signal.

He further reported that the amplitude of the modulator output depends on the

modulatioD: iDda: ud the integrator pill. The order of domilw:lt humooicz at the

output depends on the hysteresis buchridth aDd the integrator gain, both of which

have & direct bearing on the lwitching frequency.

lui euWlM!l'&Led earlier, ODe of the aunctiYe features of the delta moduIat.ion

te::hDique is ita inhereut VII feature i.e. the output voltagf: c:huageI in a certain

conatut proportion with the input sigDal frequency, which leads itself suitably for

inverter·(ed variable frequeucy oootrol 01 inductioD motor driYel, as will be expJaiDed

later iD UJiI chapter and. in chapt« 5.
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It. ill also important. to diIe1& the limit.ati0D8 mthe delta modulation t.«hnique.

First. UDOn« them ill blown .. the idle dwmel madit.ioa, which .:xx:un wben the

reference signal is DC. This CODditioo usually does not arise in inverter applications,

althoup the pbeoomenoo may occur at low frequeDcie& (0.5 • 1 Hz). The II!CODd

limitation is knowa .. the slope overload roDditioD, w~ the ,.,te of change of

the reference Jipal is faster than that of the carrier 1ignaI. When the slope of the

reference sip&l iDaeues aDd Uowiyap~ tha1 m the carrier Iignal, the output

of the modulator st&tta to become more of a square waveform. Square wave mode

of operation rtIIU.its wbeD the slope of the referuce signal is greater than that. of the

carriet IipaI over the wbok cycle. Tbu& to ayoid the Dope overload cooditioa, the

maximum slope of the refereDce signal must be less than or equal to that of the carrier

1ignaI. For DlOtor dri'lM, this pbeDomeDon illiRly to occur at high speed operation.

In the case of the delta modulated inverter, frequency modulation occurs in COD­

junction with duty-cycle modulation. This adds complexity in smallli.gnal modeling

of delta modulated iIM!rtera. AJ&o., the output. waWlform is not IJ)'Dcl1roDized to

the modulating waveform and hence is not periodic. This uynchrooous operation

__• periodic: uymmeby" <be ..lput. Tbao <be ......... '" <be del.. mod-

ulator cannot be analyzed usiog Fourier seriee bec:auee of the DOn-periodic nature of

the output. Bird et aI. [26) have U&ed the tec.h.nique of Fourier aeries expansion

in two vari&ble& to analyze &I)'DduoDous PWM I}'It.emL This method is valid as
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far u the uyDdlrmoa sip&I is either due to &equency modulation or duty-ratio

modulation. So Car in the IHel'&tlll1!, the analysil of the delta modulation scbeme bu

been simplified by considering the output to be periodic over several cycles of the

modulating oigDaI. It .... Iurthtt ",",plitied by Rahman .t &1. [27) by ooooidering

the output to be periodie. Thia, however, produas accurate resu1ta only in .. small

Dumber of tpeci&I CUM. In &D ..ttempt to minimize the uync.hronOWI na.ture of the

output aipal, Greea et &I. [28J deve&oped a acheme in which the carrier aipal wu

forced to zero at the zero..crosaing& of the modulating signal. The approach resulted

in a quarter-wave II)'1IUDetry ol the output aipal. Howeftr, in lOme cases, the pulse

width of the PWM aipa1 near the~ were 80 small that it infringed OD

the minimum. pulse-width requirement for the inverter switches. Christiansen et aI.

(291 ......pted •~ deI...modu1atio. teduUque by addiDg syuduoDiDng

pulsls to the error signal of the feedback loop of the delta modulator in order to fix

the switching fmJuency. Thia: tedmique suJren IIett.cb such .. period doubling, loss

01 B)'DChroDism foUowiD« Ilope traDsitioD aDd k8 of commutation cycles du.rin& slope

transition.

The order 01 dominaDt barmooic:I in the output waveform depends on the fre­

quency of the tarrier lIipal. The frequency of the carrier aigna1 Ie is given by the

_- ["I

Ie =~(l- m'),

33

(2.5)



where m = SrISr; aDd h = 2~V. Sr is the slope of the mtftllce signal. From the

oc:cun;, u mentiooed earlier. Hence the order of the dt::minmt hannonks at the

output spectrum is not an exact iDteger multiples of the reference frequency. This

There is subritantial attenuatiOl1 oflowel' order hlU'1DOllic8 at frequencies well belOW'the

of the carrier sipal). But u the refereDoe frequency approaches the break frequency,

the ahape of the output waveform approl'Cbee a 1QU&re wave and becomM a complete

there eDt Iipi5cant lower order harmoIliaI at the output.

In conclusion, the delta JDOdlllatiOD scheme presents an inherent VII characteristic

which is much needed for VI/speed c:oD&rol. However, AI a renlt of the frequency

modulatioD, the order of domin&Dt lower order harmonics is unpredictable. AA ft11,

the frequency aDd duty..qcle modulation produoe asymmetrical output ligDals.

2.5 Delta-modulated inverter fed induction motor
drive

The delta modulation scheme, with ill inherent VII characteri5t.icIl is especially IlUited

foe VII COIltrol of inductioD motor driftIL But surpriIiDgIy, to the best of author's

34
















































































































































































	0001_Cover
	0002_Inside Cover
	0003_Blank Page
	0004_Blank Page
	0005_Information To Users
	0006_Copyright Information
	0007_Title Page
	0008_Abstract
	0009_Acknowledgements
	0010_Table of Contents
	0011_Table of Contents iv
	0012_Table of Contents v
	0013_Table of Contents vi
	0014_List of Tables
	0015_List of Figures
	0016_List of Figures ix
	0017_List of Figures x
	0018_List of Figures xi
	0019_List of Figures xii
	0020_List of Symbols
	0021_List of Symbols xiv
	0022_List of Symbols xv
	0023_Chapter 1 - Page 1
	0024_Page 2
	0025_Page 3
	0026_Page 4
	0027_Page 5
	0028_Page 6
	0029_Page 7
	0030_Page 8
	0031_Page 9
	0032_Page 10
	0033_Page 11
	0034_Page 12
	0035_Page 13
	0036_Page 14
	0037_Page 15
	0038_Page 16
	0039_Page 17
	0040_Page 18
	0041_Page 19
	0042_Chapter 2 - Page 20
	0043_Page 21
	0044_Page 22
	0045_Page 23
	0046_Page 24
	0047_Page 25
	0048_Page 26
	0049_Page 27
	0050_Page 28
	0051_Page 29
	0052_Page 30
	0053_Page 31
	0054_Page 32
	0055_Page 33
	0056_Page 34
	0057_Page 35
	0058_Page 36
	0059_Chapter 3 - Page 37
	0060_Page 38
	0061_Page 39
	0062_Page 40
	0063_Page 41
	0064_Page 42
	0065_Page 43
	0066_Page 44
	0067_Page 45
	0068_Page 46
	0069_Page 47
	0070_Page 48
	0071_Page 49
	0072_Page 50
	0073_Page 51
	0074_Page 52
	0075_Page 53
	0076_Page 54
	0077_Page 55
	0078_Page 56
	0079_Page 57
	0080_Page 58
	0081_Page 59
	0082_Page 60
	0083_Page 61
	0084_Page 62
	0085_Chapter 4 - Page 63
	0086_Page 64
	0087_Page 65
	0088_Page 66
	0089_Page 67
	0090_Page 68
	0091_Page 69
	0092_Page 70
	0093_Page 71
	0094_Page 72
	0095_Page 73
	0096_Page 74
	0097_Page 75
	0098_Chapter 5 - Page 76
	0099_Page 77
	0100_Page 78
	0101_Page 79
	0102_Page 80
	0102a_Page 81
	0102a_Page 82
	0102a_Page 83
	0103_Page 84
	0104_Page 85
	0105_Page 86
	0106_Page 87
	0107_Page 88
	0108_Page 89
	0109_Page 90
	0110_Page 91
	0111_Page 92
	0112_Page 93
	0113_Page 94
	0114_Page 95
	0115_Page 96
	0116_Page 97
	0117_Page 98
	0118_Page 99
	0119_Chapter 6 - Page 100
	0120_Page 101
	0121_Page 102
	0122_Page 103
	0123_Page 104
	0124_Page 105
	0125_Page 106
	0126_Page 107
	0127_Chapter 7 - Page 108
	0128_Page 109
	0129_Page 110
	0130_Page 111
	0131_Page 112
	0132_Bibliography
	0133_Page 114
	0134_Page 115
	0135_Page 116
	0136_Page 117
	0137_Blank Page
	0138_Blank Page
	0139_Inside Back Cover
	0140_Back Cover

