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Abstract: This paper pre.1ent.1· a revieiv ~f the st~te-~f-the-art in Variable Speed 
Drive (VSD} , through Po1_ver Electronics app~tcu/1011 and control. The major 
development trends even 111 the past had dominance of AC drives in a variet 
of applications, with the squirrel-cage and wound rotor induction motors~ 
the preferred machine 111 most cases f 1-4, 28}. Particularly striking has been 
th e rapid ascendunce of Po1Ver Electronics [5-12) and Pulse Width 
Modula tion (/'WM) technique in conjunction with Power Semiconductor 
Dev ices (PSDs) as the predominant switches [13-25,28) in industrial 
uppl,cutions and control, ranging from fra ctional kilowal/s to several 
megmvalfs. Recent development,\' 111 Pulse Width Modulation (PWM) technique 
andf11nct ional control ujP lVM drives f 17, 26, 27, 31-3 3, 3 5-38, 40-55, 58-67, 70-
76, 78, I 00 ], their user tnl<!r[ace, menu driven infer face and programmability 
have become very preclominanl [29, 34, 3 9, 70, I 09, 11 OJ. The protection schemes 
contributing strongly /awards knoivledge based and intelligent drive control 
[ 77,85-89, 92-99, IO 1-102, I 05-109] have also been highlighted. The review 
paper thus covers several of 1he.1e aspects, start ingfrom the basic drive system 
and its control. ft ts hoped that tlus paper will benefit the researchers to have 
a quick birds ' eye view oftl,e past and current status in Variable Speed Drives. 

J(eywortls: Variable Speed Drives; Pulse Wid!h Modulat ion; Squirrel-Cage 
Induction Mo tor; Variable Frequency Operation; lnverlers; Knowledge Based 
Protection; Power Semiconductor Devices; lntelligenl Drives. 

I. INTRODU CTION 

The squirrel-cage induction motors are \he largest 
electrical energy consumption uev1ces in the world 
because of their being a versatile and popular VSD [ 1-
4). The variable speed drive system mainly requi res 
variab le voltage and frequenc y supply, which is 
invariably obtained from a three-phase voltage source 
in vert er ( VS I) LS-20) . A number of Pu lse Width 
Modulat ion (PWM) schemes have been next used to 
obtain variable voltage and frequency supp ly from an 
inverter l \ 7 ,21,74 ,76,79 ,87 ,881, The 1 cl inbi lit y of Powe1 
Electroni cs Devices (PSDs) Circuits and Systems, as 
compared to those of conventionnl Clcctri ca\ Equi pmcnt 
and Po\\er Systems has been a subject'o l great concern 
fo1 the system des igners and appl1cat1on engineers 
[6.7 ,9,12,15, \6.30). Thi s conce ·n has been mainly due 
to , er~ low \11ermal and surge ,~ ithstand capabil i • y, rate 
rJf <..hange of voltage as we ll as nte of change 0 1 curre nt 
of the l'SDs, as compared to ,ho~e of \he electri cal 
machines, transfo rmers and othe r power sys tem 
equipment \6, l'.2 , \ 5, \Ci ,3 0,5 7,68,691. /\ s such, tlie 
S)Sll'll1 reliabi lity of Power Fleclronics has been rather 
,ulne1ab k It therefore attract •, 1111portanci.: lrom 
protel.lion point of vii.:w i11 all l11 clust11al. Co111111ciL ial 
J\i.:rnspacc, Doml:st ic and Mi I itary appli cati ons l7T\: 
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Thus, it bas become essential fo r system designers to 
gather complete and true knowledge about the fault mode 
belrnvior and analyses of any converter/ inverter syst..:111 
and Power Semiconductor Devices used therein [84,85-
89,93 ,94, l 00, IO 1]. f-'rom the poi nt o r view of 
Knowledge I3nsed Protection, Reliabil ity, Improved 
System Performan ce and Fault Tole rance Control. 
investigations have also been made in design111g new 
systems [ l 06 , 11 OJ . 

The work reported 111 thi s review priper allcmpls 
to present the state-of-art, in vnriablc speed t-.C drives, 
using the Voltage Source PWM inverters thal arc used 
ror !he control of drives, hi ghli ghting the ,1pplication of 
lnte lligen\ Know ledge based systems, for the fault 
diagnosis and its possibl e remova l nnd/or isola tion. 

II. BRIEF STATUS OF VA Ill ABLE SPEED DRIVES 

Induction Motor ha s been es tablished a~ the 
workhorse of indust ry ever sinr.:c the 20111 c..:ntury [ l-
4,9-20]. Although, th e recent tl cvclop111 \: nts in /'u 11'<'' 
[/ectromcs nnd Co nt rols have h1011!.'.hi !01lh ~oinc \l'i~ 

significant dri ve alternatives like the ,\' 11 ·,1c/ll·,/ R, 111· 11111
· ·• 

1\lotor [90,91 \, /\r,11011 ,,111 \lc11.;net and /Jr11,fil, ,., / >< 
'I . I 11<.: \ ' ~I~ " otor I S6,82, I 03, I ()11 I, tlic~c ha ve 11ol ) ' <.: I ll'COI · 



'

0 ~ct· cost effec tiv e for a wide ran ge of f°! \ \ ( 1 l t f I l . , 11 

:tr• I ic. i cJ n, especia lly in the cL1mp-proor. dust-proof and 
n -oof environ 111e11ts . Therefore, the widespread 

, inducti on 111 otor is still economical ly viab le as 
11 as popul ::i r and is l1kcly lo continue for the next 

few decades.1 he incill, li lrn motor, espec ially the squirrel 
cage rotor t\!''' ,~ 11 1,,:-.lly popular in the lower horse 
power ra11 12c~. 11 hilc the sl ip ri11 g type is common for 
higher horse power ranges as well as to meet certain 
spcci lie torque rcq111rc111ents like that of Cranes and 
l ioists applic.11 1011 s [28,37 ,53 ,55]. The squirrel cage 
motors nre ,·co11omical, robust, compact, and highly 
effic ie111 I~ .'.:'. .3, 60]. These motors are practically 
n1:,, , " free and can be designed in the damp-proof, 

.-proof and also flame-proof enclosures. More than 
90% of motors produced worldwide are of squirrel cage 
rotor type and this trend is likely to continue further. 
Tables I and 2 give a brief summary of a variety of AC 
and DC drives for variable speed operation and for 
pursu ing principal Research & Development activities 
respectively. 

Table l: Types of Variable Speed Drives 

DC Drives About 50% of all drives (above l KW) 
are DC motor drives, for wide speed 
control range and their fast response time. 
These characteristics are possible clue to 
the inherent orthogonal relation sh ip 
between the armature and field. 

AC Dri ves l~ange Type of AC Drives. 

Up to 5 KW Voltage Con trolled induction motor is 
preferred . 

Uptol00KW Variable Voltage Variable frequency 
Inverter with ei th er quasi- square or 
PWM output as per the performance 
requirement 

Up to 500 KW PWM inverter driven induction motor 
using GTOs, BJTs or IGBTs. All these 
are ge nerally microcomputer controlled . 

I Up to 5 MW PWM inverter dr iven induction motor, 
using thyrist or. The GTOs/lGBTs arc 
gradually rep lacin g th yri s tors wilh 
Microprocessor based control. 

/\II large dri ves Usually either Inverter fed synchronous 
beyond 2 MW motor:,, or Cyc loconvcrlers based doubly 

fe d ind uc tion motors. or s l ip-ene rgy 
recovery systems. The Vector Control 

I of 1ncl11ct 1on motors is also pre ferred, 

\ 

11 here the syqcm cost 1s not the major 
Cll llCCI 11. 

Tnblc 2: Variable Speed Drives - Principal Areas of R & D. 

l11vcrll.:r Control ll ar111o nic eliminat ion and reduction. 
Strat egics Sop 111 s t i calcd va ri a ti ons of PWM 

invert ers.Field orie nt at ion control or 
Vector control of ai r-gap fi eld & stator 
111111f using real-time computation. 

Variable Speed VS D is often in stall ed (as ene rgy 
Drive Control saving).Scope for use as a sophi st icated 

con troller, to eliminate unneccs•;a ry 
mechanical components. 

I 111provements Present Dev ices that arc popular are 
of PSDs GTO, MOSFET, IGBT, BJT, MOT, SIT. 

SITHComposile Devices are und er 
development e.g. MCT, SIT, SITH & 
MOT, which are promising. Continuous 
improvements in ratings of these devices 
are tak ing place. 

Unconventional Switched reluctance motor Permanent 
motor magnet brushless DC motor Disk drives 
configurations (spindle motor) and motors from high 

energy permanent magnet mate rials 
(Neodymium iron even better tha n 
samarium cobalt). 

A suitably designed PWM Inverter System, using 
Power Semiconductor Devices (~SDs) feeding a 
squirrel-cage rotor motor, forms the most ideal Variab le 
Speed Drive ( VSD) for a variety of industrial applications 
[31-36,38-43 ,46-52 ,54 -55,58-66 ,72_,76-79,81 ]. The 
work reported in this review paper there fo re 
concentrates on squirrel-cage rotor induction motor fed 
by PWM Inverters as the base for ihe contro l analysis 
and hence the development of complete control circuits 
for inverter applications. 

The paper therefore begins with the very basic 
aspect of describing the principle of induction motor 
operation, its torque-speed characteristics and some 
significant performance analyses and limitations; with 
specific reference to obtaining the Variable Speed 
Operation mainl y through the Voltage Sou rce PWM 
Inverters and a lso so me si gnificant research 
developments, 

Ill. OPERATING PRlNCIPLEAND EQUIVALENT 
CIRCUIT 

Normally, the vo ltage applied to the stator terminals 
of the induction motor is three-phase balanced supply. 
It therefore resul ts in generat ion of a uniform magnetic 
field, rotating at synchronous speed. The rotor currents 
al so produce a rotat ing fie ld at synchronous speed. 
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These two fie lds 1oge1hn prod 11r e Ille nir l~np ll11x. /\I 

normal supply freque ncy and vo ltngc, tllis fl1 1x has a 

constant va lue. The p::ir:1111e1crs ai1 gnp flux r. thc suppl y 

voltage V. and the t'r<.!q 11ency r. are rclatcd as under: 

<ji cc V / f ( I ) 

It m:iy he ment ioned that the cics1gn of in cl uetion 

motor is well optimized. II operates with the core near 

to saturation i.e .. any increase or input vo lt age is likely 

to ta ke it int o sa turation , there by increasing the 

magnetiz ing current di sproport ionate ly and adve rse ly 

affecting the efficiency. Such increase o r vo lt age is 

generall y avoided. Maintaining the tlux leve l in the air 

gap at its rated va lue (V/f = constant) is an essential 

requ irement of conventional speed control, as we ll as 

vari ab le frequency operation through Power Electronic 

converters and inverters, especially the PWM inverters 

[9 , 15, 16, 17,2 1,57,68,69]. 

Whenever, the induction motor is loaded, its torque 

and power requirements increase. As such, the stator 

curren t also increases. The limit of safe allowable 

temperature rise of the induction motor constrains the 

stator current and hence the motor output. II may be 

said that while the applied voltage and frequency arc 

tied up by saturation cons iderations; the output power 

and torque a re co nstrain ed by motor thermal 

cons ideration. 

The equivalent circuit of induction motor is shown 

in figure I, with its conventional parameters assumed 

as constant over the entire operating range . Voltage 

across the magnetiz ing circuit impedance X111 and r111 in 

parallel determines the ai r ga p flu x of the motor. 

Although, the voltage drop in stator wi nd ing i.e ., across 

x 1 an d r 1 is co ns id e red negli gib le under normal 

ope ration, this approxi mat ion does not hold good for 

low operating s peeds an d hence at low operating 

frequencies . A definite slip is essentia l for the operation 

of induction motor. However, it increases as the torque 

requi rements increase . T he power input to roto r 

resistance r2/s as shown in fi gure I, represents the 

power transferred to the rotor and hence the developed 

torque [ 15,68 ,69] . 

From the equival ent circu t as shown in Figure I, 

the fo llowi ng fundamenta l poi nts are worth noting and 

are also worth remembering: 

• The shunt branch r 01 rep resents the iron loss 

component. l f the applied voltage is reduced, the 

iron losses wi ll al so reduce. 
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• 

• 

Vnlt11t',l' 11c1lls~ lll l' ).1111111 hram:h X
111 

dt: lcnnincs 

til l' 11ir l',IIP ll ux. Ir lli l · upplil-d vn lla~e is reduced 
lh t· 111:1g11eli1i11g emri.:11t would 11lsu reduce. · 

Whl'ncvcr. lhc 11wlnr ,s loaded, lhe vollngc drop 

across pri11111 ry i111ped11 11cc (r 1 and X 1) reduces 

the nel voltage availubk !'or air gap flu x. I lowcvcr, 

al non1i1111 l frequency 11 11d nu rinal loads, this drop 

is s11111 ll (a bout 5'¾,) a11d is lhc rcl'ore gencrully 

neglected. 

• /\llhough. the values or r2 anti X2 parameters ure 

rcprcse11tecl ns constunl in lhc equ iva lent circuit 

as dcp it:lcd in 1:igure I; lhcs1.: va lues always vnry 

wi th the slip. /\I low vnl ues of slip, r2 can increase 

substantially (twice o r cven more). This keeps the 

motor s tar ting current wi th in limits, without 

adve rse ly affectin g ils norma l running 

performance. 

-.;ingk I 'ha,, 

Suppl~ 

X ,11 

Fil,?, I : l'cr l'hase Equivalent Cirrnil or I nductiun Motor 

While writing thi s review paper and considering 

the app lication of PWM Inverters for the contro l of 

squirrel-cage rotor motors, the above points are kept in 

mind. 

Table 3 displays the val ues of the equi valent circuit 

parameters of some typ ica l three-phase, 440V, squi rre l­

cage rotor induction motors re re rred to the stator side. 

Table 3 : Equivalent C ircui t l'arnmctcrs of Four Pole 

I ndnction M otor 

Horse 4r I , 'l.1 ' ' r2' 'L,' 'rm ' Xm 
Power (Ohms) (11111) (Ohms) (mll) (Ohms) (Ohms) 

0.7 5 15.0R 50.0 10.08 50.0 2365 355.0 

1.00 10.50 4 1.0 8 .0 1 35 .0 1808 235.0_ 

1.50 7.40 22.2 5.2 1 2 1.7 1669 I~ 

2.00 5.66 I R.5 4.10 18.3 142-1 1•1307 _ _. 

3.00 3.40 10. 1 2.34 9.6 90:l i ~ : 
4.00 2.84 7 .7 1.98 7.5 

63 ~~:1 5.00 1.43 6 .3 1.39 5.9 70~ ' .:---

7.50 6 1 b ' l -1.22 4 .7 0 .94 4 .') 

·"'C ~ I 10.00 0 .83 3.2 0 .59 3.2·1 



A. Steut~II State l'er_j(Jr1111111ce C/"iruc·tert.\'tii ·.,· 

The s1eady-~1:1 1e pcrforlllnnci: cl1 arnc1cri ~1ics or 
induction 111otor n1-c sllow11 in li !:!uri:s 2 and 3. l11 general, 
the motor performance in terms of its eff1cie11cy, r ower 
facto r and speed drop from the 110-load lo fu ll -load , 
improves ;is the horsepower rating of the motor moves 
upwards I lowcvc r, it is also worth noting that the 
stead~ -s1atc performance deteriorates marginally as the 
number of poles inc reases beyond four. From the Power 
Electronics Converter control and design point of view; 
some very significant information on the steady-state 
pe rformance characteri stics is relevant and is briefly 
discussed in the following sub-sections. 

l ) AC Mains Supply Current: For a well-designed 
motor the no-load current is of the order of 15-
20% of its ful l load rated value. The supply current 
increase as load on the motor goes up. It may be 
mentioned that current at the instant of starting is 
genera lly 6-8 times the rated current. It drops only 
when the motor speed reaches close to the rated 
speed. 

2) Pmver Factor: The power factor is general ly very 
poor alm ost eq ual to 0.5 under low loads, because 
of re lat ive ly high component of magnetizing 
current. However, the power factor improves as 
the load on the motor increases. 

3) Efficiency: Efficiency increases rapidly from a 
very low value as the load on the motor increases 
from no-load to the full-load. At full-load, the 
effic iency is in the range of 80-90%. Efficiency 
at low speeds is further low and is of significant 
academic interest, especially in the context of 
losses and heating, when operated from the PWM 
Vol tage Source Inverter supply. 

4) Speed Drop: Since induction motor is almost a 
constant speed drive, the speed drop from no-load 
to ful l- lo ad is always a good index of its 
performance. This drop is in the range of about 3-
6% with medi um horsepower motors. Unlike that 
of DC shunt motor, the speed drop in induction 
motor is fai ry linear with load torque in the stable 
region of its operation, as dep icted in Figure 2. 

5) Torq ue· Th e to rqu e-s peed characteri st ic of 
induction motor is always a representa tive of its 
performance. Figure 3 depi cts a typical torque­
speed curve. The maximum torque i.e. , the pull­
out torque is represented by the point 'P ' on tlie 

, ; 
I 

Fii:. 2: Sle:tdy-Slalc l' erl11r111:1ncc Curvu o f Ty pkal 
Tl1r1·c- l'h:1 se lndu('lion M1, lor 

Hr\".1l U,m n ln rljth.' 

1'1111 t 'p ""<l"" 
- -----------·-

I ult l ,,..J 
1\1111 

i . 
J(J1,;J 
fortpH' I 

Fig. 3 : Typit·al Torque Speed Clrnracler islic Cu rve 

curve as shown in Figure 3. This torque is about 
three times higher than the rated full load value. It 
may be remembered that the rat io of pull-out to 
full load torque is a measure of the stability of 
motor operation. Further, the higher value of this 
ratio also avoids crawling of induction motor at 
the instant of starting against load. 

The value of pull-out torque can be increased by 
reducing X2 and to some extent by reducing r1 or X 1• 

This can be done during design of the motor. Further, 
these parameters are of great concern, when the PWM 
Inverter and its protection systems are designed and 
fault mode analysis with knowledge based protection 
system is done. 

Point 'A' on the torque-speed curve as shown in 
Figure 3 represents the starting torque; this torque too 
should be adequately large to ensure a healthy motor 
start. Increase in the rotor res istance r2 increases the 
starting torque. I Jowcver, it also increases ro tor loss~~. 
and hence reduces the efficiency as well as increases 
the ful l load speed drop considerably. Therefore, a well 
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thought compromise between these parameters needs 
to be clone while desi gning the motor for being fed 
through converter/inve rter. 

ll. Opernti11~ C/111racteristic Requirements 

l'hi: !'actors li ke simplici ty, robustness, low cost 
:mu no mai nt enan ce property of sq uirrel-cage ro tor 
motors have made th ese motors the ' workhorse of 
industry· - so much so that wherever possible, the user 
tries to adopt the squ irrel-cage rotor motor, rather than 
seeking other alternatives. This tendency has spawned 
a variety in sq uirrel-cage rotor motors ' des ign and 
construction. According to NEMA classification, these 
motors are placed in four distinct categories - named 
as class A, B, C & D respectively. 

I ) 

• 
• 
• 
• 

• 

• 

2) 

• 

• 

• 

• 

The Class A motor: Among the identified types of 
classes mentioned as above the Class A motor is 
most commonly used in industry. This motor 
possesses a single cage rotor with the following 
features: 

Low rotor resistance 

Low full load slip 

High efficiency 

The Class A motor has the highest starting current 
and can also provide the lowest starting torque as 
compared to all other classes. 

Suitable to drive all loads, which have stable speed 
requi rem en ts . 

The stable operating range of the motor is limited 
to a narrow speed va ri ation close to the 
synchronous speed. 

The Class B motor: This motor is less costly than 
Class C, therefore it is a low cost alternative to 
Class C and has the following features: 

Th is motor is cost I ier than the Class A and Class 
D types. 

It uses a deep bar rotor cage and provides almost 
the same benefits as that of the Class C motor. 

For new installations Class A motor with a drive 
has been a good competitor to Class B, due to its 
higher cost. 

The cost is although higher only by about 10% to 
20%, it still has a higher disadvantage. 

. It may be mentioned that the Class/\ motor with a 
su itab le converter may a lso be considered as an 
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alternative to the Class C. However, the converter/ 
inverter and motor combination have to be chosen 10 
supply the high accelerating torque, lo the extent of 
about 200-300% higher. The user may have to therefore 
settle for higher converter des ign and a :,l ightly higher 
motor rating than with th at of the Class C as an 
alternative. 

In the Class B motor the opera tio n on low 
frequency results in prolonged high currents in the inner. 
cage. The cage motor and the converter/ inverter circuit 
may also be therefore adequately designed to withstand 
the resulting heat ing and/or higher ratings of the PS Os. 
Such additional heat ing has to be well thought and 
weighed against the increased accelerati ng torque 
avai !able due to both cages as well as converter/inverter 
circuits carrying substantial currents. 

3) 

• 

• 

• 

• 

• 

4) 

• 
• 
• 
• 

• 

• 

• 

The Class C motor: This motor is designed to meet 
the following features: 

It has a double cage rotor motor. 

The high resistance of the outer cage provides the 
necessary starting characteristics. 

The low resistance of the inner cage meets running 
requirements . 

It is worth noting that the full load slip is somewhat 
higher. 

The efficiency is lower, when compared to that 
of the Class A motor . 

The Class D motor: This motor too is of single 
cage type. The Class D motor is a poor, but an 
economical substitute for squirrel-cage rotor motor 
when compared with the Class A motor. It has the 
following features: 

High rotor resistance . 

The starting current is low . 

Full load efficiency is poor . 

It provides a high starting torque, equal to the pull· 
out torque. 

Delivers stable operation throughout the speeJ 
range. 

This motor · r · i~ . is pre,erred when stable operauon · 
requi red for all speeds even for fl at torque type 
loads. 

Roll~r tab le drive is a typical applicat ion sui table 
to this class. 



The appl ications like induced draft fans, blowers, 
etc ., req uire the motor to maintain a fixed speed . 
Nevertheless, their high inertia demands a very high 
sta rt ing torque . Therefore, the low starting torque of 
Class A 1notor is not enough to accelerate against loads. 
Thus, the Class D mot or is suitable to meet these 
req uirements but. its full load efficiency is poor. 

!' ... I A 

~ :!0(1 ~ 
~ 
~ 

~ 
'5 

' , 
10,1 r < 

i 
I 

I 
( I 25 50 75 100 

~. Sp~ctl ---► 

Fig. 4: Torque Speed characteristic of four classes of 
Squirrel Cage motors. 

I 6001 
I 

/1. 

(J 25 50 75 
% Sp~cd 

JOO 

Fig. 5: Current Speed characteristic of four classes of 
Squirrel Cage Rotor motor 

C. Low Frequency Operation 

Low frequency operation of induction motor is a 
very common phenomenon wi thin the scope of Variable 
Speed Drives operation and converter/ inverter feeding 
the motor. As and when the input frequency and voltage 
are reduced (maintaining the ratio V/f constant), the 

motor speed reduces proportionate ly. Therefore, cooling 
of motor i.e., ventilation and the heat that can be carried 
away get reduced. As such, the motor cannot sustain 
the same level of load due to practical limitations. These 
limitations are broadly of two types: 

Thermal Considerations 
Stator Voltage drop 

The thermal limitation comes due to lack of 
ventilation and cooling due td the low speed operation . 
The current derating required is normally as shown in 
figure 6. This limit is representative of the two and four 
pole motors. However, for motors of larger number of 
poles and also the motors with separate ventilating fans, 
the level of 50% derating at zero speed can be revised 
upwards to about 60%. 

The voltage available across the shunt branch for 
the production of air gap flux as shown in figure 1 is 
always less than the supply voltage by an amount equal 
to the stator voltage drop. 

E = V- IZ (2) 

Where, E, V, I and Z are the stator emf, applied voltage, 
current and stator winding impedance respectively. All 
of these are phasor quantities. 

At 50 Hz, the voltage drop IZ constitutes about 5 
to 10% of rated voltage. Therefore, in the equivalent 
circuit analysis it is always assumed that the magnitudes 
of E and V are more or less equal. However, as the 
supply frequency is reduced to low values, the stator 
voltage drop becomes dominant; especially at high load 
levels . Since the stator reactance is lo w at low 
frequencies, the stator drop in this case is essentially 

Retlurlion Due to Limited Ventila tion 

ll ~O ¾ 100¾ N - -

Fig. G: Thcrnrnl Consider11tion of Induction Motor for 
Low Speed 
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the drop in st:il11r rcs ist11 11cc. 111 order to mai11t:iI11 Ille 

r::it cu nir gap f l ux leve l u11d also to ge t the rated full 

lorqlll· output fro1n the ,,wtnr, the applied voltuge has 

to be LOlllp~·11s:1ted . A s such, the applied vo l tage needs 

10 he boosted by an aInou11I equa l l o lhe sl ;ilor vollnge 

dro p . Thi :.. i s vcry pop u larly rererred to as ' IN 

('() / /l/ h'll.l'Cl f l(J/1 · . 

TIH: :1c tu;tl co111pc 11sation required is dependent 011 

th e !ac tor s li ke input sup p l y rrcqu ency, in o to r 

parameters - (r 1 and X 1), actua l load, therina l history 

or load and harm o ni cs. It may be m enlioncd thal 

fluctuat i ng loads add to utter confusion a11d the IR 

compensation is somcwhnt n compli cated issue, more 

easi ly talkcu nbcrnt than actuall y i111plelllcntcd. Some low 

cost con vert ers/inverters do have a ' lixeJ ' vo ltage boost 

at low frequencies. l lowcvcr. a we ll designed converter/ 

inverter system may provide adequate fl ex ibility to adjust 

the leve l of' IR compensati on to suit to the motor a11d 

the load 145,50, 109 ]. 

IV. VA RIABLE FREQUENCY OPERATION OF 

INDUCTION MOTOR 

The advent of PSDs as described in this review 

paper, leading to the design and development o f inverters 

systems has added a new d imension to induction motor 

control by m aking its operation with variable frequency 

supply possi ble. Equation ( I) vividly demonstrates thnt 

if the supply frequency is reduced, the vo ltage too is to 

be proport io nate ly reduced, to maintnin the air gap flux 

leve l at it s rated value. It may be o f interest lo remember 

that increase of nux above ra ted value is not pract ica l 

due to saturation . Figure 7 depi cts the torq ue speed 

character istics o r i nductio n moto r f'or a set of three 

selected frequencies. 
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Th e po w er o utput decreas es as frequency is 

cl ecreasccl. 

Thi s operat ion is popularly cal led the 'constant 

to rque operati o11' . 

For opcruti o n above 50 11 7. , tlteoretically the 

increase in the input voltage should be clone; beyond its 

rated value in p roporti on to freq uency. This needs to be 

done in order to mainta in constant air gap nux as per 

eq uati o n 1. I lowevc r , p ra c ti cally thi s is not 

recommended from the point of view o f insulation safety 

at higher v o ltages. Instead, al te rnative ly the supply 

voltage is kept constant at the rated value and frequency 

is increased. In cnse the flux decreases, clue to increase 

in f th e rull - l oad torq ue wi ll decrease (57,68,69]. 

I lowever, the output pow1:r remains constant, bccnusc 

this region or operati on is or constant vo l tngc or constant 

po,ver as show11 i11 Fi gure S (a). 
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(h) 

(u) Full Load 
Power 0111put 
versus Speed 

N- -
(b) Full Load Power Output versus Speed 

Fig. II (a)-(IJ): Operntion of I nllurliun Motor with constant 
Voltage ,1,i different Supply F requencies 

It may further be noted, that the pull-out torque 
also reduces steadily. The constant voltage zone 
normally extends up to 180-200% of the base speed. 
Beyond this value, the reduction in pull-out torque nnd 
the requirement of stable operation restrains the full­
load current of the motor to lower values. The 
admissible full- load current is taken as inverse ly 
proportional to frequency of supply. While the torque­
speed characteristics and their envelopes are shown in 
Figure 8 (a), the full-load power, current and torque 
values are shown and plotted in the figures 8 (b) to (d) 
respectively. Typically, such wide range of speed contro l 
is required in applicat ions like, electric traction and 
battery operated vehicles etc . 

~ I (c) Full Load Curreul 
• versus Speed. ',It----~\_ 

r 
T 

I 
I 
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N -

d) Full Load 1'01quc 
versus Speed. 

N - • 
(d) 

(cJ Full Load Curn·nt Vl'rsus Spel'<I. (d) Fu ll Load Torque 
versus Speed. 

Fi~. 8 (c)-(d) : Operation of Induction Moto r with different 
Supp ly Frequencies 

When the induction motor is ope rated above 
synchronous speed, the motor develops a torque in the 
negative direction. In thi s case the negative torque 
implies that motor is taking the mechanical energy from 
the load and is acting as generator, so as to feed energy 
to the mains in the electrical form. The torque increases 
steeply with slip in the negative direction. In this manner 
full I 00% regenerative torque is generated with negative 
full load current at a slip almost equal in magnitude to 
the full load slip. The energy in the load is transferred 
to the motor and dissipated in its rotor in the form of 
heat. It may be worthwhile to mention here that 
genera ll y the rotor can withstand higher temperatures 
as compared to that of the stator. 

A. Four Quadrant Drive Operation 

Depending on the requirements, the induction 
motor may be required to drive different types of loads 
e.g., lifts, hoists, cranes, pumps, traction vehicle etc. 
Four different situations arise in variable speed drives 
operation as illustrated in the four such cases of figure 
9. In these figures the motor shaft is shown driving a 
hoist type load . 

1) Quadrant 1: During this quad rant of operation the 
load W1 is assumed to be heavier than w2. It is 
being hauled up by the motor, with shaft rotating 
in counter-clockwise direction as shown in figure 
9. The motor is delivering power to the load . In 
this case the torque developed by the motor and 
the motor rotation are both in the same direction. 

2) Quadrnnt 2: As seen in figure 9, the load WI is 
assumed heav ier them W2 and is therefore being 
lowered. The motor now rotates in clockwise 
direction. Torque developed by motor is in 
counter-c lockwise direction . In this case motor 
receives power from the load. The same may be 
resistively dissipated or fed back to the mains. 

3) Quadrant 3: In this case the load W2 is assumed 
to be heavier than W 1 and is being hauled-up by 
motor rotating in clockwise direction. Both torque 
and speed directions are reversed as compared to 
operation in the first quadrant as shown in Figure 
9. However, in this case too motor delivers power 
to the load. 
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Fii:. 9 : Four-Quadrant 011cration of lntluclion l\lotor 

Q11udran1 ./: Let us assume that the load W2 is 
heav ier than W 

1
, and W2 is being lowered. Motor 

rotates in counter-clockwi se d irection, but 
develops torque in the clockwise direction . In this 
case too as has been with Quadrant 2 operation, 
the moto1 receives power from the load. The same 
may be resistive ly di ssipated or fed back to the 
mains. 

From the above noted explanation it is clear that 
the versatile drives are capable of operation in all the 
fou r quadrants. The operation in first or third quadrant 
means power transfer takes place from electrical mains 
to the load through the motor. This forms the primary 
operat1n g mode for the motor. On the other hand the 
operation in the second or fourth quad rant requires 
ext raction of power from the load by the motor. The 
regenerative energy may thus be dispensed in a number 
of ways. 

H. Hraking 

While the four-quadrnnt d1 ve operation has been 
~1-;cus'>cd in the _pre~eding SL'.b-~e_ction, the braking of 
1nduct11m 111otor 1s discussed 111 thi s section w ·itl 

. · 1 some vtry s1111ple a1 rnngcmcnt, the induction inotor b . can e made _to work /or brak ing e g., tht: 1.:ddy current brake 
plugg111g etc. /\ 11101c elaborate selicme 

1
,,. · I • ' . . . ov1t cs lor d1ss1 patrng the energy 111 an extcrnal r1.:sistor /\ It! . - . • 1ough the 1nduct1 on motor per se 1s ll OI amcnat)l c I ti • . ' 

' 0 lls kind 
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. .. tion· when operated through a variabl ol opc1,, , . I l . e Volt-. bl . rn.:c1ucncy inverter; t 1e Jrakmg proces b age V.lf'lil C . . . . s Ceo . .. ·tivc and effective propos1t1on 1_92] . The 111cs ,1tt1,,c . . 
1 

revers 
1 or plt.1sc-scqucncc of ,~put supp_ y popularly know/ 

1
, 1 ing' t.: irnb lcs brak ing opcrnt1011 down to 7c ai . ugg . . . ro Speed 

but tile dc-c11crg1zat1 on of motor has to be done in time. 

Eddy current brak_ing, re~istance ~raking and 
plugging are the methods wherein energy 1s dissipated 
as heat and is wasted . Hov.:ever, the regeneration mod, 
of operation al lows _extract111g energy from the load and 
feeding it to the matns after ~ecessary co~version to SQ 
Hz. I 11 this case the energy 111 the load 1s not wasted 
but is retrieved and returned to supply. The rnaJ· ' . . f Or limitation is that regeneration 1s e Jective only above 
some reasonable levels of motor speed. 

So far the induction motor operation in the first 
quadrant had been more popular in conventional control. 
Some specific applications that demand operation in the 
second or fourth quadrants have until recently been done 
through the DC motors. However, with the advent of 
Power Semiconductor Devices and subsequent design 
of inverters especially with the PWM technique has 
made the wound rotor induction motor as a good 
contender for the DC drive [28,68,69], as depicted in 
fi gure 10. On the other hand the squirre l cage induction_ 
motor when combined with the inverter makes a very 
good drive combination explained as under: 

\\\'tul\l 1utu1 
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h:i,1~1.' 

Sm0uthini 
u'klut lot 

I" IO . , I . s Static •ig. : Ind uction Motor & Sub-Sync 11 onou 
Converter 

• 1·0 ~t M - ) quire ost of the loads (number wise re otl'r d · otor 111 riven at a constant speed by a squirrel-cagc_r 
II 

ll'r 
at a fixed frequency. Amongst those, which c:1 M.{ . b . I erce11t, . vana le speed app licat ion a substan11a P . ·tioll . , - d d,rcL requires a variable speed drive in the torwar f tll•i 
only, fans and pumps are typica l exainpli.:s _ 0 . 1J1d . . . ' . irt \'t'' . .ipplication. Such drives arc 'single quadrant \ , u~n(Y 
the sn t1·1 · •I • d' 1ablt.: t,,q ,· ·• 1 re -cage rotor motor with a JUS ' . dr.ln• su I I · , · • Ir q11•1 

PP Y 1as so far been well suited for sing 
drive application. 



Som..: applications require braking ofa simple type. 
Typically. some machine tool applications require a job 
to be driven to a partirular location; but not beyond. 
However. in cnsc it continues; necessary braking is 
required to be done. In th is kind of application the drive 
motor is required to be operated in two-quadrant mode, 
g.enerall y the first and the second . Typical squirrel-cage 
rotor motors provide braking torque when excited for 
reverse direction of rotation i.e., the phase-sequence is 
changed for the reverse direction of rotation. If excited 
at 50 Hz, the portion PS of the torque-speed 
characteristic curve as shown in Figure 11 represents 
such braking.However, in case it con tinues; necessary 
braking is required to be done. In this kind of application 
the dr ive motor is required to be operated in two­
quadrant mode, generally the first and the second. 
Typical squirrel-cage rotor motors provide braking 
torque when excited for reverse direction of rotation 
i. e., the phase-sequence is changed for the reverse 
direction of rotation. If excited at 50 Hz, the portion PS 
of the torque-speed chnracteristic curve as shown in 
Figure l l represents such braking. 

II Quadrant 

T 

s 

R 

Tt l 
I I Q 

I 

I 

10 
I 

I Quadrant 

Fig. 11 : Torquc-Spcet.l Characteristics in Two Quadrants 

The break torque RS as shown in Figure 11, at 
any spec<l is less than the starting torque OP. Further, 
during the process of braking the energy of the load is 
di ssipated in the motor. Decrease in the input supply 
frequen cy yields a l;uger level of braking at the same 
operating current. This is depicted by curve 'a' as shown 
111 fi gure 11. The torque 'TR' with low frequency 
excitation 1s iarger than 'RS' with 50 Hz supply. Lowest 
possible frequency of supply is therefore desirable. 
Improvement in braking torque is achieved due to an 
improvement in the power factor. Some significant 
points to remember during braking are mentioned as 
under: 

• Braking torque is lower than the startin~ torque. 

• Power factor during braking is inherent ly low, 
lower than that at starting. 

• Energy of the load is transferred to the motor and 
dissipated in its rotor. It may be worthwhile to 
mention here that the rotor can withstand higher 
temperatures as compared to that of the stator. 

When operated above the synchronous speed, the 
indu ction motor develops a torque in the negative 
direction as shown in figure 11. In this case the negative 
torque implies that motor is taking mechanical energy 
from the load and is acting as a generator to feed it to 
the mains in the electrical form. The torque increases 
steeply with slip in the negative direction. Full I 00% 
regenerative torque in this manner is generated with 
negative full-load current at a slip almost equal in 
magnitude to the full load slip. 

When operated at 50 Hz from the AC mains, it is 
not practically possible to operate motor in this manner 
and extract energy from the load. However, when the 
motor is fed from a variable frequency inverter, and is 
to be decelerated, the supply frequency can be adjusted 
such that the induction motor performs with a negative 
slip and operation is in the region PR of the torque­
speed characteristic as shown in Figure 12. In fact, 
suitable control circuit can be designed to continually 
adjust the frequency to make full current pass through 
the motor and have full load torque produced. 

• ' Q • ! I Qu:11lranl 

T 

_ ..,.,. I 

IV Quadrant 

ll 

Fi:,:. 12: Complete Torque-Speed Ch:1rnctcristic uf 
I ntluction Motor 

V. INDUCTION MOTOR VARIABLE SPEED 
DRIVE (VSD) SCHEMES 

Having discussed the four quadrant, braking and 
regenerating operations of induction motor, it is now 
relevant to explore its variable speed operation achievable 
through inverters/conve rters. The inverter circuit 
scheme generally used with Variable Speed Drives (YSD) 
can be arranged in the most general form ns shown in 
Figure 13. The three-phase supply from the AC mains 

MR International Journal of Engineering and Technology, Vol. 3, No. 2, December, 2011 19 



\ ( '"l'l•I• 
J l \ \"J \ ,-fl,i).,: ~ 

I h ,-..1 1 r , '\j1" · 11~~ --, _ ____, 

1-- --~ lhl\.,· l 'tuo,· I Jull'III 
,_._• - --I \ l VMl.i1bl.i \-\,tu.11~ 
l-l---1-1,~._"-__, \l,11uhk I 1t1fr.1o.·,1,, 

~~- I 

l11vc1•,·r 
l'o111rul 

\ •11:ih:r :,,~,-i• 
:\ C \lur.un 

Fig. IJ : lllod, Di:11,:ram of :1 Hasir V:iriahfe Frequency 
V11ri11hl1· Voflal!<' Oulpul Ci rcu it 

is converted to DC through a set of Power 
Semiconductor Devices (PSDs) represented by rect ifier 
block marked ' I' in figure 13 . These PSDs cou ld be 
any either controlled or uncontrolled; either voltage gated 
or current gated. The choice of PSDs e.g. , diodes, 
SCRs, BJTs, JGBTs, MOSFETs or GTOs depends upon 
the specific requirement and rating of the inverter in 
demand. A reference to this effect may be made to 
Tables- I and 2. 

Since the output of block 'I' contains harmonics 
ridden voltage over the desired average DC value, there 
is a standard practice to filter this voltage by the filter 
block '2' as shown in figure 13 . The output of '2', 
which is a filtered DC is mad e to switch Power 
Semiconductor Devices sequentially by inverter block 
' 3 ', so as to deliver a three-phase AC output. This block 
too , is suitably designed with a set of PSDs to 
accomplish the necessary switching ei ther to obtain a 
square or a quasi-square or a PWM output; as the case 
may be. In order to be able to run the YSD, an induction 
motor in this case, the converter/inverter ci rcuit must 
have the capability to meet the fo llowing minimum 
reg ui rements. 

• Adjustment of output frequency. 

• Adjustment of output voltage. 

• A rel ationship of V/f ratio maintained constant as 
per drive requirement 

These controls are suitably designed and developed 
to become consistent with the requirements of square, 
quasi-square or near sinusoidal and sinusoidal output. 
However, as mentioned above, the choice of output to 
be either square, quasi-square or I ear sinusoidal depends 
upon the horse power rating as wt II as drive performance 
requiremen t as demanded by a particular application 
f5 ,9, I0.l l,12]. 

A. Pulse Width Modulation Technique 

Unlike the conven tional methods of inverter vol tage 
and frequency control, thi s method dea ls with obtaining 

20 

~ ,,car sine wave across the load terminals 1:u h 
" . · rt er · · 
Possible to control the voltage and frequenc . .' fl is 

A I · • Y 1n JUst single inverter stage. tee 111 ,que lo achieve thi . a . . sis call Pulse Width Modulation (PWM). As depicted I Cd 
f. t irough the train of pulses of 1gures 14, the load v 

waveform is a width modulated periodic wave ~rltage 
I · b • · hus the output voltage contra 1s o tamed by control!. , 

ing the width and also the number of pulses duri ng ea h h 
. · c alf cycle. The control technique named as Pulse w· , 

. . · 1 bl f . idtn Modulation 1s su1 a e or motoring as Well a 
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Sine Modula tion 

The PWM technique is divided into two' major 
classes e.g. Periodic Modulation and DC l evel 
Modulation (also known as 'on-off' modulat ion or 
variable duty-ratio modulation). Figures 15 and 16 depict 
sche mati cs of periodic modulation . The PWM 
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Fig. 16: l\'lultiplc Pulse Width Modulation 

technique, in which the modulating signal is selected to 
be a periodic waveform, is known as Periodic 
Modulation. 

As shown in Figures I 5 the two signals i.e., the 
carrier and reference are compared and the crossing 
points of these are collected for the gating the PSDs. 

These crossing points are also known as firing 

coordinates . While the control of output voltage is 
achieved through the Modulation Index 'M' which is 
the rat io of peak of reference signal to the peak of carrier 

signal (A0/Ac); the control of output frequency is done 
through the carrier ratio 'J'. The ratio 'I' is the ratio of 
carrier s ignal frequency to the reference signal 
frequency (f/f0 ) . Thus, by properly selecting the PWM 
control strategy the inverter output voltage and 
frequency can be controlled uniformly through a single 
converter control, unlike the conventional methods of 
Variable Voltage Input control (VY!) and Variable Voltage 
Output control (YYO) inverters and also the switching 
technique using the phase shift cont ro l [ 13, 17, 19,2 I ,31 ]. 

1) Perw d,c Modulation · In this method the triangular 
carr ie r waveform is compared with a periodi c 
modulating signal as shown in fi gure 15 and hence 
the c ross ing po in ts of th ese two s ignals arc 
determi ned as fir ing instants o f the PSDs. As 
shown in the fi gure a rectified sine wave is selected 

as a rc l't:rrncc signal, which is compared with the 
lri:1 11gula r carrier wavc ro rm. The crossing poi nts 
thus oblai m:d, arc gc11 cralcd in the rorm ofa pu lse 
train ' W' as shown in the fi gure. Th is pu lse train 
has been used to further generate two new r ulsc 
trains named as 'W 1' and 'w2', which arc 1800 
phase displaced from one another, to be used to 
fire the PSDs of the inverter ' li mb I ' and ' lim b 2' 
respectively, as shown in figure 15 (a) . Thus, the 
pulse train WI generates the firing sched ulc for 
the inverter PSDs T I and T 2 and the train of pulse5 
W2 generate the firing of ' limb 2' PSDs T3 and 
T 4· Therefore, as depicted in the fi gure the 
waveform 'V 10 ' is the output voltage of the 
inverter 'limb I' with respect to ' O' and si milarl y 
'V20' is the output voltage of inverter ' limb 2' 
with respect to ' O'. As such, voltage across the 
load ' V 12' is the line-to-line voltage between 'limb 
I' and ' limb 2' and is depicted in figure 16 by the 
waveform, 'V 12' . 

The visual inspection of carrier and reference 
signals reveal that carrier_frequency is three times the 
reference frequency. This means that the carrier ratio 
'/' should be equal to 3. K confirmation to this effect is 
revealed by figure 15 that there are three pu lses per half 
cycle in the PWM output wavefo rm. 

2) DC Level Modulation: The DC level modulation 
also known by the names of 'On-Off' modulation 
and 'Variable Duty Ratio' modulat ion is achieved 
by comparing the DC level as a reference 
waveform with the triangular career waveform. 
Figure 17 depicts the DC level waveforms and its 
comparison with triangular signal to generate the 
modulated output. This output, which is a periodic 
waveform is although not a sine wave, but it is 
symmetrical and has lower harmoni c conte nt 
[ 17 ,21,31]. 

3) Sinusoidal Pulse Width Modulation: The PWM 
methods where a triangular wave is compared 
directly with a sinusoidal wave, so as to determ ine 
the switching instants of the power semiconductor 
devices is known as Sinusoidal Pulse IJ'idth 

Modulation (SPWM), very often it is also called 
Ideal Sinusoidal Pulse Width Afo d11 /a 1ion 
(JSP WM). The sinusoidal pulse wid th modulmion 
technique is fa irly well known and is :i special case 
or periodic modulntion. wherein the PWrvt output 
is obtained us ing fl s inusoidal fun ction as the 
modulat ing signal as shovm in Figure 18. Since 
the refe rence sign:11 is u s ine wave, a marked 
reduction in harmonic content at the output of the 
inverier is achieved. 
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Fig. 18: Natural Sa mplini: Technique 
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/\ s shown in Figure 18, a lrianguhr . 
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determ1ncc y 11c 1nslc1n tancous intersections of 1, 

waveforms, the resultant pulse width is proJ)O t_t hc I\Vo 
r iona1 

the amplitude of the modulating signal at the • l<J 
. . instant 

which the sw1tch111g occurs. at 

Since sinusoidal functi o n is non-line 
. . . . ar, th~ 

mathematical computation of firin g coordi 
' ffi 1 . 1 . 

nates 
becomes d1 · 1cu t 111 I 11s case, due to the solut ion f 

I . I . I o a 
transcendenta equation, w 11c 1 can on ly be solved . 

. us ing 
numerical techmque. As such, Natural Sampt · 

. I tng 
(JSPWM) cannot be 1111p emented directly, except with 

those microcomputers, which have the po werful 

arithmetic capabi I ities to calculate the firing coordinates. 

An alternative approach therefore is to sol ve the 

transcendental equation through the main frame/desk 

top computer for the calculation of switching ,instants 

and thus store the results in a look-up table. Although, 

this method leads to the off-I ine control and results in a 

large storage memory for smooth control of voltage as 

wel I as frequency; the method is even then popular for 

low and medium power applications. Based on this 

strategy referred as earlier, a ROM based PWM inverter 

has been des igned and bu i It [ 17]. 

With the wide-spread availability ofVLSis, belier 

PWM schemes and sampled PWM schemes li ke those 

us ing Marconi MA8 I 8 ASICS chips have become 

feasible [79,81,87] . Although, the strategy uses more 

involved hardware designs; these chips are mW 

compact and reliable. Following are some of the points, 

which are worth noting: 

• 

• 

In the past, analog circuits have been used tu 
· ·11 the 

generate sine waveform and compare it wi 1 

carr ier, so as to generate firing coordinates for 

power sem iconductor devices [3 J ,38,76,_7
8l· 

• I d trorn 
Three of such waveforms 120° d1sp ace 

e has: 
one another were felt necessary for a th re ·P 

1 
. . d f the outpu 
inverter output. The ampl1tu e o . rlie 

ry1nn 
fund amental has bee n vari ed by va " " ) JS s· \-va,e 
amplitude of the modulating signal ( me f -~f -

shown in figure 15 to vary the value O de j1 
f ' I' has n1a 

However, varying the value o f rht;e 
Both 0 

necessary to vary the frequency. . 
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variations were conventionally done 111 tie· 
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sine wave a stepped or trapczo1 a 



\\,a\cl o1ms c A. DC leve l modu lati on u s s h0\\.11111 
fi µur c 17 J re u<,cd O thcrw1<,I! the Snrnplcd PWM 
1c<. hn1qu c J '> de picted rn fi gures 19 to 20 have been 
111 orc commonly practiced [42 ,47.54,58] . 

• 11 ) h 1 , cl c II c Lil I s c h e m e s , whe re the fi rin g 
1:oord 111Jtcs a1e obtai ned by digita l comparison of 
cm l l' I and modula tin g s ignal have also been 111 

p r,1Lt rLc 111 order to s im plify the problem . 

• I he firin g coordinates obtained in any of the above 
noted <,chemes can be computed a-priori . These 
firing seq uences can be stored in look-up tables in 
' ROM' to be accessed any time for the necessary 
rnntro l of vo ltage and frequency. Typical possible 
cri terion used is e limination of a selected set of 
harmonics in the output, for a given application. 

Th e la s t two method s are digital and are 
imp lement ed with microprocessor based converter/ 
inve rter systems only. These methods yield more precise 
harmonic elimination (40-42 ,49-53 ,5 5 ,58 ,59 ,62-66] . 
The last one cal ls for detailed computation at the design 
stage itself. 13ut, undoubtedly it yields the best results. 
Specifically, with a given number of switching maximum 
harmonic e limination is achieved. However, the 3n+2 
harmonics can be e liminated with n pulses per half cycle. 
In addition, the third and multiples of three harmonics 
will even then remain essentially ineffective in a three­
phase system. 

All of the above schemes have been studied in detail 
by various researchers and have been extensively 
inves ti gated [64 , 66 ,67], keeping in mind the 
applications. Some papers have presented the efficient 
and reliable Genetic Algorithm based solution for 
Selective Harmonic Elimination (SHE) switching pattern 
l 109] . Such methods a re used to eliminate lower order 
line voltage harmonics in Pulse Width Modulation 
(PWM) inverter. Determination of pulse pattern for the 
e limination of some lower order harmonics of a PWM 
i nvcrtcr necess itates solvin g a system of non Ii near 
transcendental equations. Genetic Al gori thm is used to 
solve the nonlinear transcendental equations for PWM­
SII E [ 109] . 

VI. FOURIER ANALYSIS OF THREE-PHASE PWM 
INVERTER USING SINE MODULATION 

Referring to Figure 18, in order to analyze the wave 
shape of V AB• th e pole voltage waveform of one phase 
donated by V AO is best to be analyzed. The waveform 
fo r pole voltage V AO can be expn:ssed in Fourier series 

form It may be ment1011ed that calculation of the Fourier 
coc mc1cnts for PWM function is no t strnightforn ard. 
The angu lar pos iti o ns of V AO arc dependent on the set 
values of the Modulation lndi:x ' M' nnd the carrier rallo 
'I' . These angular posi tions a re known on!) if the points 
of inte rsection of carrie r and s 111usoidal functions are 
calcu lated by intersection technique. These coordinates 
are represented by a 1 ,a2 .. .. . .. a 2 i-,- J as depicted in 
fi gure 16. 

For odd values of 'J' the waveform for V AO has 
half wave symmetry. Therefore, for the odd values of 
carrier ratio even harmonics are absent. For even values 
of 'J', V AO does not have the half wave symmetry. 
Even harmonics are therefore presented in V AO and 
hence in the V AB waveform, as shown in Figure l 6 . 
The V AO can thus be expressed in Fourier series as: 

V AO= L~=!Ansin (nwt) + Lc;;'=!Ancos (nwt) (3) 

Assuming that V = l per unit, from figure 16 we 
have; 

/
Cilt /Ci)( 

Bn = 0 .5/rr (- t I sinnwt dCil1+ 
1

3 sinnwt dwt Cil 2 Cil 2 

f Cilt4 f wt5 - t sinnwt dwt+ t sinnwt dwt -W 3 Cil 4 
(4) 

/
Cilt6 / Cilt7 

t sinnwt dwt+ sinnwt dwt] Cil s wt6 

ifwti = ai, for i = 1,2, ........ , 21 +l 

8 11 = 0.5/nn [-(Cos na 1 - Cos na2) + (Cos na2 -Cos na3) 

- (Cos na3 - Cos na4) + (Cos na4 - Cos na5) -

(Cos na5 - Cos na6) + (Cos na6 - Cos na7)] 

= 0.5/nn (-Cos na1-Cos na7 -2(Cos na3 + Cos 

na5) + 2 (Cos na2 + Cos na4 +Cos na6)] ( 5 ) 

For the present case when the reference signal is 
synchronized with positive s lope of the ca rrier C os na 1 
= Cos na7 = Cos na (21 + I) = Cos 2 n = 1, therefore 
we have: 

:n 
Bn = 1/nn {Li=! icos n ai} (6) 

Similarly, it can be shown mathematically that; 
21 

A 11 = 1/nn: {Li=! isin n ai} (7) 

Thus , 

V AO(N) = ✓A Z + 8 /. 
I~ 11 
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A. , , f11ten ectw 11.\ Co111p lll(lf lfJII o f 1'0 1111, 01 

I I cJI wmputalion I lavi ng 1.0111plc11.d the mat 11.rrl 1 1 . . . 
rthwhile to discuss ol the I ouner < ocffi1.1cnt.,, 11 ,., wo . d 

d n·itcs A., ment1one the comrut,1t1on o f I ,ring coor 1 • 
, may not have earl ier the wav1..fom1 fur V AO may or 

I · f . oordinate'> for a hall wave '>Y lll 111etry. l 1c1 c ore, c 
.. omp lctc 1.ycli.: or the 1efcren1.e fu nctlon are computed. 
111 order to f ind the coo,dinates in w mplete cycle, the 
equations u l carricr function should be known. £:.quation 
o l tltc f11 <, t linc o f rnrricr wi th positive slope that meet'> 
with /.ero c1os!-> 111g of modulat111 g ,1gnal 1s given by: 

(8) 

Where ' Y' is the vari ab le for magni tude and 'X' is the 
va riabl e for angul ar positions. Equation of second line 
of the carrier is therefore wr itten as: 

Y = - Y c · 6 /n(X-n/3 ) (9 ) 

l:quatio11 o f third line is; 

Y = Y c· 6/n(X-2n/J ) ( I 0) 

In this way, equati on of ith line of the carrier can 
be written 

Y = (2 1. Y c/n) ( -1.0) i+ I (X-i- 1. n i l ) ( 11 ) 

Where I = 1,2 ,J, ... 2 1. 

Each point of intersection, 'X' of carrier & modulating 
signal is given by: 

Yr· Sin = Y c 21/n . S (X- i- 1.n/ l) ( 12) 

Where S = (- 1.0) i 1 1
• Thus on solving for ' X' we have: 

X = (rr/2 1). M/S) s in X + (1- l). (n/1) ( 13) 

X = P. Si n X + Q ( f 4) 

Where, P = (n/21). (M/S) 

() - (1- I) . (rr/1) 

·1 hi!> is a t:anc;cendental equa ti on and can be so lved 
only by m11nc r1 cal method. 

~I he va lu<: o f' ' X . . fo r whi c h equa tion 14 . 
~a t"' I 1e<l to the closest approximation is th ( . ) 1 s 
111tcrsec1 1011 . In thi s way a ll poi nts of : e ~0 1nt of . intersections a , co1t1putcd and substituted i ti . . re 

24 

n I<: express ion fo r 8 and 
11 

, ven by equations ( 13 & 1-l ). Values of A 1 A 0 g1 
• ~ y n ''- U 

Ub~t1tutcd in the expression or AO compute • . r - . s . '- 1n. preceding sub section. '· 

B. Linutations OJ PWft-1 

Mos t of th e o ff- line mic.ro~ omputer b~s 
modulators have been developed pn nc1pally on the 

1 
' , 

up table techniq~e, which hardly meets the require: 
o f practical va riable speed drive (VSD) S)stern 1, 
number of notch i.e. ·angles fo r PWM \\ave patte ... e 
tend to increase at lowe r fundamental freque nc ies , • t,,..i 
demand 1ng la rge look-up table memory. Therdve 
operation at lower fundamen tal frequencies and abo1. , 
total nu mber o f wave patterns stored in the look- . 
tab les becomes high ly limited. Even if the memoi: s,; 
is considered to be no constraint , the hardware an~ 
soft ware of the so far published modulator stratcg1~ 

are suc h that they often don ' t provide good angle 
resolution . The output waveform therefore does nor 
respond accurately to the change in the inverter voltage 
and freque ncy commands. Further, a fu lly dedicated 
hard ware control scheme requires complicated digita 
and analog circuit, often limited by the problem of' dri ff. 
Therefore, the present trend to use more of software 
and mi nimum hardware has made the computation of 
firing coordinates and the ir on-line implementation rather 
s imple . Further, in order to ob viate the solut ion of 
transcendental equation Sampled PWM as proposed is 
explained and discussed in the next sub section. 

C. Sampled Pulse Width Modulation 

Because of the li mitati ons o f analog circuits d.'t 
to drift and aging; and also due to the di ffic ulties 01 

implementation of ISPWM, a new st rategy known ~' 
Su mpled Puls e Width Modula tion usi ng s11nP · 
microprocessors has been proposed. The method thoug;, 
• I • · the s~mp e 1s somewhat approximate. Rather than us i~g 

sine wave fo r wri ting the mathemat ical expression. 
3 

. h th• sample and hold technique is used th rough whic .'" s· . . 1 earn~ ine wave 1s sampled at a specific po int during t 1e . 
wave and its value is held until the next cycle/hal f c~d(

1 
The fi r ing coordi nates a re therefore computed b . t'' ' intersection of carrier a nd sampled signal rnther . . f n0r s_inuso icla l waveform. 13y do ing so the solut ion° ti· 
linear Transcendental Equation is avo ided. As such. 1. 
on- li ne as we ll as off-line imple mentation of s ,in:rd" ~1 
PWJ\i.11· 1 dk · ias become very s imple wh ich can be ian ir: any m · d for s0l1 

icroprocessor· thus obv,·ating the nee <' I ' I,. u. ' t 1 e c O in P I ex e q u a t i o n T h e m o st c o mm O n · .,i Sa I d . S , p• nie mp e PWM techn iq ues a re Regular ) ., 1 '." s I' 1• c(1 I amp rng (RSS), Regular Asymmetric SamP in. 



Modified Regu lar S:11npl ing(MRS) :rnd Modi0ed Natur~I 

S l·r1o , MNS). These techniques are discussed 111 amp I e \ 

the fo llowing sub-sec ti on. 

; J Clnssificuti<III of S11111p li11g Tec!t11 iq11es 

In the Rct!u lnr S:1111 pl 1ng Technique the reference 
waveform i~ s;;mplcd and held at fixed points in every 
earner .:: , cle at reQul::lr inierv:ils corresponding to the 

p!?al-.. l, f i"he rri:ingt~ar carrier wave. The comparison of 
the sampl ed moctul::lting wave wi th the carrier wave as 
sho,, n in lir.ur,' 19 generates the points of intersect ions. 
med to det~rmine the switching instants of the width­

nh1duhted pulses. It may be mentioned that the sampled 
111l,,~ula1 i11 g si gnal has constant amplitude ,, hile each 

~.1111ple is being wken. and :ilso the sampling points are 
regular!~ spaced. Consequenily. the ,, idth of each pulse 
is p ro porti ona l to the amplitude of the samp led 

modulating signal. The regular sampling technique is 
classi fied into t\\ O groups namely. Regular Sym111erncal 

Sampling (RSS) , Regular Asymme1ncal Sampling 

(RAS). The case ,, here the reference signal is sampled 
and held at every positive peak of the triangular wave, 
the technique is called Regular Symmetrical Sampling 

(RSS;. because the switching instants are symmetrical 
and equ id istant from the point of sampling. In case the 
samples are taken at both posillve as wel l as negat i, ·e 
penks ,1f111e carri er \\a,e. the technique is called Reg:,!:.;r 
.-l:ipnmuncal Sampi111g rR,.JS1 as Iilus1ra1ed in figure 
20. The computer ana l: sis of the harmoni c outpu1 o:· 
the two P\\ :'vl techniq ues done in the labora1o r:-­
demons1ra1es 1he improvement in 1he output ,, a, ·eform 

for R-lS technique over the RSS technique. 

Through \·et another method known as .\ fodij1fd 

Regular Sw;p!ing ,.\IRS1 . the ampl itude of modul3ting 
sine \\a\i~ is stored b: sample and hold circuit. 2.t bo1h 
posi1i, e as ,\e ll as negat i,e peaks of the carrier ,,. ave. 
The sine , alues of the !\\ o , uccess1, ·e angles are the, 
a, eraged to gi, e ne\\ sample and hvld modul:ning sign :: '. 
as si10,\ n in Figure 2 1. in th, , manner a bener out~Ul 

,1 ith lesser harmonic dis1or11on is obt:i. ined. bu1 the 
limitation of this method is that the peak :i.mp!iwde 01a 
sampled ,nodulat rng signal is lo\\ er than tha1 of ldr!..ii 
S111urn1Jal Pulse Width :tlodularw n 1/SPW.\iJ Th is 
reduction 111 the amplitude of the sampled modulating 
signal causes s1 ln ificant reduc1 ion in the fundament:il 
,alue 0 1 · 11 ~ output , olt:ige [1 7.2 1.3 1]. Figure 2 1 gi, es 
the 1r.t-:rsc , tior. po1 rt~ tr.u s obt '.l :'1ed in ihe Rteu!:ir 
Sump/in~ .1 ; 1. el l a~ 1ri !he .\JJ./ , ,..,_j R<!z,,:ar S:m:;i:l:g 
te1.hn1 qu.: , lt i, d eJr Iron, t'· , , ,.,.11 ;'1.s;: ~: t,on 1•u : 

tht harmonic content in the ou:;:,u '. .1~ cvmparcJ ;o that 
of the .Yat ura/ Samp!me; Tec hn11.)J;: 1s more 111 1h~ .::ist> 

of Regular S}mmemc Sampling: 

Ano ther improved version of the RAS is also 
purposed here . This technique is illustrated in Figure 
22. where the existing RAS technique is modified by 
the linear opt imiza tion. By us111g the linear optim ization 
of RAS in PWM inverters, a highe r fundame ntal output 
and lower output harmon ic distortion are obtainable 
[ I 7.21.J ll- However. the implementation of this method 
needs higher amount of calculation time, thereby lim iting 
the speed of response, but it a lso a llows the use o f small 

and economical processors. 

n 
i ! 
I 

Fig. I 9. Regul:1r S~ mmetrical S:1mpling (RSS) Strategy 

D. Jfodijied .\'awral Sampling 

. .\ new method for microprocessor implementation 
of P\\'\f technique c::lied Jfod~(!ed .\'a1ural Sampling 

r. :s been SLl ~fes:d '.)y Bhati J e1 al [7-t 76] at I.IT Delhi. 
!:-, :hi s r.e,\ :e;:-rn :-1 i.:e !he sine "a,·eform is sampled 
an-:! s:ord. The com;>3Iison of 1he magnitude sine wa, e 
s:unple3 is n e :\l done wiih the posiri, e and also negJtive 
slo;;es ( r:un;, ) 0f :he tr;angular carrier ,, :ive 3.S sho,, n 

in figure 23. During ei1her rhe positiw or the nega1i, e 
slope pro:ile ~~e d1:'Yerence berw~n the m:ignirndes 01 

I.he ramp and s:impled sine " aYe " ill ha, e :l defini1e 
sign. Ho,, en.·r. ,he sign of 1his di f:'erence in mag1111udc:­
" -ill ch:i,,ge \\ he i,e, e, ilie crossing of the mo sign.1.!s 
h:1s rnkrn ?bee. :is shown in figure ::.3 . This change in 
s;~, t-riP-:s ::--: the crossing r.:-ini sut>_ie-ct 10 accurac:. 
rh:s Jr .: :~:! -' : ~~.~r;~ s 0; the- numt-er 0 :- s:implc-s 0f 
5l~'"C \\J\ .. "' : ~ -'~ ~- r~r \.·~,: .~,. t'- J;_;~~r !~(" S-~ -~1r'~5 f:'e!~er is 
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I) Generation o( S1nu.rnidul Ref erence Sig nal 

The generation of sinusoidal signal in the Modified 
N.1 turnl Sampling technique is done in such a way, that 
the requ irements fo r the calculati on of trigonometric 
functions as well as the noating-poi nt arithme tic are 
bypassed l 74,76]. For this purpose "k" samples of sine 
funct ion fro m O to 360 degrees at regular intervals are 
stored in the sine table. Each data in the sine table is 
obtained by multiplication of the sine value at a particular 
instant by l 00, so as to from an 8 bit data in the integer 
for m. Further, the values of the modulation index M are 
converted into the integer from the same multiplication 
method . If the entire data of the sine table, one after the 
other, is multiplied by the required modul ation index M, 
it is obvious that these values thus obtained can be used 
as per the unit values of the sinusoidal signal. It may be 
mentioned here that by changing the value of "M", the 
data thus obtained gets modified to represent different 
levels of the amplitude for sinusoidal waveform. 
Preceding in this manner it is possible to obtain the data 
required for the reference sinusoidal signal. 

2) Generation of the Triangular Carrier Waveform 

To generate a triangular carrier waveform through 
the software, it is sufficient to generate a ramp function 
of the following form ; 

F(x) = X + F(X-1) for positive slope 
F(x) = -X + F(X-1) for negative slope ( 15) 

Where, F(x) is the current value of the ramp 
function, and F(x-1) is the previous value of the ramp 
function . 

Generation of such a function using the 
microprocessor is very simple, because it is sufficient 
to add ' I ' unit to the existing initial value of the ramp 
function during the positive slope; and subtract' I' unit 
from the existing initial value, for generating the ramp 
with negative slope. 

The newly suggested methe,d as explained in Figure 
23 is very simple. Since the ma1hematical model of the 
process is very simple, th is e11 ables the designer to 
calculate the firing coordinates niore accurately [74,76]. 
The number of samples of sin,: wave determines the 
accuracy of this technique. The generation of software 
of this techn ique is very simple and requires simple as 
we ll as low cost processor for its im plementation. 

fi gure 23 shows the extent of error caused due to sh 
· . . M d' fi d N tft in the crossing potnt 111 o 1 1e atural Sampling 

compared to the ISPWM method. _Th is shift depen: 
on the num ber of samples taken. Highe r the number f 

. I o samples per cycle lower 1s t 1e error. 

{J 

I 
1· 

LJ 
An.,;.lc (degree,,.) 

(bl 

I ll 

I 
I 
'----

Fig. 20. Regular Asymmetric Sampling (RAS) Tcchniqu, 

Anulc ld1!17,.•i:s) ,_____.. 

(bl 

Fig. 21: Modified Regular Sampling (MRS) Technique 

E. Comparison of Sampling Methods 

The accuracy of the proposed method is hi ghly 
dependent upon the number of samples chosen per cycle. 

A vivid comparison of harmonic contents in th~ 
output vo ltages as obta inable from various sampled 
PWM methods e.g., Regular Symmetrical Sampling, 
Regular Asymmetrical Sampling, Modi fied Regu lar 
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S;JJn nling. ,rnd Modilied Na tural Sampl ing (MNS) with 
the Ideal Sinusoidal Pu lse Width Modu lation ( ISPWM) 
j \ given in f74] for various va lues o f modula11011 index 
M and carric1 ra ti o 'I' . It is noted that the MNS 

rc c l1111 q uc <; ugges1cd by Bha tia e t a l (74 ) has the 

111 ,n irnu m ha rmon ic conten t in til e output nnd de livers 
highe r vn luc o f 1hc f11 nd nment:il vo ltage. For fu rt her 
dctai b on MN S technique re ference mny be made to 

(74 . 76]. 

Havi ng completed the descri ption of inverters and 
con trol techniques, it is worthwhile to review application 
of these c ircu its and systems fo r the speed control of 
AC dr ive s . O ne o f the most popular a nd w id e ly 
applicable AC drives is the induction motor. 

f 
(l 

l h) 

Fig. 22: Linear Approximation Tcdinique 
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1 <it- 6PM 90 

0 \ 1Rli - ~ i 
' ' ! . 

/\ 11;; lc ( d \.' :-'ICI.' ) 
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F ig. 23: Modi fied Naturnl Samplini.: (MNS) 'fcd111iq11c 

! • 

V I I. FUNCTI ON!\ L CO NT RO L OP 1-'W M DRJ V.f". '-. 

In thi s se c t ion a <.-o m prehcn<: rve r e v1,;,w ; 

prcsc nlcd abo ut funct tonal <.- o ntrof ,,f drr 11: ·, A~ 

me nt ioned earlier in tfi i<; rc<;<:arch pape r, h;:,<;1c1tll/ 1 Nr, 

m,1jor cont ro l fun ctions arc ca lled for, namel:r 

• Contro l o f vo ltage npplied 1<1 the rnot<1r 

• Control of frequency. 

for the p resent, it is worthwhi le to confi ne tr, 
PWM inverter schemes described so far, for the Fav'.• 
Mode Analysis and Knowledge Based Protection Sy~tem 
for Inverters [ IO I, 105, I 06, 11 OJ. 

Depend ing on the power level of the drive and its 
versatility di fferent types of circuit scheme are suggested 
( 111 ]. Figure 24 shows a poss ible c ircuit scheme in 
s implified form, using analog circui t building blocks. 
The set speed command is used to dec ide the magnitude 
and frequency of the modulating s ignal. The same is 
used to decide the freq uency of the carrier signal. Similar 
modulating and carri er signals are generated fo r the 
three-phases (21 ). During the past, these s ignals have 
been combined through the comparator and logic circui.s 
to generate the fir ing coordinate to fi re the rnajn PSDs 
of PWM inverter [ 17,21 ,31 ]. 

lk , t•h>tl 

\ Ltl. 1:;;; 

I ~-... 1 .. ,u 
, ...... ,.d1-t 

WM/ 
I 

' 

1 1t..)pll, ,U)',illl,.t..._• 

\ ,,, ... r~hlif ' •"- ( --... 1t.,1 , ,. 

i,. . , "1b,,.1 ~ pl\.,,,,,. 

Fig. 24 : Control for Analog Bas,·d PW i\ l 'lh huiqu,· 

These schemes use e laborate analog c ircu itr) .111-l 

are more or less in fl exible . All functions hnw t,, ti,· 

planned in advance nnd need to be thoughtful ly bui lt 111. 

Al though, the result of this PWM system i:- nu11: h h ;- tt t· t 

than the s ix-s tep inverter, it yie lds po.> r t• fli ci~·n,;~ l'th· 
harmonics content can be reduced fut thn b) :-n ,·1.,1 
other schemes, which are 111 01\! llt·,iblt> n11d c.b , t,' 
operate. 
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A v<1riety of digital schemes arc poss ibl e. E::irlicr 

PWM sc hemes implemented the system of figure 24 

intu digita l form . This was accomplished by generat ing 

stepped waveforms similar to the carrier and modulating 
signa l and s ubsequent ly comparing the m. It does 

s implify c ircuit compared to a scheme based totally on 

di screte components. ASICS chips e.g., MA8 I 8 etc., 

have been extensively used and many drives in past have 

been build using these IC. However, performance wise, 

these are only marginally better. The PWM schemes 

discussed as above are frozen for a s inusoidal case e.g. 

MA 818 system r78,80,86] . Though, the harmonics are 

reduced considerably, the large number of switching 
operations of PSD thus done incur higher switching 

losses and therefore reduce the drive efficiency 
considerably. 

As shown in Figure 25, more recent schemes use 
a radical approach to design. The firing coordinates 
corresponding to the intersection of carrier and 
modulating signal are computed and tabulated in the 
form of look-up tables 117] for various modulation 

indices ' M' and carrier ratios 'I ' . The tables can be 
stored in digital memory e.g. ROM, which is accessed 

using either an off-line control or an on-line control 
through either manual settings or through a 

microcomputer (76,78] 

The microcomputer can accept the set speed input; 

decide on the frequency ratio and modulation index to 

be used. It next steers operation to the corresponding 
table switching angles in memory f76]. Once again, 

implementation can be brought about in a variety of 
ways. Figure 25 shows a practical scheme designed 

developed and built at IIT Delhi 117). 

28 
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Fil!, 25: ROM based l'WM AC Drive System 

In cnse the ci rc uit uf fi g ure 2 5 11sc, lite 
microprocessor, the mi croprocessor has :1 va riety of 

co-ordination functi ons to do nnd to 11inkc allied decision, 

[76,78). Its key functions arc : 

• 

• 

• 

• 
• 

• 

Accept th e parameters e .g., se t fre quen cy 

command, upper load limit, acceleration time etc, 

Compute the output vo ltage required and identi fy 

the modulation index required from the above and 

hence the DC link voltage. 

Select the page of switching angles to be used, 
and commun icate the same to the co mmand 

generator block. 

Accept user commands and take follow-up action . 

Do all protection functions related to the motor 

and the inverter. 

Do all display and annunciation related functions . 

VIII. EXISTING PROTECTION SCHEMES 

In this section a case study is presented on 
protection aspect of drive l77, 110). The basic protection 
offered by AC drives is broadly of three types -

• Inverter/Converter related. 

• Motor related. 

• Load related. 

Mechanical stresses, process requirements etc., 
may require the drive to accelerate and/or decelerate at 
specified rates. These are normally ensured by the drive 
by changing the supply frequency at a predetermined 
rate. Upper load limit may have to be lirnited at a 

specified value. Identifying the corresponding maximum 
load current through the motor and keeping it with in 

the identified limit generally does this job. In -short, the 
load related protection features are acceler,ation and 
deceleration rates that limit upper load magnitude 
[77,86,88). 

Motor related protect ion fe a tures are we ll 
established. 

• 

• 

Thermal protection is executed by realizing inverse 
- ,J d ·ves 

time current curve. Many of the mouern n 
systems realize this in the software and do not 

use a separate thermal overload relay. 

Overload (current) protection is generally realized 
by comparing the load current with a set upper 

limit and taking protection action. 

• 

• 

• 

• 

M 



• t 1p1,,·1 ~l'ccd li 1n1 t , ct 1s also the load-related 
prc1tcction . It is rc:i li zcd by the drive not accepting 
~ct ~peed above the specified limit . 

• Supply voltage to the motor is limited to avoid over 
fl uxi ng and related insulation problems. 

• Unbalance in motor line currents is kepi in check. 
In comparatively high power drives, larger than 
100 HP or so, this is realized by computing the 
negative sequence component of current and 
keeping it within limits. In smaller drives this aspect 
is done in an indirect manner by. checking the 
ripple current level on the DC link. 

• Under voltage protection is done by comparing 
DC link voltage agai nst a lower set limit and taking 
necessary protection action to realize function. 

• Earth leakage protection is not provided in small 
drives. But, as the power capacity increases say 
beyo nd 50 HP, it becomes necessary. This is 
realized with the provision ofan earth leakage relay. 

It is therefore expected that a well-designed and 
engineered drive would ideally be fool-proof [77] and 
does not require protection any further. Such an 
approach to drive has been adopted by very few limited 
manufactures. However, almost all manufacturers treat 
the above as a hypothetical phenomenon and have 
minimum necessary protection circuitry. The following 
are the commonly built-in protective features: 

• Short circuit protection for the PSD: This is built 
in as part of the base/gate drive of PSD. The PSD 
is turned off on short circuit. 

• Thermal protection for the PSD: The heat sink 
temperature is measured & in case it exceeds an 
upper set limit , the drive is switched off. 

• Protection against unequal voltage distribution in 
filter capacitors: DC link filter capacitor bank 
comprises of a number of capacitors. Any 
unbalance in voltage distribution is hazardous to 
the--capacitor and hence it should be avoided. 

• Fast acting semiconductor fuses in DC link and 
AC supply line provide short circuit protection at 
the respective points. 

• DC link over voltage protection: This is necessary 
to avoid overstressing of PSDs [IOI]. 

• Watchdog protection for the microprocessor: In 
case of microprocessor failure, the drive operation 
can get paralyzed . To avoid thi s eventually, the 
wat chdog keeps a c lose watch on th e 
microprocessor. In case of its fa ilure, the watchdog 
circui t gives out an alarm or enables a contact or 

rcl:i y, which can be used to 111itiate emerge ncy 
follow up. The watchdog circuit also shuts down 
the PSDs. Contactors. etc. In case of over voltage, 
the main contac t or or the drive may be turned off 
to protect all the rest of the devices. In all other 
cases th e PSDs may be turn ed off and the 
contncto r left undisturbed. 

Prot ection is rea li zed a t various level s 
[86,98,101 ,110]. All load and motor related protection 
ac ti v iti es ca n do with protection through the 
microprocessor. The protection signal interrupts the 
processor and seeks action. The associated delay will 
be of the order of' a few microseconds. This de lay is 
within the tolerable limits of the drive. In contrast, the 
drive related protection has to be faster [86.11 0] . For 
example, over current/short circuit protection for the 
PSD has to act within a microsecond. In these cases 
separate protection hardware is built-in. Very often after 
initiat ing the protection action locally, these inform the 
processor of the same. The processor may disable the 
drive completely. Operation is resumed after operator 
clears the fault and the processor is informed of the 
same through a reset signal. 

IX. USER INTERFACE AND DISPLAYS 

Displays serve the following two functions: 

• To provide information to the user on specific 
values of drive parameters and to indicate the drive 
status. Motor voltage, load current, power input 
to the drive, set speed, etc., are of the former 
category. A single 7 segment or a dot matrix based 
display can serve the purpose. 

• User can select the specific variables to be displayed 
[77). This makes the display compact as well as 
elegant. However, operating personnel are used to 
separate analog meter displays for current, voltage, 
frequ ency, etc. Hence, some drives provide 
separate panel meters for th is purpose. This 
practice is more prevalent at higher power levels. 
Sophisticated drives may have the provision to 
transmit these parameter values to a remote location 
on a serial link. 

Drive status indication can comprise of a number 
of simple LEDs [77) . Typical of such indications are: 

• Mode identificat ion - Whether RUN mode, 
Program mode, etc. 

• Status indicati'on - Running, Reset, Tripped etc. 
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• 
• 

• 

Forward/Reverse direction of rotation indication . 

T) Pl' or cont ro l - Loca l or Remote . 

Type t)f111 11 n111g - running at normal speed,joggi ng 
tll' inching. etc. 

Driv e s tat us indica tion serves the additional 
p urpose of diagnos is of fa ult s. All out of th e way 
operati ng conditions are ind icated fo r th is purpose. 
Separate LEDs may be provided fo r each. Typica l 
indications arc fo r Overload, Short circuit, Thermal t rip 
& Capaci tor vo ltage unbalance. A variety of other such 
indications are also possible. 

Any drive requi res and a lso offers the minimal 
cont rol fac il it ies fo r operations e.g. 'on' . 'off' . ' reset' 
and 'speed set' functions. Beyond these, a variety of 
such operations is possible and available. Comparatively 
earlier versions have separate provision for adj ustment 
of each of the parameters (apart from speed) like load 
limit, upper and lower speed limits, acceleration and 
decelerati on times etc. rn,1O1]. 

In more recent des ign of drives all such parameters 
a re made programmable. Programming is done through 
a well-des igned keyboard or thumbwheel switches. For 
secti onal drives and high-end vers ions, programming 
can be done by a detachable keyboard or th rough a PC. 
Differen t lockout fac ilit ies are also inherent in these. 
T hus, in the most versat ile mode, all parameter may be 
accessible fo r reading as well as adj ustment. This mode 
is involved during commissioning or plant tuning. Once 
th e pa ram ete rs a re set to mee t the require ments, 
supervisory personnel may retain them. At the other 
extreme end, the drive may have a ' run ' mode with 
mi nimum user in te rac ti on. ' On ', 'o ff ' and ' reset ' 
switches alone may be acti ve in this case. If a bit more 
of user interacti on is des ired, one can have a 'Speed 
mode ' where the user adj usts the set speed a lso in 
add ition to the basic ' on/off' controls above l77]. 

A . The Intelligent Drives 

The presence of microprocessors makes it possible 
to build a certa in level of intelligence to the drive cont rol 
(83 ,105, I 06, 110). This takes a variety of forms. Typ ical 
of these are the self-d iagnosti cs. The microcomputer 
goes through a self-check routi ne on energiz ing it 
[83 , I 06]. This involves checkin g memory elements, 
hea lth of contactors, parameter val ues and ensuring they 
are wit hin set limits. In case of an abnormality, further 
systems operation may be ~tailed. 
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Pru o ram mability : Facility for th e user to s "' . et 
parame ter values and checkmg that the set values are 
wi thin al lowable limits constitute programmabi lity. The 
drive also may have the faci lity to adjust some motor. 
dependent parameters such as IR drop compensation, 
slip compensation, etc. 

Men u Driven Interfa ce: Large variety of features 
and adjus tments can con fuse the user. Therefo re. good 
drives ensure user-friendliness in a variety of ways. One 
effective method is to tie-up the display to the keyboard 
in an interactive manner and provide a lead to the user ­
fo r his next response. The user can proceed with setting 
the drive a nd us ing it without the help of elaborate 
instruct ion manuals. 

Serial Jn tl.'rface : A seri es interface opens up a 
variety of possibilities. Operation can be monitored by 
a remote master computer. Cho ice between local & 
remote set va lues can be user-defi nable. Sectional drives, 
whi ch use a num ber of mot ors in tandem can be 
effective ly put together or regrouped . Motor and drive 
operations can be logged at the desired locat ions. 

X. CONCLU SIONS 

This paper presented a comprehensive survey of 
the Variable Speed Drive mainly the squirrel-cage rotor 
induc ti on motor drives, its basi c requ irements and 
inverter cont ro l strategies as avai lable in the published 
li terature. The paper a lso reviewed various control 
methodologies especia lly the PWM inverters, harmonic 
elimination techniques and new PW M strategy namely 
the Mod ified Natura l Sam pli ng (50-52,54 -55.58-67,70-
79,8 1, 111]. 

Most of the power electronic drive systems with 
converter/inverter operate in an environment requiring 
rapid speed variation, frequent start, stop and continuous 
overloadi ng. The ci rcuits and sys tems are therefore 
subject to constant abuse of over-current surges nnd 
over voltages. Although, conventional protection devices 
and circuits with current limiting fuses are commonly 
used; it is worthwhile to mention that switching devices 
are physically small and thermally fragile as compared 
to the power apparatus and systems that they contro_l. 
Even a smal l electrica l disturba nce can cause their 
th erma l rating to be exceeded , res ul ting in rapid 
dest ruction. In many cases, occasional fa ilures may be 
tolerated; but in applicat ions where expensive. high 
power systems are involved , knowledge b;.ised systems 
with inte lligent control are demanded, which may be 
required to protect sudden system fai lure. 



Thi!> review paper has the refore summarized the 
subject of variable speed drives with both aspects e.g., 
PWM control and the intelligent control with knowledge 
and in formation about the fault behavior of power 
el ectronic circuits . Both of these aspect s be in g 
important, further research work on protection and fault 
tolerant control is in progress. It is hoped that work on 
condition monitori ng and fa ult diagnostics of motor will 
receive attention by application engineers. 
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{ "names": [ { "family": { "value": "Choice", "coordinates": [ 1588, 904, 1697, 931 ] }, "given": { "value": "A .", "coordinates": [ 1144, 913, 1568, 937 ] } }, { "family": { "value": ".", "coordinates": [ 1951, 302, 1958, 306 ] }, "given": { "value": "May", "coordinates": [ 1301, 284, 1362, 310 ] } } ], "phoneNumbers": [ { "value": "54555867", "coordinates": [ 1740, 1534, 1917, 1561 ] } ], "type": "BusinessCard", "isBackSide": false, "width": 1996, "height": 2596, "orientation": 0 }


{ "names": [ { "family": { "value": "Barton", "coordinates": [ 1434, 2513, 1523, 2537 ] }, "given": { "value": "T.L. Grant T. -.", "coordinates": [ 1168, 2514, 1421, 2541 ] } }, { "family": { "value": "Speed", "coordinates": [ 1916, 538, 1997, 571 ] }, "given": { "value": "Cycloconverter", "coordinates": [ 1423, 538, 1634, 570 ] } }, { "family": { "value": "Dalla", "coordinates": [ 1310, 498, 1383, 524 ] }, "given": { "value": "Samcer K.", "coordinates": [ 1154, 498, 1296, 524 ] } } ], "phoneNumbers": [ { "value": "19081916", "coordinates": [ 587, 1870, 732, 1896 ] } ], "type": "BusinessCard", "isBackSide": false, "width": 2134, "height": 3036, "orientation": 0 }


{ "names": [ { "family": { "value": "Slcfanovic", "coordinates": [ 1549, 1412, 1705, 1442 ] }, "given": { "value": "G. Olivier & V.", "coordinates": [ 1251, 1415, 1481, 1445 ] } }, { "family": { "value": "W", "coordinates": [ 2053, 225, 2073, 254 ] }, "given": { "value": "( Ti I I U", "coordinates": [ 1638, 218, 2007, 260 ] } }, { "family": { "value": "-Oi", "coordinates": [ 2048, 620, 2074, 642 ] }, "given": { "value": "I S I", "coordinates": [ 1638, 628, 1799, 656 ] } } ], "phoneNumbers": [ { "value": "111111111111", "coordinates": [ 559, 793, 659, 819 ] }, { "value": "1111111111", "coordinates": [ 822, 232, 917, 254 ] }, { "value": "111111111", "coordinates": [ 927, 356, 1018, 378 ] }, { "value": "11111111", "coordinates": [ 637, 407, 739, 432 ] }, { "value": "111111111", "coordinates": [ 838, 445, 939, 469 ] }, { "value": "111111111111", "coordinates": [ 608, 665, 749, 688 ] }, { "value": "1111111111111", "coordinates": [ 831, 961, 963, 988 ] }, { "value": "11111111", "coordinates": [ 725, 1009, 792, 1027 ], "type": "home" } ], "type": "BusinessCard", "isBackSide": false, "width": 2037, "height": 3179, "orientation": 0 }
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{ "names": [ { "family": { "value": "Engi", "coordinates": [ 894, 1562, 950, 1590 ] }, "given": { "value": "Reluctance . Ncwcs Luwcr", "coordinates": [ 365, 1564, 878, 1588 ] } }, { "family": { "value": "I.", "coordinates": [ 664, 1601, 681, 1623 ] }, "given": { "value": "Ncwms", "coordinates": [ 364, 1602, 466, 1625 ] } } ], "phoneNumbers": [ { "value": "11111111", "coordinates": [ 886, 275, 947, 293 ] }, { "value": "11111111", "coordinates": [ 1614, 165, 1676, 188 ] }, { "value": "11111111", "coordinates": [ 1513, 207, 1576, 231 ] }, { "value": "11111111111", "coordinates": [ 1567, 375, 1708, 398 ], "type": "phone" }, { "value": "1111111111", "coordinates": [ 1772, 374, 1874, 401 ] }, { "value": "11111111", "coordinates": [ 1642, 448, 1725, 472 ] }, { "value": "11111111111111", "coordinates": [ 1868, 547, 2054, 574 ] }, { "value": "11111111", "coordinates": [ 2027, 594, 2082, 614 ] }, { "value": "111111111", "coordinates": [ 1360, 624, 1484, 649 ] }, { "value": "11111111", "coordinates": [ 1526, 727, 1589, 743 ] }, { "value": "111111111111", "coordinates": [ 1702, 723, 1839, 741 ] }, { "value": "1111111111", "coordinates": [ 1566, 761, 1666, 781 ] }, { "value": "11111111", "coordinates": [ 1324, 841, 1383, 858 ] }, { "value": "11111111", "coordinates": [ 1838, 891, 1901, 915 ] }, { "value": "11110111", "coordinates": [ 2016, 936, 2084, 957 ] }, { "value": "111111111", "coordinates": [ 1698, 968, 1783, 990 ] }, { "value": "1111111111", "coordinates": [ 1393, 1007, 1473, 1031 ] }, { "value": "11111111111111", "coordinates": [ 1883, 1065, 2013, 1090 ] }, { "value": "11111111", "coordinates": [ 1579, 1170, 1645, 1188 ] }, { "value": "11111111", "coordinates": [ 1541, 1200, 1604, 1225 ] }, { "value": "1111111111", "coordinates": [ 1899, 1260, 1992, 1284 ] }, { "value": "11111111", "coordinates": [ 2025, 1260, 2087, 1283 ] }, { "value": "11111111", "coordinates": [ 1839, 1339, 1907, 1357 ] }, { "value": "11111111", "coordinates": [ 1388, 1376, 1462, 1394 ] }, { "value": "11111111", "coordinates": [ 1699, 1468, 1772, 1491 ] }, { "value": "1111111111", "coordinates": [ 1931, 1468, 2042, 1492 ] }, { "value": "11111111", "coordinates": [ 1582, 1548, 1647, 1565 ] }, { "value": "11111111", "coordinates": [ 2021, 1603, 2086, 1626 ] }, { "value": "111111101", "coordinates": [ 2003, 1675, 2087, 1701 ], "type": "phone" }, { "value": "111111111", "coordinates": [ 1552, 1720, 1648, 1736 ] }, { "value": "11111111111", "coordinates": [ 1741, 1818, 1826, 1835 ], "type": "home" }, { "value": "111111111", "coordinates": [ 1782, 1857, 1873, 1873 ], "type": "phone" }, { "value": "11111111", "coordinates": [ 2004, 1851, 2079, 1872 ] }, { "value": "11111111111111", "coordinates": [ 1818, 1925, 1940, 1949 ] }, { "value": "111111111", "coordinates": [ 1957, 1923, 2053, 1949 ] }, { "value": "111111111", "coordinates": [ 1401, 2142, 1486, 2160 ] }, { "value": "111111111", "coordinates": [ 1979, 2140, 2076, 2160 ] } ], "type": "BusinessCard", "isBackSide": false, "width": 2084, "height": 2893, "orientation": 0 }
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