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CHAPTER T

INTRODICTION

t.t Importence of Statically Controlled Inductfon Motor Drives

The field of static control and conversion of electric
povwer has been revolutionized with the development of solid
state semlconductor devices (such as silicon controlled
rectifiers, power diodes and power transistors etc.). Also
the fast developments in Power Electronics have opened up nev

..v;ggg‘in the field of static control of eleoctric drives that
are gaining more and more popularly. An electric drive basi-
cally consists of an electric machine associated with a control
squipment (that may include a frequency converter, rectifier
etc.) to convert electrical energy into a mechanical energy
and thereby to provide a versatile control of speed, torcmc
eto. of the electric machine.

Normally, among the statically controlled electric
drives, a d.c. motor Operated as a variadble speed drive by a
static pover ocontroller is a popular choice. But the main
draw backs of a d.c. motor are f- '
(1) Increase in cost and decrease in power/welght ratlo because
elabora: mechanical commutator.
(11) Accentuated sparking at high currents and speeds.
(111) A limited armature voltage rating inherent in d.c.
machines.
(1v) A limited armature current, because of commutation

probl em.
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Because of the adove drawbacks of a d.c. motor, a
suggested alternative {8 to use a cage rotor induction motor,
or a synchronous amoctor or a reluctance motor ; operating at
variable frequency and supplied from a static frequency
converter. The use of a cage rotor-induction motor has the
sdvantage that t-

(1) The cost of induction motor is only about one sixth
for the d.¢. motor of the same speed and power rating.
(11) rbe’lawc;7ucight ratio of the squirrel cage I.M. is
tvice that of a d.c. machine,

In general, a solid state inverter fed induction motor
drive, is an efficient, and robust, drive system, having an
application in fislds vhere an extremely precise speed control
or speed matohing is required. Thus, the static frequency
converters provide a wide range variable speed drive with
control accuraclies upto .00t %4, since the solid state frequency
converters/inverters provide output freguencies that are precise
and stable. The initial capital cost of such drives is very
high and discourages the application of such drives for general
purpose application. However the fast decline in the cost of
80114 state devices and electronic covwponents, and an added
advantages obtainadble in such drives these are bound to replace

Zema
decs drives inhto come.

Variable rraquangy Inverter Fed Induction Motor Deives

A cage~rotor induction mctdr fed with & variadle
frequency supply provides a versatile and vide range speed
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controlled drive. The variable frequency supply that alters
the synchronous speed of the induction motor, can be obtained
through & statia frequency converter. For optiwum motor perfor-
mance and effective utilization of core material, the air gap
flux of the induction motor should be maintained constant. The
air gap flux can be maintained approximately conatant by
keeping a constant volts/Hz ratio i.e. varying the supply
voltage proportionately as the troqumcy is varied. However
with constant v/f operation, the perfaémnat of the motor
deteriorates at lov frequenciss becauss at low fraquencies the
- influence of stator resistance is 1noraa§cd and consequently
the air gap flux reduces to some extent. Hence, in order to
improve the lov frequency characteristic, the terminal voltage
should be increased more than the proportionate value. The
required boost actuslly depends upon the design and size of
the machine. A constant volts/He operation gives the following
characteristic features to a variable frequency drivelt-

(1) The starting current,pover factor and also the starting

 torque are improved.
(11) The pull-cut torque remains approximately constant.
(111) Suffioiently high torque can be achieved through~out
the entire range of speed control.

Thers are two mode of operation of a variable frequency
induction motor drives, such as I-Constant Flux operation §
(13+Constant Current operation.
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Constant Flux Operations~ In order to maintain a high torque

throughout the entire speed range, it is essential to maintain
the flux constant. This can be achieved if the air-gap e.m.f.

Byy instead of terminal voltage is varied linearly vith the
frequency and a proper boost in E, is given at lov frequencies
in order to compensate for the increased effect of stator
wvinding resistance. Further it can be shown that (1] the
slectromagnetic torque is proportional to square of z,fr, or
air gap flux, at a given rotor frequency f,. Consequently if
E‘/t, or air gap flux is maintained constant, the torque is
solely determined by the absolute rotor frequency "f, and 13
independent of supply frequensy, f, ".

Thus a control scheme in which the rotor~slip frequency
is directly controlled while maintaining the conatant alr gap
flux or E,/f,, the drive can exhibit a precise control and
adjustment of torque at any speed.

Cons t Operation 3~ Practically, high torque under
constant flux operation can be obtained only at the cost of

increased stator ourrent. Again it has been ahown[' ], that

the stator current I,, is independent of the supply frequency,
t‘,, vhen the air-gap flux is constant, but depends upon the
rotor slip frequency, f‘a. Thus the air gap flux of the motor
can be indirectly determined by the stator current and rotor
slip frequency f,. Further, the torque can be expressed in

terms of stator current and rotor frcqutney“ ]. Therefore in
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sooondy node of operation the stator current I,, as vell as

rotor frequancy ta are controlled in order to maintain the

air gap flux constant and consequently the high torque through-
out the antire range of speed control . The basic advantuge

of constant~current operation is that there ia no necessity

of large overcurrent capacity of the inverter since there

are no current surges and thus the inverter design is economical.

Normally variadle frequency drives are closed loop
drives and the simplest scheme 13 the controlled, Slip drive,
in vhich the slip frequency is contineously controlled so as
to ensure that operation is alvays at small slip. This oves
a high developed torque at high power factor with low losses.
The overall characteristics of the drive can be adjusted so.
as to mt the particular application and two basic types of
characteristics 1.e. as 'constant torque' and 'constant horse

power' characteristics ¢an be achieved in the following vay!-

t.2.3 Constant Torque Operation t- (Below and upto one per unit sped).
It can de obtained by increansing the terminal voltage linearly
with the supply freguency and to provide a suitadle boost in
terminal voltage at lov frequencies in order to maintain a
constant alir gap flux. This gives a high torque through-out
the speed range. However the spesd range can be increased
above the ¥ p.u. speed by keeping th; terminal voltage constant
and increasing the fundamental frequency above the normal
rated supply frequency. But in this casi the torque goes
on reducing as speoed is increased above One per unit because of

decrease in air gap fluxe.
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1.2.% Constant Ho Power Cpe on _t~ (Above and upto,\pex?:nit speed)
If the frequency t2 is increased linearly with f' for a constant
statopr voltage then it can de shown that torque is inversly
prbporuoml to the supply frequency. Since T = K''92 f, or
¥ K" (v, /207 x £,

This means that the torque varies inversly with the
speed i.es a constant horse power characteristic is obtained.

122.5 Constant Horse Power Operation st~ (At low speeds in sub-
synchronous region).
Eov o fexeol value of “F2°, 2
A 1t can be obtained by varying (V,)

f4» In this case torque varies inversly proportional to f,

proportional to

and a congtant hourse power output is obtalned, since .
T = KR £, a o2 rx(V,‘a/f'z).
Constant horse power opesration over a wide speed range

is required for Traction purpose and for that methods descride
above under secotion 1.2.% and 1.2.5 can be conveniently used.

1.3 ¢s of Inverters Used for Variable Frequency Induction
Hotor Drives

The variable frequency operation of an induction motor
is obtained by the use of Freguency Converter. A frequency
converter 1s a machine or equipment that can gensrate or
convert the input supply to a supply of variadle frequency
and amplitude. The rotating type of frequency converters have
been used in past but now a days are out~-dated and are replaced
by the shlid state frequency converters. State frequency
conversion hasethe following advantageste
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(1) Extrcoaly high aceusacy and otabllity are obSalnci.
(13) Idgh officicacy and abocago of noving napto, rclucos
tho oporating eost.
(4342) Hcauiro omilor spaco, lessor maintcpanco, no macaine
olignmcat and havo lowor installatien coot.
(4v) Tast rospoaso and control can Do achicved casily.

o static frcaucndy convertors oarpo divided into tuo
ontonozicas= [A)] D.C. Linmk Convortors § [B] Cyclocomvorters.
A dogo 1int convertor io a tuo otogo conversion dovico in
valeh pouce £ront tho 0.0 notvorlt 4o fipst reetificd to de.c.
ond then dnvortod o obtain a.c. voliago ot variablo freuucacy.
wis Cypo of inveptor can oporato ovor a laprge frcaucncy range
ced 1o ouitablo for wdeo=raorgo spocd contrbl driveo. Houcwor
this typo of invertcr cmloying thyristorg, rcquirsc additioanl
coutaticn eirenits and Sheroforo complicatcd contyol elpeultry.
Aloo fop pogcacration capablility i¢ rcoguipco additionnl eirefits
and herao tho sost ond comlianmity 4o inepcasoed.

A eycleoccnvcweor io o devico to conveet dipcetly tho
ctpply fecgucacy o o louvor culpul frcqucney ona doos a@t
mcquirarﬁnzcenoaiaeo rcotifications. Tho cutput frcyucacy rango
cad {0 1iridtcd ¢o absut cno third of tho supply Srcgucrcy and
thepogora tho Arives canloying eyel o=gonvcrices aro suitablo
only for onoration nt lov-fpcancasy oF sopocd ransc. [owvover
tho Laole advantage 0f a eyeloeconvortor 18 Lts inhopcat

¢anabllity of coscaceativo oporatien and o ¢logo apnroxiuation
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of the output voltage to a sine vave, particularly at low
frequenctes, since the output wave is fabricated from the
segnents of the input supply waveforas.

In general for wide range speed control and vhere
regenceration braking is not assmtial a d.c. link converter
fed induction motor is the dest cholce. In actual practice
for drive applications, a d.¢. link converter is required to
provide an output of variable frequency as well as variable
voltage. Based upon the above requirenents, the rectifiore
inverters {frequency converters) are divided into the following
two groupste

(A) A.V.I. (Adjustable Voltage Input) inverter.
(B) P.W.M. (Pulse Width Modulated) inverter.
(C) Curreat Sourece Inverter.

1.3 Adjustable Voltage Input Inverter t=- The A.V.I. invertor{‘?].
basically consists of three major circuits! a phase controlled

bridge or a chopper controller for voltage control, an inverter
for frequeney control and a fixed d.c. bus to provide eonstant
commutating capability.

In phase controlled bridge rectifiers, a ‘phase control’
technique (in which delayed firing of thyristors normally
, eonnéctcd in three phase bridge configuration) 1s employed in
order to contrcl the d.c. voltage input to the static~inverter.
Basically, in phase controlled rectifiers, the displacsoment
power factor varies linearly with the output voltage and at low
output voltage, the pover factor 1s low which 1s a digadvantage.
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Also, scaa '‘beating '’ notor currents aro eauscd by tho dlfforcnco
of inveric? output ond pcetificd iino frcyucaey ard in opdcoy to
nininizso thea a snoothing Le.Coe filtor is required. Marghow
beeause of dlscoatinueus conduetion at lov voltages, tho filter
sapacitor rcegulrced vsuld bo lapgor Chan ¢$hat for a P.l.ll.
invertor uvicro continuous conduction taltes nlace. igain becauso

of largo £filtor ¢imo conotant yosponse is glov.

a0Tele dnveptor vith choppor controlled 4dmput has tho
advantano of pood poucy Lactor at tho d.e. ﬁnmuﬁ and poosgiblo
ghotor voltano rooponoo duo O omaller tino conotant on account

of L.Ce £ll%cr uocd ca tho ocutput of a high-{rcqucacy choppor.

10302 Pulgoc 1114¢h lodulntcd Invoptop S« The P.lll. inVGrtcrtajv ean ﬁc
coaoldorcd a0 o pofincd vopoion of tho chopporeinput A.V.1,,
singo 1a ¢this cagso voltago and frogqueney coatrol are accoaplie
ched vith oaly cne povcr controller anrd comno apceial control
logic oircultzy. Tho Polelle Anwveortor Basiceally generatOs an
cutout woltago of coastont amplitido ond voriable vidth dlocksg
vhich uhcn supplicd ¢0 on inductive 1oad (or motor), producos
a pnoothed wvopsioa of tho voltago vavefora 1.0, of fundanental
feoquoneys. Pulso vidth nodulascd bloeks aro gencrated by tho
commarigon of a roforcaco sinugoidal signol (of fundameatal
£roquency) vith o carrlor wave (that =3y bo o ¢rlangular,
poctangular, oquarc or trapisoidal). [orzally tho ratio of
tho earrdop vavo o pofepcn3o 0inciavo 4s ep® high dm ordor to

redugo tho louce ordor harnonlcs.
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The pulse width modulated inverters have the following

advantagest~

A\l

when the pulse width is sinusoidally modulated with high
frequency triangular wave, the output voltage and current

_have small harmonic contents. This reduces the undesira-

24

3.

be

De

6.

ble torque pulsation vhich are usually associated with

low frequency static a.c. drives

A high pulsing frequency reduces the lower order harmonics
content and eases the filter requirements. |
Mains interference and distortion are also minimized
because of an uneontrolled rectifier and high pulse repe-
tition frequency in the inverter.

The P.W.M. system requires a minimum of auxiliary equip-
ment, since the only apparatus required, in addition to
inverter, i3 an inexpensive bridge rectifier.

Good pover factor to a.c. line and excellent dynamic
response.
Mall load speed range of 203V is obtainabdle.

1.3.3 Current Source Inverteri~ Most of the solid state inverters

used in variable frequency a.c. drives are of varinble voltage

and frequency type. Recently, current source dnverc,ors[:*}

- have been developed in vhich the magnitude of current at any

point is alwvays controlled by the regulated current source.

The current socurce inverters are dbecoming more popular and

ideally suited for a.c. drives requiring a constant torque

output. In a current source inverter fed induction motor drive,

L
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the average d.c. voltage at the input terminals of the inverter
varies vith the pover demand of ths motor. For example, if the
motor is unloaded, the d.c. voltage will be near zero, while it
will be at some maximum positive value vhen supplying rated H.P.
If the motor load is overhaniing, the d.c. voltage reverses in
polarity and the power will be returned to a.ce. through the
controlled rectifiers 1.9, regeneration tskes place. However
the circuit and induction motor parameters effect the perfor-
mance of current source tnverterl3], The current source inver-
ters have the following specific advantages over the voltage
fed inverterst- |

1. Simple configuration and non-inverter grade thyristors
can be used.

2. Commulation capability is load current dependant,

3. Ability to ride through commulation failure and also to
recover from momentary short c¢ircuit fa_nurt. Hence
thyristors rejuire ninimal protection and full current
handling capacity can be utilized.

4. Regeneration capablility, makes these ideally suited for
drives requiring frequent acceleration and decceleration.

5« LOw cost.

.l Special Features of a Three Phase 50114 State P.W.M, Inverter
Using P sto |

Normally, P.W.M, inverters employ thyristors, having
fast turn off time of the order of 20 micro-set. Mut the
eonmitation difficulties and commutation eircuit time constant
1imit the switching frequency. In a simsoidal P.W.M. with
triangular vave a Modulation Ratio (Ratio of triangular carrier
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frequency to the freguency of reference sine wave) upto 20
can be achieved and may give afi inverter motor drive with
subgtantially a good performance for noml application of
speed control. But for some specialized applications; such
synthetic fider mamufacturing, paper manufacturing and other
continuous processing plants, a very precise, vide range, stabdle
and coordinated speed control of mmltimotor drives system is
the specific requirement and K.V.A: ratings are in the range
of upto 20 K.V.A, For such applications, a s0l1d state P.Y.M,
inverter (employing Power Transistors as a switching element)
Fed Swuirrel Cage Induotion Motor Drive is the best choice
because 0f the following fauonss-

(a) A Puv;r Transistor employed as a solid state sws.tching
elsment requires only one signal to switch it ON and ¢
turns OPFF automatically, when the switching ON signal
is absent. Hence the P.W.M. Inverter employing Powver
Transistors, do not regquire any aMtatim circultry
and the problems associated with commtation in the
Thyristors are over. !urthar the control circultry is
much simplified.

(b) Power Transistor being a fast switching dovice, having
& turn ON and turn OFF times of the order of | micro-
second gg& tho inverter can be operatod at high
switching frequencies and thus high modulation ratios,
(even upto 100) can be achieved. Therefore an output
wvave of lov harmonic content can be generated, with all
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the harmonies that effect the motor performance, being reduced
to minimm.

" The ready availability and fast reduction in the cost
of high rating svitehing power transistors (e.g. 800V, 30 Amp)
have resulted in a possidble alternative to use power transistors
in place of thyristors. With this view a Three Phase 50114 State
Inverter is designed and fabricated } the practical feasibility
of this alternative hnﬂiete&od and the results are reported in
this thesis. The P.W.M. inverter designed and fadbricated have
the following specificationsie
(a) Output K.V.A. Rating s~ 0.5 KVA'(50V, 10 Amp, 3 Phase).
(b) Operating Fraquency Range t~ 5 Hz to 100 Hs.
(c) Faculty to control the voltage and frequency of the cutput
with seperate control signals, in order to provide constant
V/F operation. |
(d) Modulation Ratio !« Two modes of operation are possiblel~
(1) Fixed Modulation Ratio (M.R. = 6, 12 or 24),
(11) Yariable Modulation Ratio (M.R. Varying 20 to 100
with the variation of fundamental frequency from
50 to ¥ Hz) |
(* The rating of the developed inverter is limited to
0.9 XVA because the only power transistors available vere
2N3055 (60V , 16 Amp). The inverter rating can be extanded
upto 10 KVA by using the powver transistors of rating 800V, 304 3
with the same control and pover unit).
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1.5 Brief Description of the Work Presented in This Thesis

In chapter 2, the review of various pulse width modulaw
tion techniques is presented and some P.W.M. inverter fed
induetion motor drives are discussed. The third chupter describe:
the control scheme for the Three Phase P.W.M. Inverter, designed
and fabricated az a part of this dissertation. Design consider-
ations that are of vital hnportunan'in design are fully discussed
snd design of various blocks is given. The design of Power Unit
is also presented in the same fashion in fourth chapter. In the
last chapter (Chapter V) the praotical observations of P.W.M.

inverter and conclusions are presented.
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2.0 Reviev of Pulse Width Modulation Techniques

241

It is evident from the discussion of section 1.3.2. that

a P.W.Ms inverter can inherently perform a dusl function of vary-
ing the frequency as well as the magnitude of the output voltage.
The voltage control is basically achieved by Pulse Width Modula~
tion which may be defined as the control of average lavel of &
quantity {Voltage, current, flux etc.) by applying or driving
that quantity in discrete intervals or pulses. The most commonly
used techniques of pulse width modulation are ¢t~

1. Single Pulse Width Modulation or Quasi Square Modulation.

2. Multiple Pulse Width Modulation.

3. Sinugoidal Pulse Width Modulation.

. PoWeMs in Six~Step Wave.

8ingle Pulse Modulation or Quasi Square Modulation

This type of modulation is characterized as one whose
polarity reverses tvice per cycle. This is the most simple type
of modulation teshnigue employed to control the amplitude of
fundamental component of the wave by varying the Work to space
ratic as shown in Fig.2.1. The analysis of such s wave form

gives the r.m.s. value of the ntP coofficiont as

deXaies (n) .[3:5: cos n D] x 100 (2.1)

B
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and the total r.m.s voltage of t—h;r wvaveforn, including all the
harmonics, is given by

. t/2
/;ng;z_ﬂ). = (1= 221" x 100 (2.2)

BEquations (2.1) and (2.2) are derived in and numerical results
are given in Ref.[lk], table 9.1. The greatest disadvantage of
the quasi=square or single pulse modulation is that the normal
voltage control range 1s limited only 30 to 90 °/4 because allow
voltage various harmonies have ampligudc almost equal to that
of fundamental.

2.2 Multiple Pulse Modulation

In this type of modulation polarity reverses more than
twice per cycle and harmonic content at lower output voltages
can be significantly reduced dy using several pulses in each
half cyole. This type of modulation c¢an be further sub-devided
into following groupsi-

I-{a) Two Pulse Uni~directional uWave Modulation.
I~{b) Two Pulse Bi~directional Wave Hodulation.
I1I~{a) Uni-directional P.W.M. with Swuare Wave.
II-(b) Bi-directional P.W.M. with Square Wavse.

2.2+1 Two Pulse Uni-directional Wave Modulationt- In two pulse uni-
direotional wave modulatioh, two pulses of either polarity
+ Or - are generated in each half of the cycle as shown in
Fig.2.2. The word unidirsctional means that all the pulses
in a given helf cycle, have either a positive magnitude pospbvive
or a negative magnitude with respect to ground or zero level
and the wvave may assume zero level for some time. As shown in
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Ay * A A, =~ A
Fig.2.2, £ B = -1-5—-3 and w = —ETJ, then the nth fourier
¢oefficient 1s given by

8v.
oy * ;—f §in nB.8in nwW (2.3)

Here by proper selection of 'B’ as shown in Fig.2.2, the P#
harmonic can be eliminated, if the following condition is zatig~
fied 1.0, Sin PB = Q0 or B = »/P. Also by maintsining this wvalue
of 'B' and varying the width ‘'w', the effective voltage can be
varied while the Pth harmonice still remains absent. From eguation
(2.3) the r.m.s values of the n®D} harmonics and the total harmo-
nic content is given by % rem.sin)

W - [1":..#& sin ﬂ;‘—’ *Sin n w)] x 100 (2.4)
and

. $/2
Ah%ﬂm 2 100 [B(ay = 4,0} = 200 A5 (2.5)
B ,

Since the harmoniass of the order P iz absent frout: the output,
this technique is also called * Selected harmonic elfmination”
technique. It can be observed in this case that even though
lover harmonics are eliminated, the total haramcnic content is
large and the most serious disadvantage is that the fundamental
(max), obtainable 18 75.1 %, 62.2 /4 or 33.3 % 4 of the d.c.
according to whether 3rd, S5th or 7th harmonic is eliminated.

2ele2 ] , ¢ Modulations- In two pulse bidire~
ctional modulation the output voltage have dual polarity pulses,
having a smitry over a cyele, as shown in Fig.2.3{a). Hers,
again B and W can be selected tOo elinminate a particular haraonic
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and to vary the fundamental voltage and are given by
B = (_A‘ + 521/2 and W = (a, - Aa)/a.» The voltage components
in this case are giviu by

_:é.n.%g.n.(.nl = % [tel sin nB »in nw] - {2.6)
B

Now it is possible to combine, two phase shifted bi-directional
waveforms of Fig.3.2(a). This combination results in a quasi~-
square wvave. For example, if two phase shifted bi-directional
square waves are comdined together, then they produce a quai-
square wavefors as shown in Fig.3.2(b).

The combination of two phase-shifted, two pulse bi~
direstiona) waveform would give a modified r.m.s. value of nth
harmonic as t-

‘M;ﬂml s 3-\;‘: {1~ Sin nB S5in nW] Cos nb (2.7)

and total harmonio content as

X-aggm = 100 A=ZD (2.8)

where 2D 1s the phase shift between the two wavelorna.

' Now, there sre three control variadles w,B, and D, out of that
v and B can be used to eliminate any two harmonios, while D
controls the magndtude of fundamental voltage. Therefore s
selected harmonic elimination for any two harmonics (say P, and
Pz) can be achieved, 1f the following condition is satisfied
1res 1=l sin (P, B)esin (P, W) = O and 1=b sin (P B).

SM(PQR) = Q : (2.9)
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From an analysls of these results 4t can de obsornd("]
thats-

(a) PFundamental output (max) voltage is more than that
obtainable from unidirectional wave particularly when
higher harmonios are eliminated.

(b) Total harmonic content is less than that obtained with
ani-dirvectional wave. |

{¢) The amplitude of harmoni¢ increases with the harmonic
mimber e.g. 9th is the largest when 3rd and 5th are
eliminated, where as when 3rd and 7th are climinated
11th predominotes, while others also exist but with
lesser amplitude.

(4d) Only two chosen harmonics are eliminated while in the
case of uni~directional wave, an odd multiple of the
harmonic being eliminated are also absent from the output.

(e) Normally barmonic slimination causes the romaining harmo-
nics to be of objectionably larger amplitudes.

2.2.3 Uni-directional P.W.M. With ire Wavet~ In this type of
modulation several ejually spaced unidirectional pulses every

half cyocle, are generated, by feeding o high frequency carrier
triangular wvave and a low freguency roference square wave into

a comparator. The resulting output waveform is shown in Pig.2.k,
and svings betwveem 'B and zero and the width of the pulses are
deternined by the ratio Aaq/Ar and the number of pulses par
e¢ycle, by the ratio of f'r/fq‘ The harmontc voltages are given
byt~
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é_:.vg.u.(nl &-& [c« nx(M) ~ Cos nx(M+1)] (2.10)

n:o,a
and

o o 3 | 1/2
Lzl . 1000zF—{x(0)  x(1)]] (2.11)

wvhere M = Modulation Ratlio = "sq/""l’

The analysis of equations (2.10) and (2.11) for varicus values
of fr/fs indicate that &=

(a) Lower harmontics are considerably reduced, although total
haraonie content increases with pulse number.

(b) The third harmonic at high pulse nuwber varies slmost
linearly with the fundamental.

(¢) The maximum fundamental r.m.s voltages is 90 °4 of d.c.

{(d) A1l even harmonics are absent from the output.

2u2.% Bi-directional P.W,M. with Square Wave t- Several equispaced
bidirestional pulses can be genarated as shown in Fig.2.5 by
aixing a triangular and square wave through a comparator.This
output waveform with this type of modulation contains odd and
even harmonics. The nth harmonio component is pgiven by["']

L)

é—“%;‘-‘u ’g x 1&0{1*::05 n X(0)*Z(cos n x(2M*1 )=cos nx(2M+2)]
~ L{cos n x(M)=cos n x(M+1)])} (2.12)

vhere M is the Modulation Ratio = A’Q/A,.. and x,4X, sXp9X3 are

the points of intersection of triangular and squarevave.

T™his type of modulation gives the following characteristics:~
(a) Bven harmonics except those of the order (ty/fy) ana
3(fp/tg) are absent e.g. for f./fq = 4 only 4th and 12th
even harmonics are present. |
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(b} The harmonic with mimber equal to f,/f, has the largest
amplitude.

(¢) The content of lower order haraonice 1s less than that
obtained with unidirectional switching.

(d) The odd harmonic content generally fncreases as the
opersting frequency is incroased, while reverse is true
in the case of unidirectional switching.

2.3 Sinusoldal Pulse Width Modulation

Sinfisoidal pulse width modulation is obtained by modula-
ting the reference sine wvave with triangular wave. This type
of modulation is also termed as subharmonic method of control,
and offers the advantage of reducing the harmonics to a toleradble
1imit in the voltage and current and comsequently in torque
(in P.W.M. inverter fed drives). In spest control of induction
motors using P.W.M. inverters {esploying simusoidal pulse width
wodulation), there is a production of sinuscidal mean voltage
from a nqun;c alternating voltage with different positive and
negative voltage-tine arsas. Also the flux varies according to
the mean voltage of this alternating square voltege.

-Basically, a wvoltage with sinusoidsl mean value contains
two types of harmonics e.g.
(1) Three-phase harmonics that forms a rotating field.
(11) The harmonics that are in-phase and drive a current in
the neutral. Practically, 'ﬁhc in phase harmonics can
be ersily eliminated Dy omitting the neutral.
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’mir. are two types of Sinusoidal Pulse Width Hodulationw :
schemest (1) Two Level or Bidirectiocnal P.W.M., and (2) Three
Level of unidirectional P.W.M.

: Bi~d ~Sinuso PalsM 1= A two level or
bidirection pulse modulation is shown in Fig.2.6, vhere Q,,Q,,
Q3,.. ++++8, are the points of intersection of triangular carrier
vave f,(0) and the modulating wave f,(8).vhere

£,0) 2 (6 - 3@ {510 (2.13)

where § =03 0<6 L w/2N
=ty m/2Ng 6K 3In/2N
I =24 3w/2Ng 8 g 5n/2K
=Ny (2N~ 1) /RS @ (20 + ¥)n/R

and £,(8) = Y Sin € § here N = Frequency Ratio = Lo/fg and

Y = Modulation Index (Ratio of amplitude of sine wave to that
of triangular wave. From Fig.2.6(a) we get m = (N + 1),

9 *0and 6, = » and also |¥lsl. |

The R.M.S5. vaiue of the nth harmonic «~Voltage of two level or
Bie«directional P.W.M. wvaveform from unit D.C. link voltage is

2v = E {' cos n(e‘) + 2{00! n 92 - Q08 n 93 Poannsuve
eeren.*(=1)%008 n 8yl = («1)® coa n @] (2.14)

The solution of the equation (2.1}4) for four values of N = f./f,
ars given in Tables 920 to 9.2 3["] It 18 seen from these
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tables that the harmonics with largest amplitude is that which
occurs at the member given by t,r/fs -

For example when operating at rT/rs = 6, the sixth
harmoniey at f,/fg = 10, the 10th harmonics and at f,/f, = 20
the 20th harmonics, have the largest amplitude. For zero
modulation index the output 1_3_ & sguare wavi at the frequency
H.fs and the fundamental i3 zervd. Alszo the amplitude of the
N.fg haraonics has a value 90 % of the d.Ce supply. As the
#odulation Index increases the fundamental also inorenses in
value and the K.f. harmonic reduces, vhere as adjacent even
haraonics increase in value.

Three Level or Unidirectional Sinusoidal P,W.M.t~

A three level P.W.M. wave form as shown in FPig.2.6(b)

.can be asynthesized by subtracting a two~level P.W.M. vaveforn

with a Modulation Index of {+Y) from a aimilar twoelevel P.W.M,
wveveforn with a Modulation Index of {~¥) as shown in Fig«2.7.

Let N'be the frequency ratio of three-level unidirect-
ional P.W,M, vavefors. The Fig.2.7 shows that X'= 2N, hence
the r.m.s. value of the n®P harmonic voltage of a three level
P.W.M. with a frequensy ratio of N'is given byw}

Wy = % [20(+T, 1) = 2V (=¥, M)

where 2Vp (+Y¥,N) represents the r.u.s value of the nth hermonte
voltage of a2 two level P.W.M. waveform with a modulation (+Y¥)
and freguency N.
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This concept of synthesizing a thres-level P.UW.M,
vaveform simplifies computation of harsonic components, since
the same algorithm can be used for computﬁtion, in both the
cases. The Nevton-Rehpson method can be used to compute the
intersection points @,..04.8, t0 an sccuracy of 10"5 radians,

The maximum value of the modulation index (ASIAT) is
limited to 0.98 rather than unity to prevent adjacent pulses
from nerging into each other, ’

In thia type of modulation it can be noticed thats-

(1) The harmonic number having the largest amplitude
ocours at f,/fg * t 3 For example with f£,/fg = 105
the harmonics are largest at the 9th and 1ith. This is
logical alsc aince the 10th ha raonic i3 the carrier
wvave 1tself and no attempt is made t0 elliminate it.

(11) The higher the ratio of f£,/fy the more effective this
system hecomes.

(111) Because of symmetrical ocutput wave all the even
harmonics are eliminated.

Howsver, there are following disadvantages in the
schemes of sinusolidal P.W.M,t«
(a) The higher inverter frequency reguired to give effective
lower-harmonic reduction leads to lower efficiencies.
{b) The maximum fundamental output is approx. 70 % of d.c.
in cagse of two level or bidirectional and 78 % of d.c,
for three=level or urfiirectional P.W.M. for maximum
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value of Modulation Ratio (f,/fs = 20) and Modulation
Index (Ag/Aq * 0.98). This max. value of fundamental
output is well below that of a square wave modulation
that is sbout 90 /. of d.c.

(c) There i3 & characteristic increaso in the total harmonics
contents with higher operating frequencies. However this
is not a serious dravback since the higher harmoniocs can

. be more sasily filtered out than lower order harmonics.
Kaview O

2.% Some Control Schemes For Solidstate fer (P.W.M

‘o lbe ¥

in this section some selected schemas for Induction
Motor drives, employing P. W, M. Inverters are discussed.Their
control schemes and special features arce also reviewed and
discussed in brief, so as to give a different control actions,
type of protections and mode of operations possible with a
P.W.M, Inverter-Motor Drive. These schaene aretw

A Six~Step P.W.M, Inverter Fed 1.M. Drivel~ R.D.Adams and R.S.
E‘ux[ﬁ}, have discussed a basic pulse width modulated six-step
inverter fed induction siotor drive, where the following three
modulation schemes are adopteds~ (i) Fixed Ratio Modulation
(11) Variadle Ratio Modulation (11i) Adaptive Ratic Modulation.

The basic 'Notch Width' or pulse width modulated. Six-
step system 1s shown in Fig.2.8. In this system a variable
d.c. reference signal is nsed for (1) a voltage to frajuency
converter (V.F.C), which in turn controls the inverter output
frequeney and also the carrier frequency.(2) Carrier frequency
generator.(3) Output voltage level control through a voltage
regulator.
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It can be observed in this schene that the modified
version of this reference voltage 13 compared with earrier vave
through a comparator, the output of which is & ''Notch width®
modulated pulse Train. Thess pulses are used to modulate a
3-phase output of ring counter, through a modulation cirocuit and
the thres phase mduiau;a ring counter output is obtained as
shown in Mg.(2.9). This output is used to drive a Thyristor
Firing Sequence Controller, that produces sequential pulses to
turn=-0¥ or turn OFF (through Commutation Cireuit) the thyristors
in a particular sequence, in order to produce a three~phase
pulse width modulated wave at the output of Power Bridge and
thus to control the speed of the induction motor.

Basically, in the fixed ratio system the ratic of carrier
to fundamental frequency (dencted by Fo/f) remains constant over
the operating range of the inverter. Where as in the variadle
ratio seheme the ratio Ro/f is varied along with the fundamental
frequenay in uiqumt:lal steps, s0 a3 to produce only higher order
harmonics in the cutput wvave, that all easily filterod out.
Rovever, there is a limit in the incrsase of modulation ratio
Ro/t or " the noteh width' because of the switching capability
;::r the pover thyristors. The minimm value of ‘Notch width'(a)
a2 well as minimums value of pulse width are limited by the
combination of thyristor switching and recovery times. It can
ba ocbserved that a typieal 300 pesec operating time produces
the following resultsi~

(a) The maximum voltage that can be obtained for a given
Ry/f varies inversly with operating frequency.
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(b) A minimum output voltage must de maintained for a
particular R,/f and operating frequency. This minimum
output voltage increases with the invertsr cutput fregquency.

The basic problem with Fixed/Variable ratio modulation
1s that a provision is to be made for a ‘Notch Width Clamp' that
operates on d.c. reference lavel, vhich will not permit notch
width (a) to decome less then 300 micro-ses. In the adaptiva
ratio teehnique the carrier ratio Ry/f is automatically adjusted
to take oare of all possible limiting comdinations of the pulse
vidth, notoh width and the carrier frequency and maintains cons-
tantly a high carrier frequency through out the entire operating

rangs. Thus the adaptive ratic technique optimizes the operating
charactéristic of the #odulated six-step inverter.

Basically current regulation plays an important role in
the protection of solid state drives, operating from stiff
voltage smcow]n The P.W.M. inverters, however ars not suitabla
for psak or average currsnt regulation with motor loading. For
stable, average and peak current regulation, the control system
must 1imit the rate of inverter output reduction. A varisble
fraquency, non-regenerative reversible drive, with average
cm'rc’ut and overload proteotion is shown in Pig.2,10, Here the
control provides a dual policy peak current limit and a frequency
control loop is used to recover the rotor from pulleout i.e. the
roter frequency 18 not alloved to incresse (or speed to decrease)
mors than rotor breek down frequency at which bresk down torque
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occurs. The dual policy substantially extends the range of
induction motor over loads, that 4o not exceeds the inverter
commutation capabllity. Thus the transient performance of the
drive for rapidly applied motor owerloads is substantnny
improved and practically a load step change of 3-p.u. and max.
peak load current of f=p.u. are easily achleved.

2.4.3 Drect-Flux and Torguc Regulation in a ?.W.H. Inverter-Induction
Motor Irive:-

Almost all the methods of induction motors torgue

regulation sgsumed that the motor flux level iz proportionsl to
the applied voltage divided By the frequency and the torgue is
then proportional to the real component of stator current. In
this technique inaccouracy in torgue regulation ccours dus to
source voltage changes, load changes, and cable and motor
internal voltage drops. An slternative method of torque regula-~
tion is aensing the slip frequency and real componmt of stator
current to allov regulation of both flux and torgue, if the |
rotor resistance is constant and known. |

The m)tho& of torque and flux regulation described bym]
allows direct regulation of flux without depending upon the
invariance of the motor parameters and also provides automati~
cally and electrically isolated feedbatk signal. A simple
calculation of aoctor torque that is not effected by time
harmonics of stator voltage and current can be made using the
flux signals and a measurement of stator currents A system is
described in vhich inverter is sinusoidally pulse width modulated
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at low frequencies so as to shape the s.c. voltage vaveform.
At higher speed square wvave operation is used for maximum
sfficiency. An intermediate transition mode of P.W.¥ that is
not sinusoidal i3 used for smooth transition for P.W.H. mode
to squarewave mode. The system in block diagram and desired
motor ocperating conditions are shown in Fig.2.11. Ths flux
and torque measurement is done by sensing the flux through
flux sensing coils placed in the motor winding in which the
voltage gemerated represents the flux. The level of the {flux
in the motor is alvays chosen to be regulated at the maximum in
order to minimize the time for vhich the inverter is P.W.M.

. and maintaining the operation of ths inverter at the miniaum
possible frequency. However, it should be noticed that this
schame does not require the use of tachometer.

2.%% A Precision Speed Control of Induction Motor Using Phase
Locked Loopt-

The particular application of an slectric drive, bdaslcall;
determines the degres of spesd control required. In some appli-
cations a simple open loop apeed control of A.C. motor operating
with solid state variadls frsquency inverter may be sufficient,
while in some cases feedback control is essential in order to '
achieve better performance. In close~loop systems, conventionall)
an analogeservo feedback system is used in vhich any change in
speed 12 sensed by a tachometer and is compared with a fixed
reforentce voltage and gives a corrective signal., However in some
applications, where en excellent speed regulation and fast
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dynanic response are required, even analog-servo systems are
not satisfactory. These fsature ean be achieved by using digitsl
phase locked loop control aysuenw].

In a phase locked loop method} motor speed is conwerted
to a digital pulse train vhich is synchronized with a reference
digital pulsse train. In this wvay by locking into thas reference
frequency, precise speed control of motor speed is achiaved.The
block diagram of an induction motor drive with phase-locked loop
in the feedback network 1is shown in Fig.2.12, vhere a spoed
control accuracy upto 0.002 %4 can be achieved.

The phase locked loop control systom is desired where
wotors must be synchronized to each other such as paper mill}
textile mill drive or drives used for mamifacturing of synthetic
fiber.

2.%.5 4 Completely Aut 3 S¢ gulating Systemi= I.De zanpaul19]
has desoribed a completely automatic control system for wide
range speed control of three phase squirrel cage induction motor
using statie converter. The block diasgram of the control system
is shown in Fig.2.13. The speed and ths active current of the
motor {(that is proportional to torque for a given value of flux)
are controlled in a cascaded mamer. This system also ensures an
independent control of atr gap flux by maintaining constant V/f
operation in subsynchronous region and operation at constant
rated voltage vwith in the frequency range adbove synchronous.

The change over of from one control to other is sccomplished by
A gate ocircuit. The active currsnt during overloads or transient
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process is limited by the current control loop. Actually the
limiting value of the active current is determined by the maximum
value of the speed controller output voltage. A logical change
over sviteh, whioch progesses logically the preset spsed and the
measured speed value, provides s reverse operation. The logical
change over switch actuates the control device of converter, o
short circulting device and the start and protection device.The
short oircuiting device alvays short circuits cne of the speed
controller output X, R, or I, Rpe (either in phase or antie
phase with respect to wpuﬁ) acoording to the motor direction
of rotation so that sign I:‘ = Sign ( nl=inl)e The sstrick (*)
indicate the preset parameteors and without astrick (*) as the
nessured cne. |
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3.0 Description of the Control Schem

A 30114 state three phase P.W,M, inVerter, used for
speed control of induction motor basically performs the
following two functionss~

(a) It delivers a Three Phase Sinusoidal Pulse Width
Modulated output voltege of variable amplitude.

(b) It controls the fregquency of sinusoidal three phase
outpute.

Based upte the above two basic requirements amd thw
spoeilie fweturas of 4 Solid State Three Phage P,W.M Inverter
smploying Pover Transistor as a switching clement(ds discussed
funder section 1.4), whieh is designed and fabricated in this
thesis. For simplicity the design and fabrication of P.W.M,
Inverter is devided into two partss-

I = The design and fabrication of Control Unit, the design
of which 1s pressented in this chapter.

II - The design and fabrication of Power Unit, the design
of which is preseiited the next chapter i.e., chapter IV.

The basic control scheme used for control unit is
depicted in the form of block Alagram in Fig.3.1. The design
considerations and the basic design of each individual block
is presented in the subsequent part of this chapter (i.e. from
sections 3.1 to 3.4).
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As shown in block~diagram (Fig.3.t1), the control scheme
enploy two control signals V, and V,. The d.c. signal V,
controls the fundamental frequency of the output sinusoidal
PeW.M. wave, while the signal V, controls the amplitude of this
| P.W.M. output vave. Further as shown in block~diagram (Fig.3.1)
the signal V, 13 fed to a voltage to frequency converter (V.F.C.)
that genorates the pulses directly proportional to this signal.
The pulses from V.F.C. are divided through a binary counter in
order to maintain a fixed frequency ratio of the sinusoidal
reference vave to the triangular carrier wave {(that is required
to be generated). A proper Modulation Ratio, denoted as
N= fT/f’ vhere £, = frequency of triangular wave and
t‘ z frequency of reference sine wave can be selécted through
a Modulation Ratio Selector Switch (M.R.S.)§ such as W = 6,12
or 2,

In the next atico a three=step ring counter to which

the pulses are fed after a proper M.Re section; generate

three seperate sequential square pulses, LI Bb’ co, as shown
in Fig.(3.1). These pulses on further division by a factor of
four (aotually divided by a factor of two in 2-atages) and
vith proper inversion generate three square pulses that are at
120 degree phase displacement (i.c. qu,
square pulses are unidireetional pulses and are converted to

qu’ and 3ﬂq}. These

bi-directional square waves Bgy Yg, and Bsq through uni=-
directional sguare pulse to Bi-directional square pulse
converters.,
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Thego oquaro tavoeg aro thea convorgcd to trianmulap
tavos (R, ¥, and Dy) through squaro wavo te triangular vavo

goavergora op annlog dntonrators.

In an annlog-intcrrator any de.¢e. off aot (cAthop &n
tho damat cquaro wavea op biganoo of oporationnl caplifice
used 4n dntcarator), causos a problea of eaturation at tho o«t
puts {c2go inoprdor €0 ovorcone this problca, (ucaching op
Ccact elsauito aro 0ino added to tho basic intozpators, so as
$0 provido tho Reoct op Qucach pulsos to tho intcreators and are
dsouoocd dn dctall later undcae scetdon (Jo1.4). Turther im
ordcr o mintain tho ooplitudo of the triangulap tmves constant
vdth peospcat ¢o tho vapdatica of tho roforcneo Creoqucacy (through
VoPoCo)g 0 dooo olgnol ¥, ' proportional %o v, 45 fcd o oguaro
vavo eoavortors that vasy tho amplitudes of tho sgearo vavos
as tho frcqucacy 19 wagliced theough V,. [ov tho triapgulap
vaves oro converted €o sino vaves of constant anpliitudo throuszh
tho wave=ohaping or Crianguilar to sina-wavo convortops. Thiw
a sot of theoo phaoe (120 dcgroo phasa digplaccd) constant
amplitudo poforance sino wave (1.0 Rgy ¥z ond Bﬂ) 40 genomatod.

In ordor ¢o maintadn o constant V/Hs ratiog tho anpli-
tudos of ngg Ys,, and Bs aro controllod through analoz malii-
plicra o scmo othor amplitudo control cirenits with tho holp
of o 0cporato dece aigml Un(l.0. Amplitudo Coatrol Signall.

Tho anplitudo coatrolled roforcneo sino waven avrg
Pulgo 144gh MNodulatcd through P.llle. oircuits vhoro tho
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‘8nusoidal Pulse Width Modulation is achieved through the
comparator circults. A P.W.M. cirouit receives at its input,
the amplitude controlled refersnce sine vave (Rg' or Yo' or B.')
and a triangular carrier wave fy or f,', and gensrates a trasgm
of width-modulated pulses that.are gencrated at the cross- | |
over points of referenceo sine wave and the triangular carrier
wvaves. Bagically, there are two schemes of Pulse Width Modula~

" 1o t~ Here the ratio of _t,z;\angql_.g_r/ |
wave tO sinusoidal wave 13 kept constant and is xchs;wod
by proper division of pulses after V.F.C. as shown in
Fige3ste

(II) Yarisble Mouglution Batic s~ Here the ratio of triangular
vave to simisoidal waves (£q/fg) varies inverény as the
fraqﬁency of the reference sine waves 1s varied i.e.
the M.Re (f4/fg) increasss as the frequency of sine

. waves is reduced, and the value of M.R. is maxtmum vhen
the frequency of sine wave is minimum.

The Pulse Width Modulated Waves (R, Y, and B) are
now required to be transferred to the Power Control Unit,
ensuring proper circuit isolation and retaining the pulse widths.
The circuit tsolation is normally achieved through optical
isolators that employ Light Emitting Diodes and Photo~transis-
tors. But there are two main 'problsua in employing optical
isolators s= (1) The output signal of Photo=transistor is very
veak in strength and requires,large amplification.
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(11) some spuriocus pulsesnay be generated becauss of ground
noise or supply transients. In the scheme presented in this
dissertation a nev technique has been used for circuit
isclation in which the width modulated pulses are first
modulated with a high frequency (say 25 KHz or more). The
high frequency modulated pulses are fed to the primary of
pulio transformers. The pulse transformers transfer, The
H.F, modulated pulse at their secondaries with proper circuit
isolation. The high frequency superimposed width modulated
pulses transferred at the secondaries of pulse transformers,
are demodulated and produces at exact replica of pulse width
modulated pulses 1.es Ry, Y, and B.

The width modulated pulses (after demodulation) are
amplified in current strength through Preamplifier/Driver and
then fed to Power Control Tnit. The pulses after driver stage
ars sutﬂcimt in current strength to drive the Power Transistors
in Pover Control Unit at full !‘ltit?. The three phase power
control unit delivers at its output a three phase P. W. M.
supply to control the speed of induction motor. With praoper
coordination of two control signals V, and V,, it 15 possible
to operate the inverted fed induotion motor drive in constant
Volt/Hz mode.

The design and developaent of the control scheme as
descrided above is devided into the following groups te
(1) Generation of Three Phase Variadle Frequency,
(constant amplitude) reference sine vaves and Triangular

carrier wvaves.
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(11) Asplitude Control of Three inase Heferencs sine
vaves vith a control signal vz.
(111) Pulse Width Modulation of amplitude controlled sine

waves with the triangular wvave.
(iv) Circuit Isolation.

Triangular Carrier Waves

As desorided in section 3.1 § the Three Phase sine
vave 1s generated by converting the control signal to pulses
of proportional frequency through VFC and th:; :fe;nﬁtcﬁ pulses to
three-sequential pulses through a 3-step Ring Counter. These
pulses are then converted to three phase square, triangular
and finally to sine waves through squars wave, triangular wave
and sine vave converters. Similarly triangular waves are
generated either by suitable division and integration or by a
seperate circuit, Hence the actual design can de further sus-

devided into folloving sub~groupsse

(1) Design of voltage to frequency converter.

(2) Design of Three-~Step Ring Counter.

(3) Design of Square-Pulse to Square VWave Converter.
(4) Design of Square Wave to Triangular Wave Converter.
(5) Design of Triangular Wave to Sine Vave Converter.

Jet.t Dnlgn of ?oluge toﬂlrroqumcg Convertert~

(a) Criterion for Selection of Proper Voltage to Freq. Converter:
A voltage to frequency converter produces, Bdutput
frequencies that are proportional to an input. The selection



of a particular type of V.F.C dépmds upon the following
factorss-
(a) Input r enentst-
(1) Input signal for full scale’f’out (Voltage
and Current Limits).
(11) whether input signal is single ended or
differential.
(111) Nominal input impedence of V.F.C.
(1v) Circult input off set voltage and off set
current.
(v) Input supply and power,
(b) Output available -

(1) output frequency range for full range of input
2ignal.
(11) Non~1linearity in voltage to frequency
conversion.
(114) Output pulse widath (MinMax).
(iv) Full Scale~temp coefficiant (* p p m/0°C max).
(v) Conversion time.

Out of the above factors, the accuracy and conversion
time are the most important factors, that =must be given due
considerations for the selection of a particular V,F.C mwm
or Integrated circuit,

Presently, very precise (highly accurate and linear)
and high frequency range, voltage to frequency converters are
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availabdble in integrated cireuit chip form. V¥e may have V.F.C
with frequemocy range from 10 KHs to 5 MHz and linearity ranging
from ¥ % to .005% .But these V.F.C chips are very costly.

The precison V.F.C chips are not readily available in
India. The only resdily availadle chip is 566, that has
frequency range of 10 KHz and linearity of only 1 % .

For our purpose vhere 10 KHz frequency is sufficient
and 1 % linearity is tolaradble, the 566 chip seems to be a
good selection and we could have used it no doudt but in some
mri xiraciao variable speed drives ve way requirs a bhetter
1inearity. In vi&w of this fact we have selected a voltage
to Frequency Converter oircutt(''), that employ enly two
general purpose operational amplifiers and some discrete
components. Thia eircitit has lovw cost and a good linearity
of the order of .05 %. )

Basic Design of Voltage to Frequency Converter te

The basic circuit of a V,F.C 43 shown in Fig.3.2 and
consists of an integrator and a comparater. When an input
signal of constant amplitude is applied to the Mtqut::;r,lt
charges the capacitor c, at the rate defined dy the tinme
constant set by R, t.‘v1 comdination and causes the output of
the integrator to increase linearly with time. The comparator
employs a zener diode to control the high threshold and has
hysteresis to provide low threshold. In this circuit a
negative input voltage causes the ocutput of the mugrator
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mepcago €0 o, *= n Vz ¢ (n*9) Voo A% thio polnt Cho eone-

igop cutput svingas ¢o pogitivo and turns on tho 2csot cuitch
o ponot suiteh dischargos tho eapacitor € and i¢ contie

3 vatill o rcachos the low throshold of tho comparator.

jov ¢hroshold cqunlo tho forunrd voltagoe drop acsoss tho

lc 1y, oF tho voltago lovol at the invorting (=) input of
comparator. It can Do obsorvod that R, supplics no positive

ibnelr oo long aa tho cutput 1g pooitive, becaunso of diodo
Tho diode»ﬂ%, alvayo kocps tho lovere threshold absat soro.

3 in nceconsary sinco Q? can not dischayrgo the enpacltor C

s tho transistor saturation voltago. Tho chango in capacite

tago dueing each cyclo botwacn two compapator switchins poind

Vg ¢ Vg) as shovn im Fig.3.2. Tho opcrating frequoncy of
convortor 1o doteorminced by ¢time requircd foyr this chango in

rcdtor voltago (1:0. A Ople I we assuno that 4if tho input

rent iﬁ rcing constant during the charging oyeclo, thea
charpging tine is given by 4 ¢ = C.A o,/1; and tho fregueno;

£ =19/ &% = =0/ nCR(Vy *+ ¥,)

porfeemaneo of this V.F.C. deponda upon tho off ooy,

carity and gaine Tho orrov producod in output froqucaiey

ango of offsot produced by tho operationnl amplifice 44

given Ly
8 Ty ¢ B0y WInCR (Vg + 7)) (3.1

PO Vba 45 Cho off=got voltagos and Ios 10 ¢tho off~gct

wcnt 0f Cho oporational amplifior Bge
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“The NoneLinearity error is introduced by the discharge time tD
and the limited gain of A' and is given by

(3.2)
Ay O 3

= Non~linearity.

. The siov rate of the op=amp or the maximum current of
_ h

the discharge switch Q,, which ever g&more limiting effect

deteraines the reset tinme ¢t D Rormally the gain error is

governed by the tolerance variation of R,, C, Ra, nna, I>1 and

Dy

A technique to achieve better linearity wil¥ higher frequency :-
The operating frequency linmits of a V.F.C. are governed

by two factors:-

() The conversion time, that places a limit on the minimum

operating frequency and for practical conversion times not

exceeding t-sec., the minimum usable converted frequency is 1 Hz.

(b) The resulting time of the integrator capacitor limita high
frequency operation.

Also the non=linearity error is introduced by the reset time
and to reduce this error to .01 % , the reoset time -mst be no
more than .01 i of the minimum signal period 1.6, 10-n~sec for
10 KHs range. Practically it 1s very difficult to achieve such
short reset intervals and even if achieved they produce sharp
pulses of such a small pulse width that they are adsordbed by
the line capacitance itself. Hence a technique 1s employed to
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supply to the integrating capacitor, a controlled amount of
resetting charge, rather than a fixed reset voltage in order
to extend dynamic range for improved precision.

The principle of operation of a V.F.C. employing
controlled charge reset circuit is depicted in Fig.3.3. In
this circuit the reset charge is supplied each time, the input
signal charges the integrating capacitor to a reference level
En, at a rate determined by the current 11 from an input signal.
At the reference level the discharge current I pr discharges the
capacitor for a period t; . As the process repeats the charging
and discharging voltages are cqual and opposite since
QGo2igto==Qpal,t,.
where I, = Discharge current ; t, is the discharge time ;

11 is the input charging current and tc is the charging
time. Also Qc and QD are the amount of charges that
provide charging and dlscharging respectively.

The frequency of oscillation is given by £ = Vtc = ?lin.tn.i,-_
it ID and tD are conatant we can clearly observe that f «x o .

A Precision Voltage to Frequency Converter s«

The circult of a precision VFC employing controlled
reset charged reset technigue is shown in Fig.3.%. Similar to
comparator controlled reset circuit as shown in Fig.3.2, this
circulit also contains an iutqzrata: and a comparator. But the
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comparator in this precision circuit provides a controlled
discharged current I, and a fixed discharge time and thus
ensures a constant reset charge of Qp = = Ipty, « A fixed
voltage across the zener diode feeds a controlled discharge
current thétmgh a summing resistor Rﬁ +« The input signal is
coupled to the comparator in order to produce a fixed discharge
time, rather than a fixed voltage.

If we apply & negative signal ¥, £ 0y then the output
of the comparator 1s positive. This positive cutput conducts
a current through D, , D, and D, . RNow a voltage of V,*V,.~V,,
is established across ths resistor R, and creates a discharge
current of I, = V, /R, since Voo = Vo, « Also the current
ID > 11 and causes a negative g_aing ramp at the output of the
integrator I~t. This ramp continues to the tst trip point of
the comparator. The first trip point of the comparator is
set only by e; because the diode D, disconnects the positive
feedback for positive valuesof the comparator and is given bdy
% = Vy/K, vhere K, = &/(33 + R,). >hen the negative going
ramp voltage at the non=inverting pin of I-2 comparator reaches
this trip point, the output of the comparator wm;s from |
positive t0 negative voltage. This negative voltage applies
reverse blas at the diode Dy and stops dlscharging. The current
11 now starts cherging the capacitor till the second trip point
of the eomparator is reached.

The second trip point of the comparator is decided by
e, and the positive feedback of the comparator, since the diode



2, nov gcaducts and eomplotos tho pooitivo focdbaek nathe Tho
dicdo bpidge dn this easco dnvarto tho veltaro prcacatcd by tho
gcaore  wmio tho sano geace diodo D, cotablishos o oczoad trip
point as voll as tho digehargo currcat (as indicatcd carlior).
Tho scaopr dlodo thus play an ioportant rolo in tho oporation of
thio Vi'te Tao seaor epcateo a woltage of =V, = V§5 ¢ Vfa ca
tho eoxpasatop focdback rooistor IL,b o Tho occond telp point
10 qp = KoV @ ¥ /K5) @ VoK, o 80 Vop = Ty o

Tho total ehanzo in ¢g 1o givea by tho diffcrcago of
thogo two trip points f.c. Agg = Ky (V, ¢ V,/Aly) ve exn noto
horo that &g 40 o function of V, ond hcago rakos @lachorgo
¢4mo ¢, a conotant. Tho dischargo _tl?‘c; Ey = Aoe)., C/(3;1,)

Kq\ Vg "Vy
S A0g « CAV /Ry © Vo /Ry) op t); = TRy ¥ VT ° g+ RgeC
oineo Iy = K, N,. With ¢y 0 eongtant, tho convortcr FOopoAcOo
polaton lincariy €o

a; 8 0gf o og AR EX, V) (3.3)

As digouascd alrcady the linearity-orror dcpcads upon

[ ¥ 1

tho reoct op tho dischargo tino, and thapofopo onco tho dischargo

timo 10 madoe constent, tho elrcuit beeonos highly ilincar and
orror is nininlascd by rcdu.oing't ptoa ninimaa by supplylng o
nandmo posoiblo controlled ropot chapgo that gecatly dopend
upon Vh s The pcrfor-anco of this cizoude basieally depends
upoa tho eoopoacat aclicstlen, tho off oot im oporaticanl ampli-

fiora cand tho 1incnpity orror.
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Caloulation and Selection of Values of the Components for
Voltage to Frequency Converters-

It 13 evident from the dlock diagram that the max.ratio
between the frequency of voltage to frequency converter and the
frequency of three phase reference sine waves (£(V,F.C.)/f )
is 96. Hence vhen the reference sine waves have a maximum fre-
quency of 100 Hs, the V.F.C. cutput would have a maximum frequenc
of 9.6 KHz at a max. contro¥signal of ~10V. V.F.C, amploy the
operational amplifiers 741 for I, and I, as shown in Fige3.% and
becatiss of its gain band width limitation 1t can not give a good
linearity above 5 KHz. It is thersfore rocommended to operate
V.F.Co in two ranges (1) 5Hz to 50 Hz and (11) 50 iz to 100 Hz
if the mdulation ratio 1s to be solected as 24. For a modula-
tion ratio of 12 or & the range (1) itself can be used for
froquency range of 5Hz to 100 Hs, since V.F.C, would operate
at a8 mixe freg. of 5 KHz in these «f cases.

, As shown in equation (3.3), the ocutput frequency of the
VeFeCo i3 given by £ = -i/(a,cx,va). Now selecting R, » 100 K ;
Ky = ¥ (such that X;.R,b » 2.2 K~ohm + { K~ohm preset and

Rb = 3s3Kwohma) Vﬂ = 9,1 Volts and operating frequency =

5 Kiiz for e, = -10V, we get the value of capacitor as

®
17 .
LR 5 v oy Aeleaeerys seprrammgrry: -
*H* Tt s 52100 x 10 x 103 x 1 x 9.9

1e80 C = \;}-g x 108 = 0,022 nr.

The value of By is selected to be 500 ohm, so that it
gives a sufficient regulating current to cener 1'),s vhen o, 1s
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z00itivo. Tho dlseimwpgo curpcot Iy 1o fincd by VBQ ond il.

and for a ocace valno of 9.1V, tho vnluo of 3 = K io Justi-
£icd cdneo 1% ocholl £ocd o dlcehargo curecat Iy° 9 oA
(opprone} GOt 4p rueh lapger (abous 100 ¢inco) Chan Cho mande
cen 4o3ut currcal vhich 16 .09 pA, that 4o the bhole pomipea~
<%y 10 ecavcalcatly solcotcd ao 90X uvkdlo Iy, = K and

Da > % o 2e28 * 1K on@ copvo as on ascuarnto incapdly teum,
tho d3e3co By to B should bo of bish opocd typo in opdor tO
o o good porforoaneo at hiph Cecoqucndy wnto 10 Kiz.



E - N ' r..lx\.ll\*‘ o -%Jl,llicm!.
et . L - — . ,,...'il.v\.. ,‘.‘I.}\Otm,wl.;(.

A = e
S I e SN -

o s — o —————

] | 3 Sl [t — -

[ e 1

———

TTEL T TR

-
w !




4

«1.2 Design of Three Step Counter t- The output from voltage to
frequency converter is in the form of pulses. This is converted

to square vave with the help of a binary counter 7493 by divid-
ing by two. The square wave is further divided by the same
factor in next two steps. As shown in Fig.3.5, this division
ean be obtained at the outputs Q, , Qp and Q, of IC 7493 (I-3).
These cutputs are connected t0 a Modulation Ratio Selector
Switech which can select any number 'N' = Frequency of Triangular
carriir/frnumcy of aine wave. The pole of the selector switch
is connected to the 3~step ring counter.

The 3-step ring counter gives a pulse at each étep of
counting through a digital counter IC~7490 (I-4), The truth
tadle for a counting sequence of ¥ to 3 is given belowt~

¢ N 5 Gutputs
ounting Segquence QD 5& QB QA

0 0 0 0 0
1 ] o 0 0 1
2 { 0 0 | 0
3 | e 0 10 1/0

]

The output Q, 4 Qu » Qg or Qp are at low level (= 0.8VI) for
state 0 and at high level (= 3.5V) for state 1. Now if the
output Q, snd Qg are connected to 'Reset to Zero', inputs

(Ryy and Ry,) of the 7490, then the counter will reset at every
third pulse, In order to obtain a separate pulse at each step ;
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Gy ana'ﬁg are fod to a throe iaput [OR gato to got o pulso ot
08 oty § U, and 4y to occond [OR gato ¢o got a pulso of 2nd
gtcHr and QA and QB to third LOR gato to got a pulso ot 3xd
otcre Tho sigmals G, , Wy are achlcved by a flaz-iavostos
7bu% (3-9) and OR opepationn through a Triplo 3-Innut HOR
gata 72427 (I=6). Tho outnut of a 3=stop ccunter aro thereo
oignals A, S (A=) 3 B, © %+ D) and Cq a (75 4) . Thaoso
taroo sipnalo aro uscd Co geaocpato Chroo squaro puloos having
o phaso Qlsplacenent of 120 doprocns. Thlg is achicred by
dividinz Cho signala by a‘fuutor of ¢tuo in Cuo otecps through
tho k=bit biaary countors 7493 (I, , I , 29), Tho signal
ncq ia obtalincd direetly ﬁy division through 37 0 th is
odtaincd by invercion aftcr division through 13 and Bsq is
olgo oblalncd dircetly aftor division through Iy p Tho divided
cutput 4c tolica £ron B toradnnlo of tho rospcetivo X.Ce

Pi0.3.9 also, depicts tho various wavoforas of a 3=sctop
countore Fig.3.6 deplots tho cosponcat layout fop Vel'sC. ond
J=otcp Rinp Countor.

Jauaro Uavo Convortorte Tho follovinn

Mo folloving pointo ohould bo ¢alica into eonsidcrationt-
(a) Tho cutputs agoor I, ; Ig , aud I, ao chewm I Pig.3.5 aro
squaro pulses vith thole anplitiides ao 0.8V ot stato ‘0
and cbout 3.5 volts a¢ stato '1's  Theso signnla avo
converted %o bidipcetionnl cynncirleal (vith roopcat to

pround) oouaro vaves, thags can bo furthor shoped to
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triangular and sine vaves. Symmetrical bidirectional
shape of the square pulses is necessary for the generation
of sine wave ocutput having a symmetry with respect to
ground.

(b) 8ince the signals Rgq » Ygq 8nd By, do not reach at zero
voltage at low states. There is always a d.c» level
carried over to the noxt stage that causes a deco Off set
in the ocutput of next stage i.e. the bidirectional square
vave. Hence the ecircuit should be designed properly to
olininnic this source of error.

(¢) The square wave can be shaped to a triangular wave by
using an Integrator. DBut the main draw-back (discussed
in detail in section 3.1.%) is that the amplitude of the
trangular wvave would be frequency dependent and would

- decrease vith increase of frequency. Further, the
frequency 1s to be varied over a wide range say 10 Hz to
100 Hs. Ehercrpre it 1s required that the anplitﬁde of
tr;iagulcr wvave remain constant with respoct to the
variation of frequency in order to produce the sine waves
of eonstant amplitude throygh triangular wave to sine

vave converters.

Therefore it is needed to design a circuit that would

convert the square (unidirectional) pulses Ryq ¢ Yaq # Baq

bi~directional square waves RSQ ’ !ﬁa and BBQ s Without any d.c.

to

off gset and with thelr amplitudes increasing proportional to the
frequency. The cirouit used to achieve the above performance
is shown in Fige3.7.
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The supply voltage V,' for transistors Qy + G, » and
QS is proportional to the frequency control signal V, and
therefore the amplitudes of the signals xn . XY and Xy at
the collectors of Q, , Q, » and Qg (as shown in Fig.3.7) are
proportional to the frequency. The presets P,+ s P5 and P6 are
used to adjust the symmetry of the square vaves RSQ ’ YSQ and
Bgq @t the outputs of the operationsl amplifiers (I,, , I,,
and I,,) respectively. The operational amplifier I, 3 provides
a supply V, ' and v, (1.e. frequency control signal) for the
transistors Q » @ and Qg after suitable amplification,
adjustadble through P3 and Rﬂ »

The signals Qp = Agso 3 Qp ™ 80/2 end Qp = 06/2 are
used to generate Quenching or Reset pulses for the integrator
svery cycle, in order to remove any d.c. off-set existing either
because of input square wave or beciuse of the operational
amplifier used in the integrator circuit. The sguare wvaves
qu ’ ‘!sq‘and B&Q Wqith their magnitude being proportional to V,
(or the frequency) are converted to triangular waves by using
an amalog=integrators. The basic design and some design consi~
derations for an analog-integrator is discussed in the next
section (i.e. seotion 3.1.4): Selection of components values

for square pulses to square wave cm{é’ion circult te ar follorvs :—

The supply voltage for the transistors Q » &, and Q5
is precisely controlled through presets or potentiometers Py s
Py and P3 4 as shown in Fig.3+7. The presst P, gives a control
signal ‘" for V.F.C. and presets P, and P3 through onperational
/7608 2

GENTRAL LIBRARY UNIVERSITY OF ROORKEY
ROORK kx
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amplifier I-13, give a precise proportional control of V,

(1.0, produces V,' and V,) and wodulates the amplitudes of

the square waves. armd The amplitude control ranges from 1.0 Volts
to 10 Volts for a frequancy variation from 5 ¢/s to 50 ¢/s.
Thus the awmplitude of triangular wvave (generated by integration
of the amplitude modulated square waves) remains constant by
the variation of frequency. The proper c¢hoice of presets PA .
Py and 93 are 10 K, 1K and 100 K ohms respectively, vhile the
feedback resistanced R, is taken as 100 K. The resistance R,
and R,, are taken as 10 K ohms, taking into consideration that
sufficient bias current flows through (=) terminal of the
operational amplifier I~13 (i.e. O.% mA at t Volt input across
Ry *+ P3). Transistors Q, , @, and Qg (BC 107/5G 10%) act as
switching transistors and therefore R,, , 323 y and R32 can be
safely assumed equal to 1K ohms while 313 s 321* and R30 = 10 K.
The collector voltages of these transistors are fed to the non-
inverting terminals of I-th, I-15 and I-16, through Ryg = Ry ®
R33 = 10 X ohma, taking into consideration that the proper
bias~-currents is available at the non inverting terminals, at
the lovest possible voltages appearing at the collectors of

tni transistors. The feedback resistances Ryg 5 Rog » 335 are
suitably selected equal to 22 K-ohms, 80 as to give a unity gain
after the qpmtioml amplifiers Iy, , x, 5 and 116 s The
resistances R, 4 Rio 4 Ryp and P, are used to reamove the de.c.
off set and to maintain symmetry with respect to ground for

the output wvave RsQ y and have the value of 10 K-ohm each.
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IDENTICAL CIRCUITS ARE USED FOR PHASE-Y AND PHASE -B
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Similar values are chosen for 325 ’ “27 ’ 829 » !13, ’ R3l* ’ 336 ’
P5 and 1’6 s raspectively for generation of qu and BSQ ¢« Tra~
nsistors, Qs and Q3 acts as inverters operating in switching
mode, hence R,, = R,, = 1K and Ry, = R,, = 10K can be chosen.

Design of SQ\mro-vgvo tO ‘ruqlnlar—wave Converter!

Basgic Design canaidornti_ansh The square wave can be converted

into a triangular wave by using an amlog—intcemtor[’al. As
shown in Pig.3.8 an analeg integrator intcgrates ths signal o
at its input with respect to time, and employs an operational
amplifier in inverting configuration. If the operaticnal ampli-
fler is assumed to be ideal having a gain 'A' then the equations
for operation as an integrator can de derived as followss-

-.-‘T‘zﬂl HE P coﬂéétzdt =égt(§,~oz} dt. and '2“%'

vhere e, = Input signal ; e, = Signal value at inverting (=)
terminal of op. amp. o 3 Output signal and R and C
are the components deciding the time for integration.

since for an ideal integrator A - o, therefore e, <+ 0 .
t
and a; = = 1. § & at. Basically in an inverting amplifier

the sumuing point (~) is held at a virtual ground level because
of high join of the amplifier and since no current can flow into
the input terminals of the amplifier, all the current i = e,/R

is forced to charge the capacitor and this charging voltage



o4d

oppcars ot tho cutputs FParthor tho indcarator celrcult providoo
tho low output immcdanao.

Tho follouving aro tho factora thot cust Do givan duo
eonsidoration boforo designing an intczeator
(1) BgLeot of off sot voltago and bias currcat of tho
oporational anplifior.
(iZ) D€fcet of woltago gainm of tho op. Amm.
(12Z) GfLcot of slev pato of tho op. Acpe
(iV) folcoetlon of propor componcntsos

(1) Tag offcot of offsot and blas currcat in am dnScizabops-
Preelaoly, tho output of on intezrator ccaslots of tvo
copeneats (tho integpated oignal torn and tho ceror torn)
and 1s glven by

| .
a © Tz Sogat o L5 fv oo ae o 515 a0 ¢ vy,

vis Lerled Vbs {9 tho offoot woltago and IB is tha dblas cuprcat
of ¢hio obcrataamal amplifior uscd 4n tho intogrator elrculil.
Horo 4¢ can bo oboorvod that 1=
(1) Taoro 45 o lincarly imercasing torm vhieh pcproacnto
a ranp voltago Guo to tho intogeal of tho d.e. offoot
voltagc. o polapity of thio panp voléago ig dotey=
mincd by tho polapi¢y of inpul offnct.
(18)3ncro 40 o G.0. comnoncnt in tho output tormed ao
cutput ofLoot voltano that io cqual o dmput offoct
vadioe ’ |

(214) Tho dlag currcat ¢hat also chargos tho copacitor
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in a ramp fashion, produces a ramp voltage at the output,
similar to that produced by off-set voltage.

The overall offect of the off-set voltage and input
bias current is to produce a ramp voltage that continue to
increase untill the anplifier reaches a Saturation Voltage or
may produce a d.C. ofr-sei in integrated output signal. The
continuous charging effect of these errors (i.e. Voo and Iy)
actually sets a limit on the maximum time of integration or the
lowest freguency of operation. Normally a large input off-get
causes saturation at the output of integrator and fails it to
operate. Hence the reduction of the effect of input off-set
imd bias current to a minioum is most essential for satisfactory
and reliable operation of an integrator, especlally at low
frequency.

The adverse effect due to bias current can be minimized
by - | |
(1) Incressing the value of capacitance and decreasing the

value of resistancs for a particular value of tine
constant RC. The lower value of R being set hy current
1imit and loading of the input signal |

(11) The insertion of a compensating resistance between the -
Non-inverting input of the amplifier and the ground,
squalizes the resistance of the two inputs i.e. at
inverting and non-inverting ihputa and thus reduces the
effect of input bdlas current to that an off-set (differen

current,
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The effect of off-set that is determined by the off-set
voltage of the operational amplifier employed and also on the
time constant can be minimized dy 2~

(a) By selecting an operational amplifier having the
minisun offeset voltage and temperature drift.

(b) By providing an off-set w42l at non~inverting input.

(e) By quenching (discharging or resetting) the capacitor
every time the output crosses the ground (zerc level).

This technique provides a perfect and linear integration

of the input signal at the lowest operating frequency.

The gquenching, removes any off-set present either at

starting or at the time of zero level crossing and thus

starts a fresh integration svery cycle.
(1I) Bffect of Voltage Gain in an integrator!

In the design of an integrator the most important
factors are the finite (closed loop) gain and the band width of
the operational amplifier being used in integrator. Both of
these factors make the voltage gain of the amplifier and conse~
quantly the integrator as frequency depandent, that is the gain
goes on reducing as the operating frequenoy increases. Whan a
constant amplitude of the integrated signal is required over
the entire operating range of frequency. This problem becomes
aerious and require some modifjcations in the baaic integrator
circult in order to counter act the above problem. One of the
technique, that we have employed is to increase the amplitude
of the input signal (i.e. square wave) proportionately as the
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frequency is increased 30 as to maintain the amplitude of the
integrated output (triangular wave) constant, irrespective of,
the frequency change.

The effect of voltage gain in integrator 1s depicted in
Mege3.9. We can observe the open loop frequency response of the
amplifier is approximated by a single pole located at t{/ty and
lov frequency gain Ay » It can also be noted that the response
of real integrator departs from that of ideal one, at low
frequencies due to finite gain of the amplifier and at high
frequencies due to finite band width of the hmpliﬂu-.

(III) The Fffect of Slew Rate in an Integrator:

The slow rate of an operational amplifier that is defined
as the maximim rate of rise of output voltage at a step input,
normally leads to a distortion of output at high frequencies.

The time required for the amplifier to RESLT to initial condition:
or starting sero voltage levels, 1o limited by R.C. time constant
of the RESET/QUERCHING network and by the slow rate available in
the eloged loop ecirouit.

(1IV) Seleetion of Proper C ent?

In order to realige the best performance ocut of an
integrator, the choice and selection of proper component is
most important and for that following considerations are usefult-
(1) The integration time and the accuracy generally specifies
the partiocular type of the operational amplifier to be
used. For long term intqr&txon or very lowv frequency



o {

(belov 1 Hs to 10 KHz) chopper stabilized amplifier is
the best choice, since it has a superior long temm
stability. For medium~length integration (say t Kz to
100 KHz), F:T amplifiers are used because of their low
bias current. |

(11) The best performance of an integrator can also be
achieved by selecting & feedback capacitor with its
dielectric leakage mr;nt less than the blas current
of an cperational amplifier. Normally, for the ultimate
long term integrating accuracy Teflon or Polystyrene
capacitors are used and for high speed integration
Myfar or Silver-mica capacitors are used.

Design of Wide~Nange Integratonr:

The basic circuit of a vide freqiency range analog
mt--grator[u], that can be employed to convert square wvave to
a trangular vave, 1s shown in Fig.3.10. The design of this
basic eircuit is as followss=~

The walue of Ry is chosen on the basls of input bias
current, the voltage drop across Ry and to produce realistic
values for C, and C, « For sajety let us assume R, = 10K,

The time constant R, Cp combination must be substantially
larger than the R, Cp combination. For this reason the values
of B2A and Ra are approximately 10 time the values of R,ﬂ $ 00K,

With values of R, set, the value of C, is determined by
the lov frequency limit of the integrator (Freq A) as given by
the equation



C, » (2/6.28 x Freq "‘)/RZA (3.%)

Nov assuning the lower fregquency as

1 s, Cp = BT * Toby5e0 = 30 wP :

With the values of R, set, the value of Cp 1s determined
by the high frequency limit of integrator (Mreq C) and the gain
desired at this frequency. Assuming the Pregq C = 100 Hz and
gain to de unity, the value of

)x%;

® TE TR X TR0 * 02 ur

Again vith the value of R, set, the value of C, is
deternined by the intermediate frequency of integrator (Freq B).
Rormally the frequency B 1s approximately one decade above
Freq A. Let us assume Freq B = 10 ¢/s, then the valuse of Cy is

c?‘(sanxrnq x 6.2

(3.5

approximately

G TR X ST TOT 000 7 2R (3¢

The effect of off-set voltage and bias current discussed
in section (3.14/I) can be reduced by associauting with the
integrator the following two additional features t-

(a) The off-set Mull balance, providing a suitable nulling
vo).taglt at the non=invaiting terminal of the operational
anplifier, through a preset arrangement as shown in
Fig.3.11,
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{b) A gucaching or rosct circudt that quenchos op rosct op
digehapgo tho eapacitor to ground, overy cyclo at tho
c3acat ¢ho ougput eyposses tho gepound lcovol. Thug ony
pooidual chapgo contained in tho capacitor 1o dischapged
op ycroved cvory eycla. %ho dosign of o qucaching eircuic

10 docepibod balow.

o degirn of aqucnehdan elpecudt ¢~ For this a square pulso of
nolf tho frcgucacy of tho cquare wavo is topned oud £roa tho
dividin- ingograted ciyeuit (I-10;, I~1% and I-92) as chowm in
Plg.3.7« Those squayo pulsos Qn » Qy ond QB aro Iavortcd throuph
Sransistors Q, ¢ Q' 1nd Q" to give Qy'y Qy' and Qp’ that artor
difforcntiation gives the positivo and nogative sharp pulscs ag
the rising and louvoring odgo of cach wavoe. Thoe positive pulooes
aro elipped through tho diodes Dyg o By’ ond Dy " and rotoins
only tho nczative pulsca. Theso nezativo puloos svitehes tho
tranoiotors Q, Q7“ and Q7" to gecnorato =3 Volts to ground
pulsop at tholr collcetors. 8inea thoso pulses aro ponorated
Mth@ oquaro pulsos of half tho frcoqucney of tho squaro
vaves Doy o Ygy and Dgy (roguirod $o Do intograted), thoroforo
the ncgativo to ground going pulgson of vory small noteh width
ayo geaoratod onactly at tho nmiddlo of tho squaro vavo input to

tho integrators.

Thogo ronot op quonchins pulooes aro usod €0 swiGeh on
tho FIR's Qpq o Qpond U3 (2r 393). Thooo translotor ago
plaeed aerooo the intozrating canacltors (cw 0 090'0 cm") ond
providos tho vory high iapodanco (&7 #11 ohn) aeross thoy, for
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tho as=plcio eyclo ozeopt at tho point of croosin” tho pround
iovel, waon o shapp acgative éo ground polnn puloeo ara pcacrated.
Tacso ghagp »urscs aro applied o tho gatos of tho £i01d offcet
transistora and maliop then 00 (2.0 in tho conducticn nedo) and
Chus dioehopgos tho cavaeitors éaﬂen&aeily. The FuT's opo used
cithor in pinoh off op ecuit~off pegica or in normal coaduetion
nodo. A9 ahowa in Pfge3.19, sourco and deoin tovaimals aro
connceted neross ¢ho intograting eapasitors, such that courco is
eonneetcﬁ to tho invorting point and drain at ¢ho culput torai-
nolo of oporational anplifiors. (inco tho invortins peints aro
alvays ma}nzaancd at ground lovol, hcaco tho voltago leval ot
2ho gate terminals of tho FLT'n should de about =3V ¢o pinch off
tho Fi?'s and zero ¢o put thca in comduction modo. Ia pinch off
condition FLT's provide a high posistaneo ncross thaniﬁ%egﬁating
eapacitors and nlloys tho normal charping of tho capacitoro as

por the squaro vavo inputs,.

Golecotion of tho values of componcnts Lor Quenching Cireuipt-

Ao chowum in Fig«3.11, ¢tho qucnching pulac Qﬁ 18 opplicd
to tho baso of @, (o n=pen transioctor say 5C 107) through Rype
This transistor acto an invertor vhilo operating in svitching
modo. o roolators Ry an@ Reg con bo convialcatly choosen as
jil~ohng and J0K-ohns, respoctively. Tho copacitor Cq and
poslatanco 339 fora a difforcentiating circult that produccs
oharp pooitivo and ncgative pulsos at tho risina and falling
odgo of gquaro wavo A - o favorpgion of Qp theough Qq produccs
nczative podng charp puloso arnotly at tho nlddlo of sguago wovo
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qu. The time constant of differentiating circuit is given

by t = 0.7 Ry « If 3391'1!(&:1(!0'1000prthmt'7aicro
seconds. The positive going sharp pulse is clamped through

Dyy while only negative going pulse switches the p~n~p transistor
Q;(say BC 178 or SF 104). The resistances R, and R 3 are
pelected in such a way that a negative pulse of amplitude -3V
and pulse width of about 5 micro-sec is applied at the gate of
fiald effect transistor QF,. The values of R , and &’3 are
selocted as 10K and 3.3K ohms respectively and the walue of Ry4
as 1.5K=ohms that gives a proper sﬁ&tah:lng of the transistor Q-

Dasign of 'trian_gylar to Sine Wave Convertert«

The triangular waves are converted to sine wavos[ﬂ']
via the circuit shown in Fig.3.12. Circuits of this type are
capable of producing functions such as sine functions whose slope
decreases as the input increases. The circuit relies on the
values of zener voltages of the zener diocdes ZD, , 2D, and ?’DJ'
By arranging the dlodes 5,0, D3,and D, to form a full vave
bridge rectifier a shown, the circuit will shape bipolarinput
voltages. The detailed operation of the circuit is as followst-

when V, (Rpy ¥y or By) 15 low, all zener diodes will be
cut-off. The gain of the amplifier £5 therefore 850/1\6' When
the voltage across R5° tries to increase above VZ’ plus 2 VF
(for two diodes), 1t will de clamped by 2Dy« The amplifier
incremental gain will then be

o X m’:—{:aﬂ+ Ry (3.7)
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Ao v&n inercaocs furthor tho voltago will bo clampcd
cuccessivoly by an and finally dbs Tho final incrcacatal gain
io0

A s W —) %
1 Ry Bg © 1p Rog 7 T Ny * 190 ,
T Yo Dom 1 (3.3)

bisd
Ny RFyg © Mg lug ° Lug Ly

It 1o atatcd abovo An thioc gcotion that initially viach non of
tho zcaep dlode ecaduets tho galm 18 glvea by HSO/R%a?mctically
the amplitude of trlangular vavo was found ¢o bo conotant at

2,5 Volto peak to pealte llow in order t0 have tho maxicun
amplitudo of output to Do limiged to 2b Volts pesk to peak, oo
¢that tho zcnop of mﬁmﬁ:é?ﬁg.go rcgulatod, a poin of approxi-
patoly 10 40 requircd, i’hua if vo palcst tho inpul resistance
Rug = j0k=olmgy tho valuo of R‘)'G coioo out Lo bo 100X approxi-
notoly. Furthor, tho waluo of Ry, = 150K=ohng, N4 = 63K ohas
and % = 33Kechnus arc choosca 0 peaulato the scnces

40y 3 3.2 Volts, Zi, = 6.8 Volt¢o ond ZDB a 3,2 Volgo.

Tho woltago acrooo RSD ploos vith a olopo dctoraincd by
Go goin Byo/Rye = 10.  thea thio voltago rigos $o such o lcvel
that z2caop z;)., is clampoed thea tho slopo is givca by tho

(o = Ry )Ry + )
PILL %7%59 gl 100150 s 2 6

agoin vhca m)e conducts tho olopo is dotermined by tho gain

givca byie
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fnd £ipally vhea 303 coadueto, Cho olupo 40 ddtormined by Cho
gain glven by cquation

(303’&5 % o Tz%

° 'i% %‘%3‘%‘%‘%] 1.5 (Approx.)

Tads eireudt 4o vory oimplo but roguires a coastant

cmlidgude teicngulor wavoy houcver 1t can acceent ony i‘rec:gucnéy.
0o sine vavo out put coatalng o manimm of § %4 ¢otal harcniles
ond havo Sho croniitudo of 90 Yoltso poalr €o peoalis

Tpco such ddcatienl clrondto oro uocd $0 geaocrato threo
nphaso pofcecngo sino waves 5 » ¥5 and Bs » Vige3.13 chous tho
ccopencat ayous Lor oquaro vavo o Seisnzulop vavo and Crianmuls
vavo £0 odno vave for Phaoco Nt = and Phaoso ¥ Fige.3.1% donlets
tho tavo Glogeans for 3=otcp sonucatioal puloes 0 oguarvo tavo §
cquaro tavo Go erlungulaop vavo and Srlanmular vavo €0 oino vavo

ccnveroica.
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(1) Fixed Modulation Ratig t= In this case the frequency ratio
of triangular wave to sine wave is maintained fixed by
taking the zquars pulses from the output of VFC after a
sultable division as shown in Block Dlagram Fig.3.t. The
possible ratlos are fn/fg = 6 5 12 and 24. This ratio
resains fixed as the frequency of refurence sine wave is
changed with a control signal Vy+ Here the frequency of
the trisangular wave varies proportionastely with the frequency
of sine wave.
(11) Yarisble Modulation Ratic ¢~ In this case the frequency of
the triangular wvave remains conatant, while the sine wave
reference wave frequency varies. Thus the modulation ratio
vary with the variation of thé:;:;;x% sine wvave. For
exarple 1f ve keep the triunsixlar vave at | Kiz snd vary the
sine wave freguency from 50 Hz to 5 Hz the modulstion ratio
wﬂi vary from 20 to 200. The basic advantage of this scheme
is that the low im!.r harmonics even upto 20 or more are
drastically reduced and the performance of the P.W.M. invertwm
(swploying this technique) feel induction motor is sufficlent)
fmproved, specially at low apeeds.

»3+2 Design of Triangular Wave Oeneratorst~ As explained in 3.3.1(1),

for a fixed modulation ratio scheme, a variable frequency trian-
gulay wave of constant amplitude i3 required t0 be generated in
such a vay that the frequency of this triangular vave bears a
'constant ratic with the fregquency of sine wvave gensrated as
_shown in block dtagram Fig.3.1. The triangular wave can be
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gensrated by a square wvave Lo triangular vave converter (an
snalog integrator). The square pulses (that are converted to
square vave through a square pulse to square wave generator)
are derived from pmnumber 12 of divider I-3. The divider I
divide, by two, the V.F.C. output at its pm No,12, as shown in
Fige3.20,

The design of square pulse to square wave converter
and square vave to triangular wvave converter is already discussed
in sections 3¢1.3 and 3.1.% respectively and the same values
componants are used for these two converters as shown in Fig.3.20
except for the analog-integrator time constant i.e. Hs and Ra-

Bapic Pulse Width Modulation Circuift!~ There are two main wmethods
for pulse width modulation using triangular carrioer wav.rums["’l
The principal features of these two methods and the agsoolated
1oad terminal voltages are illustrated in Fig.3,21. In the 1st
method the load terminal voltage is awitchaed bttwmwd and -vd.
In the second method this voltage is switched either betwean

Wd to zero or between -V, to zero, according to current directio
Periods of zero load voltages are achieved dy short circuiting
the load through ons dlode and one transistor. The second

method i3 more complex but the switching fregquency harsonics
appearing in the output are much reduced.

Mode of cperationt~ The first method described above 1s employed

in our scheme not only to wmininmize control eircult complexity

it algso to avoid circulating currents induced by triansformer
action in the three-phase machine load. Wurther, with the
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carrier frequency emploved the output components at carrier
frequency and above are negligible 36 that there is no real
advantage using the more complex system. The opmiien of the
modulation clrcuit may be deséribed in general form as followss~
Referring to Fig. 3.2V-a and 3,22, transistor T, and T, are
dmn:fkdurinz periods B and C,the current is carried by T, and
T, during A periods, by diodes D, and Dy during B periods, by

Dy and D, during C periods and by r3 and T, during D periods.
although there 1g no nead to drive any transistor during the

B and C periods, if this is done it enables éimpler switching
logic to de smployed and allows current reversal to cccur without
deformation of the current vaveforms.

In thyristor inverters it is often mmiss?,tbla to trigger
& switch before the other switeh in the samo .mnfumletaly
eommutated. This is unacceptadble in transistor inverters. o
avold short circuiting the supply it 1s necessary to provide a
dead band during which neither transtistor in any given arm
conducts. The duration of this dead dand must oxceed the sum
of the transistor storage and fall times (= 4 n.S) and mast de
included in each peried {(x 50 n.S8) of the switching frequency.
Daring these safety intervals the current flows through the
diodes and the voltage of reverse polerity is applied across
the load. It obvious that short pulses would be more effsctaed
than the longer pulses and some waveform distortion would cccur.
Te minimize this distortion the shortest possidle dead dand-
period must bs employed,
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To cvercome the difficuities mentioned above, a modified
svitching mode is adoptcd(16]. In this mode during period A,
transistors Ty and T, are driven as before. Iuring periods B
and C, all transistors are in " off ¥ state and during D period
transistors 1'3 and T, are driven, wi,th.t:tus system it is essen=
tial to provide logical signals allowing either T! and fI.’l'> or '1.'3
and "1'2 to be driven. These signals dopends on the direction of
load current flow, rather than upon the signal voltage. If the
voltage signal 1s used in high pover factor loads, a ressonabdble
currsnt waveform will be obtained. For low power factor load
a noticesdls deformation occurs when the voltage and current |
_direction are opposed. Assume 7, and T, have been conducting
and drive is nov transferred to *ra and T5. For correct operation
‘1'3 and Tz should c¢onduct during MARK and Dy and n‘ during SPACE,
With a lagging power factor, the current will flow via D, Dyy
Just after cross-over and the output waveform is therefores not
controlleds The wodulator circuit that we have used overcone
this difficulty by employing s combination of voltage and output
current current control. The circuit diagram of the Pulse
wWidth Modulator cirouit 1s shown in Fig.3.23 and the wavefora
at the different points in the oirouit are shown in Fig.3.24.

The operation of the modulator circuit may be explained
as follows. The voltage reference signal is compared with the
carrier triangular wvave by the comparator IC {(710)eI. ’
providing a logic output signal C. A second signal A is derived
from the combination of raference voltage the load current signal:
A delayed inverted version of signal A is formed by mms‘ of



(1) Hgh spesed-optical isolators.
{2) Pulse Transformers employing high frequency Modulation/
Demodulation Technique.

Optical Isolators= This is the most commonly used technique in
vhich a Kighzemitting source and photo sensing devioce is couples
together to form an opto=isolation. The signals produce corres=-
ponding currsnts in the light emitting device and the intensity
of light 1s sensed through a photo transistor which deliver the
current as an sxact replica of input signal. Normally optical-
isolator 4is available as a composite device and arse cheaply
availnhle,

The basle advantage of optical isolator ares-
(a) A high speed isolation (upto 10 K ¢/s or more) is possidle.
(b) Isolstion is perfect (of the oxder of several hundred
Mega~ohms) .

However there arse fav limitation of using these davicest-

(1) The isolators are quite sensitive spuricus noilses of
high frequency. Hence require the noise free signals.
Also the supply transients gives spurious switching pulses,
(2) The output signal generated are very veak in strength and
require sufficient current amplification.

Pulse Transformer lype Isolatorsst= In this cass the pulse
transformers capable Oof operating at high frequencies say upto
100 K ¢/s or more eaploying ferrita cores are used to transmitt
the width #ndulated pulses and to provide proper clrcouit igolatio
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Q“QS and c,. A delayed uninvertsd vaersion Ay is produced bdy
means of Q,,R, and 02. Thess signals and the signal C are
conbined in gates !'i and 1!2 to produce the required drive
signals A, and A m vhich ultimately control the power units
TyeTy, and '253,‘1‘2 respectively. This circuit thus allows control
by the current feesdback signal wvhen the magnitude of current
sxcaeeds threshold {(O.%A) and control by the voltage signal at
all lower current levels.

ledtsO Cirguit Igolgtions~ In pulse width modulation, as discussed in
section (3¢3.3), the width modulated pulases A,C and 32'5 (Fig. 3,24,
are generated to switoh the power tranaistors in Power Control
Unit. Thess pulses can not be fed directly to gvitch the trans-
iators because of the folloving two reasons i~
{a) T™he pulses are generated through a low voltage (x 15V
and 5VIC) systes, vhile the power control unit s
operating at high voltage, hence oircuit isclation is
necessary.
{b) The pulses to the transistors are to be fed with &
correct polarity. Alsc as per cireuit configuration it
1s most essential to isolate the pulses fed to individual

tranaistors.

Hence it is quite evident, that the pulse width modulated signals
mist be fed to a high speed isolator vhich provides the neceszsary
egontrol isolation detween logic circuits and power inverter, with
s faithful reproduction of exact wave shepe (with minimum distor-
tion).

There are two alternative cholce for pulse isolatorsst-
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Here the vidth modulated pulse required to bde transferred are
nodulated by a high frequeney say é? K ¢/s. These high fraquency
modulated pulszes ars fed t0 pulge tranaformers that transfer the
signals at the secondary, at which these signals are demodulated
1.e, the high frequensy component being filtered out, giving
there by the exact replica of input width modulated pulses. In
this case the ocutput is of sufficiet strength and requirs less
current amplification as compared to optfilsclator but the speed
of opsration is limited because of demodulator circuit. Hovever
the speed of operation can be increased by using a highoer Cariler
modulating freguency say of the order of 100 X ¢/s or more and
also improving the aamodantm; circuit.

The basic oircuit diagram employing pulse~transformer .
type isolation is depicted in Fig.3.25. There ars six pulse
transforners see used to transfer the width modulated pulse of
sach half eyole of the three phases. The simple free running
multivibrator is used to genarate a 40 K ¢/s carrier square wave.
The width modulated pulses are gated with high frequency carrier
through NARD gates and inverters. These h.f. modulated pulses
are fad to pulse transforaers through switching transistors.

Each pulse~transformer is having two windings in order to provide
isolated driving pulses to individual transistors operating at a
time. The values of resistance and capacitanoce in the demodu~-
lating cirsuit are 30 chosen to avoid any waveform deformation
and to provide complete demodulation. The pulse transformers

are designed at maximum operating (modulating) frequency that is
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choosen te be 40 K Hx and the voltage levels of the signals
appearing across the primary windings of the pulse transformers
that is 12 Volts, magnitude.

It i3 clear from the wvavsforms of modulating circuit
F1g.3.2% that the outputs A,C and AT represent the width
modulated pulses for each half of a cycle and for proper opera~
tion of the interfer are to be supplied in a 1solated way.
Hence for each phase two pulse transformers are required anit
thus in all six-pulse transformers are needed. Purther since
sach transistor in a phase (I, to 7)) need pulses of positive
polarity with respect to the emittor to base and also to be
applied in an isolated wvay, the pulse transformers should have
two secondary windings for a particular output train of pulses
A,C or Aj . |

The coumplete eimit dlagran and thc aamomnt layout
are shown in Fig.3.25 and Fig.3.26 respectively,

sign of Pulse Transformert~ Pulse transformer 15 basically
used to interface between low power, sensitive comtrol circuits
and high voltage, high pover circuits and usually need a high

" interwinding dlielectric strength. The primary requirement of a

pulse transformer 1s ome ot effici ancy and reliable and faithful

transmisgion of pulses applied to it.

Factors Rffecting the Pulse Transfor Design #~
{1) Primary magnetizing induetance should dbe high encugh so
that the magnetizing current is lov in comparision with
pulse current during pulse time. This can be achieved LY
using high permeadbility material for core.
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(2) Core saturation must be avotded.

(3) Coupling between the primary and secondary circuit should
be tight. And the insulation betveen the windings should
be adequate for the applicatiomn.

() Usually interwinding ¢apacitance is in significant but
it may be a path of undesirable stray cigmals at high
frequencies. '

Selegtion of Core Material ' In principle, vhen an electric
current flows through a conductor a magnetic potantial 1s
established and the magnetomotive force that have their source
in electriec currents and links with the magnetic eircuit in she
torm of m coil is given by F, = N.I, vhere ¥ = NO of turns and
1 = flow of current and magnetic potential H = Fy/) (Amp.turns/
meter). This magnetizing force causes a magnetic field to
surround the current and the magnetic flux density B is given
by B = ull. vhers 1 = permeadllity of the magnetic material.

Jat Criterion for the selection of u 2= The value of u of the
magnetic material is of importance in pulse transformer design
and norsal values are (1) 5000 for ferrites (i1) 10,000 « 20,000
for silicon-steels.

The parmeability may however vary vith the flux density
'B', that may vary some times linearly or some tiwmes inversly
with the flux density. The offect of this non-linearity can be
reduced by inclusion of an air gap in the magnstio eircuit.
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2nd Criterion is the Selection of ‘B' ¢ It is given as
Ferrites Saturates at 0.3 to 0.9 wed / 5. mater.

Nickel Iron at 0.6 to 0.8 web / S¢. metar.
Silicon Steel at 1.2 to 1.4 wed / 8q. meter.
rd Cri on 1 b1 1 Loss ¢ This is also

an important comsideration in the choice of material for a
transformer cc:;ro. Core loss consists of in the foram of core
heating. This heating in addition to the winding copper losses
deteraines the temperature rise of Ty and this 1s s deteraining
factor in the 1life of transforaer.

In pulses transformers \sam ferrites are used, which
relains its magnetism so long the influencing fleld exists and
does not retain 1t ks it is removed., Central *lectronic Limited
{C E L), India, is mamufacturing a. variety of grades of ferrites
for various applications. Out of these we hm‘n selected Torold
Cores of size (9;;? ;ojps'xxﬂ:%m::n. and material grade HP.
fince the saturation flux density is 0.35 web/n®. Let us assume
an operating flux density to be 001 web/n>, Now, depending
upon this flux density the number of Xurns can ho calculated

from the relation

B bolde fNop = L Ul fN B.A,
The operating frequency g K He and voltage i3 12 V hence
122 x 88 x 103 x N x 25 % 10 x 10°€ or N = 25 tums.

For the maintenancs of above flux density the wvalue of H may be
taken as 2.0 Oarsted. The value of required current can de
caloulated from H = Eft- = A,T/neter.



Here 1 = » x 30 x 1073 = 0.1 meter

377.4
o 1= 3—%;9‘-1 u §mk. For this current we may choose

wire size of 30 5W.0, safely.
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.1 Desoriptien of Power Unit for A Three Phase Solid State P.W.M.
Inverters

The basic function of Power Unit is to ganerste a
Three Phase Pulse Width Modulated supply of wariable voltage
and frequeney, both being enntré}nnd through control unit. The
power unit developed and fabricuted in this thesis employ power
transistors as svitehing elements instesd of thyristors because

of the reasons dlscussed in Chapter - I, section t.b.

The pover unit receives a threeephase P.W.M. signal
that is a set of three phase width modulated square pulses.
These pulses are gmerated in and derived from the control unit
after proper circuit isolation and demodulation (as discussed
in sections 3.3.3 and 3.k). But pulses, befors driving the
power transistors in power unit, are to be amplified in current
strength throagh Preamplifier or Driver. Thes preamplifier or
driver stage 1s used to supply the sufficient base current to
the power transistor in order to provide the perfest switching
at saximim load current, and forms an inkegral part of the
pover unit. The power unit therefore can de divided into two
partst (1) Pulse smplifier/preamplifier or Driver Stage and
(11) Power Control Unit.

The basio circuit diagrams of ?rvanpnnw and the
Power Contrel Unit, are shown in Figs. (b.1) and (4,2) respecti-
V‘l!"o

GENTRAL LIBRARY UNIVERSITY of nogners
¥ OORXEBE ‘
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1.1 Description of Preswplifier/Priver Stage!- The preamplifier

as shown in Fig.b.! basically produce a sst of four isolated
vidth modulatsd pulses for sach power transistors (7, to T),)
used in a phase that 1s A,CL(t = 1')/(4 = 4*)] for transistors
Ty and T, and Ay T (2 = 29943 = 3')] for transistors (T, and
Ty)e The pulses A\C and AL are generated in elestronic control
unit as discussed in section (3.3.3) through a pulse width
modulator cireuit as shown in Fige.3.23 and 3.24 and are received
in the pre-amplifier after proper c¢irouit isolation and demodu~
lation as discussed in section 3.l+ through a puls~isolation
scheas as shown in Figs.3.25 and 3.25. The pulse from A,C or
4,0 13 applied to the base of the transistor Qj, that generate
an inverted pulse train at its collector. &inoe, the strength
of the pulse train A,C or AL (derived after dsmodulation) is
not sufficient to drive or svitch on the power transistors
(1,0, only 5 n=A approx.}, these signals at the collector of

Qy are amplified in current strength, decided by the current
gain of the transiator Q4+ Practically the current | gain
obtaimeble at the first stage, again, is not sufficient to |
supply the proper base current to the pover transistor, due

to limitations of current gain and current carrying capacity
of Qye Purther, the pulses areimverted alsc, hents & second
stage is provided by the use of transistor Q, that again
inverts the pulses and produce the same pulse train A,C or AT
at its ¢ollectors Also the second transistor Qy provide a
suffieient current gain, bdeecause the gaing of Q, and Qg are
multiplied. For example if a nominal gain of 20 1g assumed



for sach transistor (Q, and Q,) that actual current gain of
40O ocan be easily achieved. Thus a two=stage pre-amplifier
can easily provide the width modulated pulse train (A,c or
Aaﬂ') & driving upnelty:{:peo 2 Amps and can provide an
sfficient switching of the power transistors employed in power
control unit, since the inverter developed in this thesis have
the reate current capacity of 0 amp only.

Farther, tie all the four switohing pulse trains are
to be 1sclated from sach other for the proper switching of
transistors T,,T,,Ty and Ty for a phase~R as shown in Pig.4.2.
This Lsi%:nntial since § eny transistor can de switched on
only vhen the pulse train appfied at its base is positive
going with respect to the enitter terminsl and hence as per
oircult configuration of the pover control unit, the same pulse
train (e.ge A,C [(1=1')] can not be simultansously applied
across the Transistors T, and T). The transistors T, and T,
come in series with the load (i.e. the winding of Rephase of
the motor), and therefore are required to be switched on
simultanecusly and vith the same shape of pulses 1.e. a,c,

Thes puises a,.c are applied for a period of half cycle as shown
in Mge3.2%. Por the next half cycle the pulse train Azﬁ
drives the transistors T, and Tys but in a 1solated way.

For proper isolation of switching pulses, the insulated
d.¢s supply voltages of 5 volts are provided in the pre-ampli-
fier by the samploying a mains transformer snd rectifier-filter
eircuits as shown in Fig.h.t. In all 12 ¥os. of such d.é.
supplies are provided for providing $solated switching pulses
for all the thres phases.
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diagram of a three phase pover control unit is shown 4in
Pig.lee2v All the three~phases have sinilar eircuitary and
identical componenta. In thiz seotion the dowﬂption of the
power unit is confined to one phase (i.e. R-phase) only and
for others follows similarlys The power unit mpioy pover

transistors T, to T, as switching ofements. Since the pover
transistors have low value of curremt gsin, the trensistors

1’, to 1’,9 are basically darlington pair of two transistors in
order to have a sufficient gain (e.g. T, consists of two trans-
istors Ty, and T,y connected in darlington pair configuration).
The darlington pair configuration of pover transistors provide
a high gain that in turn reduces the mrmt capacity require-
aant of the pre-amplificr or drivep.

As desoridbed in the previous section (4.1.1), the

~ & train of width modulated pulses A,n Or Azx 18 applied to the
Transistors Ty and ’!‘,* or T, and 2‘_3 simultaneously, for a period
of half cycle of fundsaental frequency. The pulses provides
the swvitehing of power transistors. For one half of the cycle
vith the application of pulse train A,C to T, and T, the motor
vinding (R, = R,) or load 1s connected ..eross the 4.0, supply
to the inverter-pover unit, connecting terminal R, to + and

Ry to «~ terminal of d.c. supplys The wave shape of voltage
appearing aeross the load depends upon the waveform of the
svitehing pulses. For second half, when 4,U is applied to

T, and 1'3, the motor vinding terminal Ry 1s connected to
positive and R, to negative terminal of the d.c. supply and
thus the load pulses polarity ls reversed.
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Thus for & symmetriocsl pulse width modulsation in doth

half of the fundamental cycles (1.9. »whcn A4C and Aaﬁ are
symaetriocal), the power control unit smploying a circuit
configuraticn as shown in Fig.%.2 } have the following basic
advantages t~

(1)

(11)

The reversal of polarity across the load in each oycle,
produces an output having maximum possible peek or r.s.s.
values depmding upon the modulation ratio,.

Since for every svitching thcﬂf’t&w transistors (such

a8 T, and T, or T, and T,) that come in serles vith the
load, hence the d.0« supply voltage rating can de inc-

reased or for a gﬂ.v_mmpply voltage, the transistors of

(111)

lower voltage ratings c¢an bde employed. However for
series operation of two pover transistors the followving

factors are of great importance and should dbe given due
consideration before employing themt~ (1) The switching
puloes must be perfectly identical. (11) Thare should
be no phase shift in switching pulses. (111) Protection
against be voltage transients should be provided.

~

Ko d.0. component in the output wave, hente the possi-
Bility of saturation in the a.c. mctor is avoided. This
is due to the symmetry of the output wave with respect
to zero-level. Further vhen the modulation ratio is
zero, the cut 1s & train of square pulses alternating

“in polarity after every hal? oycle and thus the ampli-

tude of sinusoidal output wave in the motor is also zero.
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(iv) Identical cireuit for each phase, gives a simple circuit
configuration and gives a flexidbility to use the three
phase inverter as three-different single phase inverters.
With this flexidility the zame unit can de used to control
the spesd of three different single phass a.ce motors,
whioh 13 an added advantage.

Further with the identical circuiltyy employed in electe
ronic control unit, the aspesd control of three different single
phage motors Can be obtalned either in~depmdently and simyl-
taneous, with slight adjustment in control eirsuilry.

The diodes 01,32,93 and D, ss shown in Fig.h.2, serve
thq purpose of free vheeling dladc. If we consider the switohing
of Transistors 7y and Ty through A,. , the transistors conducts
for the intervals, the pulses of wodulated pulse train A,, are
present snd for the intervals these pulses are abdsent,myl the
transistors are svitohed off. The induced e.m.f. {of the
inductive lcad i.e, motor winding cof reverse polarity circulate
ths current through o, and i, and therefore a free-vheeling
action takem place during the period the pulses are absent.

The current through transistors ‘1“ ,?a,’rs and ’l‘;‘, during reverse
recovery time of Dyy Dy By and D 15 limited by the inclusion of

t mlero-henery industors L, ,I.a,‘bs and I, The snubber circult

dy Ry ow dm_ wt9. provids protestion again woltage transients.
The Snubber circuits consisting of capacitors C, <Ry, and
diodes d, te &, (with resistance R in parallel) are slso provided
for protestion agsinst secondary break down that gccurs vhen the
reverse ¢ollector-to~exitter voltage exceads the primary dresk
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down voltage of the transistor. The reverse collector-toe
mitter voltage is applied during the reverse recovery time

of the free-vhealing dicdes and in induotive loads this
reverss voltage applied across collestor-tomemitter junotion
may be sufficiently high. The secondary-bresk down or a curr~
ent-availanche that is most likely to ocour in inductive loads,
forms & hot spot and ul_timat:olr destroys the power-transistor.

Daring switching-off operation, current is diverted
from the transistor to the associated capacitor. ¥hen the

- transistor i3 turned off, the capacitor is charged, the load

.2

current will flow through the associnted free~vheel diode.

As discussed under section %.1.%. The pre~amplifiecr
haz to provide a set of four isclated pulse trains for each
phase and thus is required to provide the pre~ampliiier a
set of 12 isolated +5V supplies, a part of vhich is depicted
in Fig.he2:, The design of transformer and the rectifier
filter part is not tsken into consideratiom in this section
because ‘u is qﬁitt slementry. Only the design of actual
pre-amplifier 1s dealt vwith, in this section. The pulses
A€ or AU are applied at the base of Q,, that after amplift-
eation at 1ts collector are applied to the base of Qe The
transistor Qa is selected o De 3L 100 with current c¢apacity
ef 1 Amp and for that a current gain of 20 can be safely
assumed. &ince in the pover unit two transistors 2K 3055 and
ECRO55 are used in darlington pair configuration, for them s
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noraal g‘ain of 10 each 1.e. & combined gain of 100 can de
assuned. Thus for a sax. load current of 10 Amp the base
arive cr surrent required to switch the darlington pair is
100 ma, In order tosupply 100 mA base current to power tran-
sistors Ry is chosen to be 50 ohm, 2aW. MNow for the trankistors
Qp 8L 100 a galn of 20 1a assumed, therefors the collector
drain of Q, would be only 5 mA. The collector refistance of
Qy is therefore selected as 1K 1n order to supply sufficient
current of 5 mA to the dase of Q,. The transistor Qq would
required at its base approximately 0.2 mA only, that can be
sasily supplied through the demodulating circuit.

In the design of powver control unit that eaploy powver
transistors as svitohing davice, 1%t is quite evident that the
selaction of proper switching device (its characteristic,
spacification and miting) plays an importance role in order to
hive & good psrformancs and reliabllity of the overall unit.
Before selesting the partioular transistor, it is very essential
for a design engineer to have & baslc under standing of trans~
istor acting as a sviteh, 1ts tine constants and switching
times and also that of the practical design considerations and
design trade off, t0 be safe rather than be sorry when used
practically.

In design of power unit, next foliows the design and
selection of components for the protection of transistors and
also the dssipgn or selection of proper heat sink in order to
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obtain the most efficient and reliable operation of the pover
unit, The design of power-unit is therefore divided into the
following sub-gectiont~

%+3.1 Basie Operation ¥ Swvitching Time Copstants of Power Trapsistor
Sudtch.

The transistor acting as a switch assume two stabdle
state e.g. one in cutoff and other in saturation region and is
most often used in a common-emitter configuration, since pover
gain is highest in this configuration. The basic svitching
characto\ri:tio of a transistor is shown in Flg.k.3. Vvhen there
13 no signal applied to the bose-to-emitter, the transistor is
in OFF state and offer a high resistance (in Meohm rangse) but
by:%:pplication of step voltage Or signal of sultable ampliitude |
I» appited, the uperating point switoh over from ty to t,, as
shown in Pig.%.3 and reaches in saturation region. In satura-
tion region the transistor is termed as turned=ON and offers
& low resistance (less than one chm). The operaticn retrace
back to OFF state when signal is removed.

Basically, the switching characteristic of a transistor
depends upon the switohing time constant (¢) that characterizes
the variation of collector curremt and may be calculated using
transistor parameters. Normally, the build up time of collector
current {that reduces with increase of base current) is given
by Over Orive Factor '0' = In,/I, ' $ where Iy is the controllin
base current end IB' is the base current balonging to saturation
1imit (point B'. The base and collector current and the hole
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density in base region are shown in Fig.4.2-% and 4.2«c respec~
tively. Similarly the fall of collector current depends upon
the gtorage time constant Tg 3 which is proportional to the
duration of saturation state. Also the rate of decay of
collector current as well as storage time are governed by the
reverse blas current Ig,. Hence a faotor called Depletion
Factor is defined as ‘a’ = Iy, /I, ' where I, is the actual
depletion or reverse bias current and Iy, ' is the bass current
at saturation limit,

Switehing ﬁnc of the _I'ramhtorl

It 13 vory essential to provide gwitching times date
for a transistor switch as shown in Fig.b.4, vhich is most
helpful in estimating the switching losses and design of power
eontroller employing powver transistors in switohing mode. As
shown in Fig.l.l 3 t, = rise time, t = storage time and
t, = fall time while switoh ON and OFF times ars given by
tom "ty * t’r and topp * tu * b

In general transistor catalog normally provide the
“svitching time constants ¢ and t, (the storage time constant).
The switching timaes may be expressed in terms of over drive
and depletion taotor!'?} ag fol10wss~ Rise Time

0y 4

- "‘, ’0'
trﬂ'tlnﬂ%v—;-%:-&g sStorge Time ¢ t‘ﬂw‘ln-r}r-;—-r- and
L
Fall time to =% L ~Brpder (1)

Fig.4.5 Pepresents the logrithmic functions ocouring in the
expressions of the switching times va the over drive '0' and
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deplection factor '0°,

%.3+2 Design Trade Off and Practical Considerations for Using Power

—

‘Srmniatog fs a mtghiggﬂ Device!

Normally data shest of a power transistor provides a
data curve, that gives a ‘Safe Operation Area (5.0.A.) curve.
But sme should be caref/since the curve is ususlly drawn for a
case temperature of 25°C and must be derated to get the practical
values. Although 25°C is the most universal standard, it is
completely unrealistic i:aupmﬁnn for the power semiconductors.

In a typical power assemdly, ambient temperature can esasily run
to 80°C § consequently the case temperature is quite high.

* One of thes most common ais-understanding of design
enginecrs 1is to belleve that maximum ratings are practical
normal operating wvalues ’['3]. For example if a transistor
specification sheet claims 115 Watts dessispation (such as
2N3055) at 25°C case temperature § it should not be concluded
izmediately that tranaistor can really dDe used to dissipate
the total 115 watts. Hence it iz sssential to derate the
25°C rating to get a practical value, that depends upon the
ambient temperature. Farther, it should be noticed that the
derating factor (given by derating ourve) as 10 ¥ of 25%
rating still do not provide a good safety factor. For example
1f case tO arvblent thermal resistance for the unit reted at
115W 1s 10°C/W and junction to case is 1.5°C/AW, Then for enly
10 W dissipation in an ambient of 80°C, the case temperature
rises to 180°. Also the transistor junction temperature rises
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to 195°C, which is perilously close to the limit of 200°C for
silicon semiconductor devices in aetal oan.

The maximum allowable rating of a tmnaistor“”

mst
not exceed maximm presoribed for a given ambient temp and
given connection, either in skeady state or transient operation.
The analysis of the elasctric and thermal loads on a svitching
trnnaistor required the knowledge of the current and voltage
vavsforas in the transistor during switohing process. Actually
the supply voltage and the nature of load (puide resistance,
industanse or capacitance determine the range of operating
displaceasnt of the transistor with in safe operation area,
provided the dissipation in the transistors do not heat the
erystal above maximum allowahle temperature. The displacement
of operating point in a switching transistor under series R-L
load is shown in Fig.%.6, vhich indicates that the switching off
of an inductive load genarate cwer-voltages that may exceed the
supply woltage several time and may attain the dreak down voltagae
of the transistor and ultimately destroy it. The over-voltage
protestion of the transistor may be provided by putting a dlode
in parallel with the load, the switch off then takes place
| alm the straight vertical iine as shown in Fg.4.6, The other
rating parametars, vhich many design engineers fesl to appre-
ciate arel~
(1) The maximus value of V, . defined vith I, betveem 10
and 200 mA. Design trade off are that for high curreats
and particularly in inductive suitching aprlications,one



(11)

(111)

(iv)

should choose a device based upon lower A"@ o rating.

Reverse bias secondary bresk down rating that 1is a measure of
the energy (in joules) that can be sufely absorbed vhen colle-
stor current avalanches or reduced to zero vulue under reverse
bias condition and secondary breck down occurs as explained in
section h.1.2.

Effeot of Turn off time (tf}h- In switohing applications a

major portion of pbwer transistor losses occurs during LS

the ecllector voltage is 90 °4 of the supply voltage or higher
and the collector current falls from 90 % of its maximum to

10 %4 . Consequently a substantial power is dissipated during
turneoff. S0me times the losses in tail that extends 10 °4A to 2%/
of the collector current are also comparable. |
Effect of base~drive on fall time of power transistori-

The fall time is normally reduced by apply a reverse blase
eurrent Iy.. Although high turn off-drive current (Im) shorten
tey , AL exsessive turn-on dase drive (Ig,) lengthens it. Purther
to reduse turn-on time Ip, must be large. Therefore in switch-
ing applications, the base drive should de Just enought to

drive the transistor into saturation even &t maximum value of
eollector currant. However the over drive reduces the current
¢ain and fall times, henee a suitable sircuit as shown in
Pig.4.7 ¢an be employed to prevent the transistor from cperating
in saturation region despite of the over drive i.e., large base
currents used to switoh on the transistor.

3.3 Criterion and Justification for the Selection of Proper Power

Iransister - |
The following are the criterion for the Selection of a



particular power transistor to bDe saployed as a switching device!

(a) The transistor should have saximm safe cperation ares
1.0, optismum collector to emitter sustaining wvoltage
Yopp and continuous collector current I..

(b) Should have low-saturation voltages.

(¢) High dissipation rating. |

(4) High eurrent gain at maxiwmun operating frequency or

. niniwun svitehing time.

(e¢) Mighly resistant to secondary dreak down over a wide
range of operating conditions.

In viev of the abovs requiresment, the power transistor

28 3055 (BEL-Make) is chosen, sinoe this transistor vas readily
avallabdle. It is a silicon-n-p-n tmaiator for a wide variety
of high pover-application one of which s the power switching
circuits. The data-sheet of 2N 3055 gives the following
maximum rating of this power transistors (that are of practical
hpumncc)(w] $e

(1) Collector to emitter sustaining voltage (Vopg) = 60V.

(2) Continuous gollector current (Io) = 15 amp.

' (3) Transistor dissipation {(Case temp of 25°C) = 115 Watts.
(At case temperatures above 25°C Fig.1,2 and % can be
referred).

(4) Maxioum safe operation arsa shown in Fig.2.

(5) D.C. forward current transfer retioc (hpp) given for
Vop ® 4V and pulse duration (300 p~sec), duty factor =
1.8 % as 5 for Ip = 10 Amp and 20 to 70 for I, = 5 Amp.
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(6) The construction of this device render it highly
resistant to seccondary break down over a wide range of
operating conditions.

The transistor 2N 30595 1s used in power unit in
order to provide the switching of D.C. supply to inverter
according to the pulse train Agg OF Ay and to provide pulse
wvidth modulatelvave scross the load (motor winding) as shown
in Pig.{%.1). The dusc. supply to the inverter-pover unit can
assime a waximm voltage of 100 Volts since two transistor are
comected in series, every tizme the switching takes place. Now
from maximum operating area for these transistors tng.z)“?).
it is evident that the transistors can safely handle 15 Amp
current, since in switching 'OF' condition Vyp 1s only about
1.0 volts. It #hould De noted that these ratings are given at
25°C case temperature and the derating depending upon the
ambient temperature as déscribed in section %.3.2. Now from
current derating curve of 2m3055 1.e. Mg (1%}, 1t 13 clear
that for surrent capacity of 10 Amp 1.e. about 66 % of rated
value, the case temperature should de linmited to about 75°C,
Assuming an ambient temperature of 30°C {max) and a thermal
resistance of about 10°C/W for the hsat sink (of 1.5 m.m.
blackened aluminium with area of 25 8q.cm approx.) then the
transistor would be able dissipate only %.5 W vhile operating
at about 50V and delivering a P.W.M. load current of 10 Amp.

Hence 1t should be varified that total losses in the
svitching device do not increase more than & W, ‘This is



vérified by the following calculationai-
The power loss in the transistor while operating in switching
node can bde estimating by the heat generated during a half of
fundamnental cyele. The heat generated can be dwamnadf LY @ra~
ge pover VxI handled during half of the oporating cycle f.e, &
pericd of 10 m~sec vhile operating at 50 Hz and 0.1 sec while
operating at 5, Hx. The pover losses can De estimated in the
folloving two stepsi- \

(a) The losses ccouring in the J‘unots.m while fully eonduct-

{n)

ing for a period of 10-m sec to 0,1 3¢0 for an optimun
condition vhen in the pulse wvidth modulation the ampli-
tude of sine wave and carrier triangular vave are squal
and a pquars wvave is generated. During this period the
voltage drop across collector-emitter junction (i.e.
Vsat = 1,1V) and current is 10 Amp, The losses are
therefore Ny(peny ® 1+ x 10 x 10™3 = 0,11 vatts to
Ye(max) = Y1 x 10 x 0.1 = 1,1 vatts.
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The losses in transistor during switching off (the losses

during svitching ON Deing neglected since turn on time
of the transistor is nomi@ very amall = 2 u.sec).
These 10sses actually depends upon (1) turn off time
that governed by inductive 10oad and de safely ssmumad
as 100 n~sec for an inductive load of 200 mE and (11)
nusber of svitchings taking place during the cycle
under consideration that is 12 for a meximum modulation
ratio of 2%, Further during turn off the voltage and
durrent can be assumed as 50Y and 10A. HNow the losses
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are W (W) = 50 x 10 x 12 x 100 x 1352 0.6 vatts = W(max)
for a fixed modulation ratio {i.e., f5/f; = 24). But for a
variable modulation ratio scheme vhere maximm value of modu-
lation ratio is 100 that is there are 50 switchings per half
cycle, the losses are Hal("i'&"} = 50 x 10 x 50 x 100 x 16"%= 2,5

!

wvatts.

From the above calcnla_tion it can be observed that
total losses for (1) Pixed Mod. Ratio are W(mm) = 0.1V + 0,6 =
0.7 W to W(max) = 1.1 ¢ 0,6 = 1,7 Watts and for (11) variable
Modulation Ratio are W(min) = 0.11 + 2,5 = 2,61 W to Wlmax) =
f1ef + 2.5 = 3,6 We Thus it can be varified that the transistor
switohing lossez in P.W.M, are will within the permissible
range of 4,5 W. as estimated above, assuming an amblent temperae
ture of 30°C and thermal resistance from case to ambient
(Rth C-a = 10°C/W),

Por the selection of pover transistor next parameter of
consideration is the current gain. This parameter of great
practical importance, since the Preamplifier or Drive Etage
capacity 1is datermined with this paraneter. The Forwvard Currant
Transfer Ratio or Current gain bdasically depends upon two factors
(1) the switching frequency (14) case temp. For the power
transistor operating in P.¥W.M, svitehing mode with modulation of
20 at 50 o/s, the minimum notoh vidth may be of 0,05 m-sec dura-
tion 1.e. corresponding to 20 KHz fregquency. From gain-band
width produot curve, Fig.‘?[wl, it can be seen that for
Vog ™ W and IC = 10 Amp the operating frequency may be upto
100 Xz op 0.t MHs. Again from Fig.10 1.e, typical Mb#-
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characteristic (a curve between hy, and I. for a given

Veg * WV and case temp of 25°C to 125°C) 1t 1s can be cbserved
that for I ~10 Amp at Vo = 4V at 75°C case tewp, a typical
Dy OF surrent gain is 10 approx. Thus the nominal gain of

10 for 2N 3055, as assumed sarlier in secction 4.2 1s Justified.
Again in section 4.2 13 clear that for pover switehing at high
gain two transistors 2K 3055 and ECN 055 (50V, 5 Amp) are used
in darlington pair configuretion. Por :iCN 055, an assumed
nominal gain Y0 can also be justified as discussed above for
2N 3055 because the two transistors bave almost similar chara-
cteristics, Thus an overall gain of 100 can be conveniently
assuned for a dariington pair of 2N 3059 and ¥CR 055.

%+3.% Power Monolithic Circuit/Dariington Pair/High Gain Triple
Qarlington Configuration of Power Transistorsi~

when constructing the power section of a static power
gontroller, normally the following two basic building block
principles are incorporatedi-
(a) Package Transistor Chips! Mounted om the common strips
in direct proximity to each other, is the common produ-
ction n«thod[m]. The chips are inter-connected as a
pover darlington with a common drive stage. Practically
this technique has already bemn tried for automatic
ignition systems in vhich transistor ohips for 500V
integrated pover swvitehing were used and mass production
of these devices in quantities of millions every year
made it possible to dramatiecally improve transistor
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performance and a high rellability of these packaged transistor
chips on a scale never before achieved by high-voltage transis-
tors.

Advanced power monolithic circuit (PMC) chips? have Deenn deve-
loped recently with a circuit configuration as shown in Pig.4.8.
PMC basically 13 a composite chip comprising the entire darling-
ton power coircuit. The iaﬁmal base steering network as shown
in Fig.%.8, increases the base to emitter voltags vhen the
wvafer temperature indreases at high collector current. When

the device 1s turned ON, the equivalent input network of PMC
can be repressnted by a resistance rd with two forvard biased
diodes in series. HNow heating of P.M.C. at high current density,
results in a positive temperature coefficient of the series
resistances This phenomenon assures an absolute corrective
fesdback mechanism, against over~loading of single chip and

this a thermal run avay is seliminated by enforoing current
sharing for each devioce in parallel configuration.

Further, the basic advantage of the darlington configu~
ration 13 that positive base current requirement for the pover-
stage, i3 sufficiently reduced to less than YA for power tran-
sistor ratings upto 100 Amps. During turn-cff, the fast removal
of the stored base charge of the ocutput transistor, is provided
by a diode D, across the base-smitter junction of the input

. transistor. The diode D, across the emitter-ocllector Junction

provides protection against secondary break down {as explained
in section 4.1,2) that is most likely to occur in inductive
loads, The complete circuitry as shown in Fig.4.8 is fabricated
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on a single chip and such power monolithic cireuit chips are
presently employed in all the present day static powver control
squipments, employing these davices as svitching elements.

Although a darlington eonfiguration of power i:rmsiators
gives a significantly improve current gain as a compared to a
single pover tranaistor (such as a gain of 100 can be achieved)
and thus require a lesser base drive but as compared to thyristol
this gain is quite low. For example a thyristor (Type-261,
Westighous Make) can switeh forward current of 200 Amps with
A gate trigger current of 150 mA only and thus have a gain of
about 1300 is achieved: The thyristor, however have a great
problen of turning~off i.e. commutation is required that is
a great problem in most of the applications. —> Toextpage oz
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In this thesis a novel {(alternative) 1dea is suggested
to employ switohing power transistors in ‘High Gain Triple
Darlington' configuration. This idea was first of all suggested
by 'Erie Burvan'taﬂ and have the specific advantage that a
very high current gain and a saturation voltage equal to that
of two transistors can be achieved. Praustically this eonfigu-~
ration is trindca’ ], for switching resistive load current of
2A at 20 Volts and a gain of 250,000 1s achieved. It {3 not
hovever tried for high voltage, large current svitching appli-
ocation and is & nev field of resesrch in cttiei«ht pover swit-
ching. It is therefore suggested to try this 1dea in powver.
switching and it is expected that £f perfeot switching (at
large currants) is possidle in this configuration a‘ nominal
current gain of adout 1000 or more c¢an de sasily obtained.
Thus employing a successful, Righ gain triple darlington
power transistor switch, a perfect switching can de obtained
with base drives approaching to that of tyigger current in a
thyristor and the field of efficlient s011d state switching
using power transistors can de revolutionized.

In the power unit slong with power transistors some
eircuits and components are also provided in order to provide
a proper operation of the inverter and to provide the protection
of pover transistors (the main component) used in the inverter.
The design and selection of these circuits and components is
presented in the folloving sub~ssctionsi«
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bt Selection of Proper Fating for Free Whesling Olodest- As expla-
ined in section %.1.2 and sghown in Fig.W.2, the free vheeling
diodea carry the load currents during off intervals of the
switehing pulses. The value of applied induced e.m.f. and the
load curreat determine the rating of Free-Wheeling diodes.
Conventionally, the rating of these diodes is selected to be
squal to the rating of switching elements i.e. Power Transistors.
The power unit fabricated in this thesis is designed s0 as to
deliver an output of WOO¥Y and 10 Amp, in esse the high voltage
and current (e.g. 800V,104) rating powor transistors are

available, as discussed in section 1.4 of chapter I. Heance the
freo vhealing diodes are selectod having 800 volts P,I.V. and
10 Amp current rating.

4,42 Design of Air Core Inductors (L, to Ly )i~ The currents through

‘trangistors T, to T) during reverse¢ recovery tines of free
wheeling diodes D, to D are limited by the inclusion of indu-
ctors L, to I.“ of ¥ uH. The inductor of such 2 small value can
be easily fabricated dy few turns of copper virs that form an
air core inductor. However the choice of number of turns
require the understanding of designing an air core. The indu-
ctor inductanse of a airechoks or inductor is a function of
the coil gecmetry (1.e. shape and uza){aa], and can de cal~
culated from the espirical formula L = N20 ¢ x 10™7. Henery}
vhers D = Hean diameter of coil in Ggw; ¢ = form factor and
K = Mamber of turns.

In table at Mg.6.8[22) g can read off the factor
¢, vhere the coil geometry parameters are § = b/l and Per/Dye
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Here D 18 the height of ¢oll and r is the radial thickzinﬁ. ir
ve form a coil of single layer using conductor of diameter 0.2 cn
(that can eesily carry the load current of 10 Amp), the coil
dlameter D, = 2 Ctn and height or length of 5 cm j then § = 2.5
ard P = 0.0h Tor these value of B and Ofrom table as referen-

ced adbove, the value of ¢ = 3.2, Now we can calculate the
number of turns from the esperical formula § as ¥ x 1076 Hax
2 x 3.25 x 107 or N = 1% turns (appréx).

tholta3

Voltags transients are considared to de those voltage
levels which exceed the normal repsetitive peak voltage applied
to the power transistor. Any switched senergy storage system
(such as induotive load or motor winding) is a potentisl source
of over-voltage. Because of profound influence of voltage
transients on successful operation of the transistor circults;
an underatanding of sources of transient voltages and tho means
of reducing them is essential.

Fopr voltage transient suppression thres basic approaches
can be employed such ast (1) Series suppression (1i) shunt
suppression (1i1) Combinatfion of (1) and (11). Punctionally the
series transient suppressors acts as a uﬂ.ea impedance which
varies from low resistance under normal operation to high
resistance vhen a transient appears. Vhere as a shunt trans-
ient suppressor appears as an opmm oircuit under normal condi-
tions and betomes a lov impedance shunt path during transients.
The shunt type suppressor that basically conslets of a saries
resistor and a capacitor is called a 'Smibber Circuit’. The
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basio snubber circuitsconsisting of capacitors c, 0 G,
resistor R and diodes 4, #» 4y are shown in fig.4.2 and are
connected across the switching power transistors (‘l“ to 1,).
The basic funotion of this snubber oircuit is to protect the
power transistors from secondary break down that is most likely
to occur because of excessive reverse voltage applied across
the collestor to smitter function during off~period of switch-
ing pulse. This reverse~bias voltage is bdasically the fnduced
voltage (e.m.f.) generated in motor winding that depends upon
the inductance of the motor winding and the operating frequency.
Sinoe the switching transiastors connects the winding to one
polarity for a half cycle, the maximum frequency at which e.m.f.
(reverse bias) will be applied would be 50 Hz when the inverter
is operating at 100 Hz and switching wave is a zquare vave
(under worst case 1.e. M.I>1). Hence the following design
factore can be assumed£23]; for the design of smubdbber circuit
that will by pass the current from the transistor to the
capacitor C, when fransistor is off and a transient of roverse
blas voltage is appliedi~

1+« Peak switching voltage (d.c. voltage) = 230V (max).

2. Operating frequency = 50 Hz.

3+ Rate of rise of voltage across collector-emitter 15 to

be limited to 100V/u nec.
Y. Chooge € = 0.65 for a controlled voltage overshoot of
approximately 20 % .

Now refer the nomograph (such as shown in Fig.16.16
through 16.18[23] to determinel~
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(a) T™he required time constant of the snubber, referring
Pig.16.17 and is by conneoting two point specified by
point ‘A’ = (dv/dt)/E5 = 100/230 = O.4% and point 'B* =
8 = 0,65, Thus R-C time constant is evalusted am 3.5 u-sec.
(b) The value of R, refer Fig.16.16 and locate (xp.a)msa 0.63.
1r xp = 25 Amp then R = (230 x .63)/25 = 50 ohms.
(¢) From R, * 3.5 x 1076 ve have C = (3.5/50)x 1076 = 0.07 ur

or 0.t uf (approx).

Thus wve have R = 50 ohms and C = 0.1 uF as designed
values for snubber circuit. For proper dissipation the rating
of R is taken as Su.

Yol Oyer Current Protection and Overall-Current Limiting Character~
istics of Static Power Controllerst~

Because of relatively low thermal capacity of semi~
conduetor devices such as Transistors or ECR,S, protection
against overcurrsnts is often more critical than for other
type of electrical components. Sincs the transistor do not
have any overload capasity, the seleotion of proper currsnt
1imit and circuit protection scheme plays an important role
for the efficient and reliable operation of the device. There
are two basic reasons for incorporating the proper eurrent
limit and circuit protection s (1) To protesct the unit itself
and (2) to protect the circutt or system it is controlling.

Daring normal operation, the powsr dissipated in the
svitohing transistor is held to a minimum, by providing a proper
base drive current to cause, the transistor to saturate and
thus incur a small voltage drop. While, during over-load,
short circuit or voltege transient, there is a tendency for
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the load current to increase, that causes the transistor to fall
out of utmtioniinnrnluﬁts power dissipation. Since the
input voltage can not be controlled by this dsvice, currmt
limiting smust be provided to hold power digssipation within
limits and prevent the semiconductor junction from rising above
the rated value wvhen the maximum voltage is applied on the
input and the output is shorted to ground. A current limiting
characteristic specified for the d.c. pover cazxtrencrs{zl'], is
shown in Mg.4.8. From this figure it can be observed that for
" a rated voltage {29V d.c.) and normal loading conditions (R losd/
R rated £ 0.667), the current i3 permitted to be limited to 100 %
for short circuit at the cutput while for (R 1oad/R rated > 0.667
the current limit is set at 130 % for an overload. These limit
characteristios are called as "fold back' and are incorporated |
to provide current values greater than rated for starting surges
and also allow current reduction to protect the switching tran~
sistor during the action of circuit protection (i.e. current
1limit and trip out).

However, it would be impraoctical to design the pover
controller to dissipate suei a large amount of power on a conti-
nucus basis, hance a trip out circult is !.nchrparntod to turn-
off the pover switch if the overload or short cireult conditions
prevails for a long time. Also an indication should also de
provided for this tripping. A trip characteristic for short
eircult and/or overvoltage for the d.c. power controllers is
shown in Pig.4.9. It should he noted from this figure that a
minimus t0 max. trip time Of 1 0 3 se0s 1a provided at 29 V
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for short circuit or overload which is practically justified
because this time must be long enocugh to prevent miisance.
tripping caused by tma_ienu of wery very small durations.

telreJ Filtering of Harmonics at the Input of P.W.M, Inverter t-

Normally the direct current absorbed by the inverter
from its supply source is not quite smooth., Further 1if the
voltage regulation is Ancorporated within the inverter itself
and the load is inductive ; the current in the supply source
is either alternating or olipped!?2] as shown in Pig.h.10,
Basically the power absorbed by the inverter from thes supply
souracs is egual to the product of the mean current and the
supply voltage. But the r.m.s. value of ths supply current is
nore than mesn value and the losses occcuring in the internal
resistance depands upon the r.m.s. value. Hence to reduce
these losses filtering at the Snput of tho inverter is sssential.
The filtering at the input of inverter is provided normally by
s L~C filter. The capacitor absord the a.c. component of the
input current. While across the inductance, the a.c, voltags
is only because of a.c. component of ourrent being adsorbed
by the capacitor, which is substantially small. Hovever, if
the voltage control is achieved by pulse width modulation, the
value of capacitor reduces. Dut, for an inductive load the

. energy of the inductance iz to de adsorbed by the capaoitor in
any case vhich 1s sufficiently large. Hence if a L~C filter is
incorporated with a P.W,M, inverter feeiing an inductive load
sueh as motor, the energy required to be stored in the capscitor



)

109

would be significantly large and consequently & lerger a.c.
voltage will appear across the inductor that would lower the
regulation and also reduce the efficimey of P.W.M. inverter
fed 1nductiofx:‘mn. Hence for s P.W:M. inverter operating on
stiff d.c. supply, only capacitor is used for filtering and
regulation of snergy stored in the inductive load.

Farther for the P.W.M. inverters fed vith rectifier,
a capacitor at the input side 1s indispensadle, since recti-
fier permits no current reversal.
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5«1 Waveforms Observed at Various Points In Control-Unit

In this secticn, the varlious weveformes observed practi-
cally at different points in the circuits dlocks of the control
unit § are shown in Fig.3.th. (Chapter nl)wrough photographs
[1] to [7]. The Dlock-diagram of the control unit 1s depicted
in Fige3.ty (Chapter<l) The description and commants of the
waveforms and photographs are as followss~

The vavefora at the output of ;oltago to frequency
convertar is depicted in Fig.3.bh Chagter-ri (as ¢, vs t) and the
tringular charging and discharging of the integrator I-1 1is show
t,’ (e, vs t). As observed in waveform s, vs t, the discharge
Wt p 13 small as compared to charging time tﬁ s hence the
output 1s not a square wvave, but train of gharp pulses,

These sharp pulses are converted ;!:a square pulses and
then to a set of three sequential pulses AgsB8,3Coe through a
three-gtep counter (as shown in block«diagram Fig.3.!). The
pulses i, to Bo to co appear in succession one after another
and are shown at @ @umd @ in Fig.3.14. also a set of two
such pulses observed practically, is shown photographed in
Photo [1]s It is clear from this photo that B, (lover trace)
follows in succession with A, (upper trace). Now Fig.3.t1h
shows the wvave forms QR = Aolz and R'q at @md@ respectively
that are the square pulses and generate a square wvave 'qu for
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phase R at @ Again these square pulses for phese Y, Q * 30/2

and Y_, are shown At @ and@ and square wave Yaq nt@ respe~-

q

ctively. The square pulses Ru and Ys that generate iqmr-

waves for phause - R and phase 3 Y, ar-qshcwn in Photo [2], as
photographed practically. From this photo it can be clearly

observed that these segquare pulses have a phase - displacement
of 120% These pulses are used to generate squars pulses Rgq

and Ygo having again a phase displacenent of 120°,

The vaveforms at @md?!gd.tk show the koucmt.ion
of sharp quenching pulses as required for an analog integrator
(Fig.3.11) employed to convert the square wave Rgo t0 & triane
gular vave R, shown at @.. The similar type of quenching pulses,
generated for an integrator regnired for phase-Y, are shown at
m& in Fig.3.1%, Further the trisngular waves R, and Y,
are converted to sine waves Rs and Ys through triangular to
sine wave to sine vave converter (Fig.3.13) and shown at ® and

‘ in Fig.3.1h. Hg._‘!d'& also deputs the various wvaveforms fopr
the gencration sine wave for Phase-B. Photograph~[3], shows
sine wavas generated for R-Phase and Y«Phage respactively at
S50 Hz. This photograph shows clearly that there iz a phase
shift of 120° betveen Ry (the vave starting from point below
the zero line in the photograph) and Yg(the wave starting
fron a point above the zero line). Similarly Photo~(4]
depicts the sine waves Rg and Bg at about 15 o/s. Again this
photo-ghows that there is a phase shift of 240° betwesn Rg
and B vhers Rg 1s the wave starting from a pd:l.nt above the
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zero 1ine and By is the wave starting from a point belov the
zero line. |

The there phase sine wave 1s modulated with a triangular
wave vith a frequency ratio or Modulation Ratio (MR = f./f.=
2% or 12 or 6). The pulse width modulation is achlieved By a
ofrcutt as shown in Fig.3.23. The Fig.3.2% shows that A.C or
2,0 are the width modulated pulse trains for each half of a
cycle. Actuslly, AC is a vidth modulated,pulse train for
positive balf of & cyole of refercnce sine vave. This pulse
train A,C with a Hodulation Index (M.I = Ag/Ay § Where Ag =
Amplituds of referencs sine vave and Ap * Amplitude of triangu-
lar carrisr wvave) of 0.6 (approximately) and M.R. = 2h 1s
shown photographed in Photo=[5] at reference sine-wave frequency
of 50 Hz. Also Photo-{6] depicts the both of width modulated -
pulse trains (A,C and AT } Fig.3.24) for a M.I = 0.2 and M.Rx
24 at reference sine wave frequency of 25 Hz (approx.)

_ These width modulated pulses are transferred fron
</ectroniec cdntrb}. unit discussed in Chapter II1 to Pover Unit
(Chapte=1V), through a Pulse Isolation Schemey shown in Fig.
3«25, As deseribed in section 3.40, thad a very high frequency
carrier (as compared to width mmnd pulses) is super fmposed
on the width modulated pulses A,C or A,U. These high frequency
vidth modulated pulses are transferred from contrel unit to
power unit through pulse transformers. Photo-VII, shows a
high frequency (about 25 Xils) superimposed width modulated
pulic train (A,cl, MPhase appearing at the collector of Qg.
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R= 10 ohmg § L = 50 mH.

M.1. = 0;5; M.Re = 2""
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In this case sine wave of 50 He is modulated with M.R = 24

and M.X = 0.8. #bnce The width modulated pulses ave filled

vith a high frequency of about % Kix the iefs superimponed-
palce mfsbwn in Photo=[7] vhere the high frequency carrier
is not clearly visible but the pulse width modulation is clearly®
visible.

eforns and Test Results of Powe /PsW.H, Inverters

As described in Chapter~IV, ths pover unit delivers a
three phase pulse width modulated supply of variable fundamental
operating frequency and variable amplitude. A sinmisoidal mean
voltage 13 produced when this supply is fed to an inductive load
such as induction motor. Sasically the power unit employ power
transistors that sre switched on or off as per the wvavefora
(A€ or A,'E) driving the transistors T, to T for a pbaéwn.
The output across the load (or motor winding) is a pulse width
modulated vave alternating in polarity every cycle {b-ocnun of
the pover cirouit configuration and driving pulse trein as
shown in Fig.b. and Pig.3.24).

Photograph- [8], show the inverter output vaveform across
a pure resistance load of about 10 chms in a phase~R 1.8 across
Ry=Rye The D.C. input to the power control unit/inverter is 20V
and is obtained after a rectification through a thres~phase
bridge reetifier and a L.C filter consisting of an inductor of
about 0.15 =l and a capacitor of 5000 nF and are caleulated
from the emperical formula [ 25 },f(s:{ ripple = (1.33)/LC for a
three phage 50 ¢/s supply fed Dridge rectifier, vhere, !.tiln
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Henery, C in pF. Then L for 2 7 ripple 13 given by 2 = (1.33)/
L x 5000 = 0.133 =l Oor 15 mH).

|[Pover supplies for Flectronics Equipments by J.R.Nowioki.]
This rectifier/filter supply gives o correct value of 2 % ripple
vhen loaded upto 5 Amp with s resistive load.

Photo {8], depicts an inverter mitput voltage across a
resistive load for a M.Re of 2% and ¥ I = O.%4 {apyrox). From
this photo it 1s clear that the output waveform is similar to
the waveforn of switching pulses fle. a width modulated pulse
train Aw or AZU. The amplitude otﬁﬂﬁ. trains (width modula~
ted as per WALE A, C or A"G appoaring for each half oycle }
alternates ih polarity every cycle and have a value of about
+ 19 ¥V £0 zero and zero to = 19 V respectively. Further it can
bs observed that 3« (1) The top level (*ve pmak or -ve peak)
vidths and zero level widths of the pulses, are straight lines,
because of the filter circult being provided at the input of
the power control untt, (11) Thers is a reduction in peak value
of amplitudes of the pulses. The peak walues are * 19 ¥ and
thus, a drop of about 1V ocoocurs on each polarity that is due
to the pulsating voltage of about 1 Volt appearing continucusly
(during inverter operation) across the inductor used in L,
filter. The pulsating voltage of 1V.p=p appearing across the
inductor 1s Decause of the pulsating current draw-ia by the
resistive loud connected across the inverter output (i.e. Ry~
Ry) and 1s also justified from the calculation that is as px
followst~ Let us assume the pulse train of average frequency
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of 1 Kliz {1.e. 21 times to 50 Hg which is the fundamental
operating frequency of the inverter). Then for s current with
a total remes value of approx.1.0 anp and total r.m.svoltags of
abbut 10 Volts (as observed through dynsmometer type ammeter
and wvoltmeter); the voltage appearing scross the inductor L
(0.25 mH) 16 ¥y = WLoX(r.m.s) = 27,1000 x 0,15 x 103 x ¥ =

_ 1.0V (approx). $3202) The value of total r.m.s a.c voltage
apnesring across the load of M,I = 0.5 and with M.R = 2% as
read by a dynamometer type voltmetsr is 10 volts. Now it can
be varified from the tadble 9,12 pp.aw("‘},,(mn gives the
haraonic content of a sine modulated uni«directional wave) that
for a M.X = O.h and MuR = 20, total harmonic content is

50.2 4 of the d.¢ supply. Since a dynamometer type of instru~-
ments read a total r.m.s value of an electrical quantity

{i.e. current, voltage or watts),m the inverter output vol-
tage read by a dynamometer type voltmeter, in this case {where
& MR = 2 and M.1. = 0.4 i3 selected) is & measure of total
harnonie econtent. This voltage is read as 10V which is 50°/
of the d.¢ input and is almost equal to the value given by the
total harmonic content in the case of a sine modulated.(Un~
direstional wave f/fg = 20 or MR =20 and Ag/Ay = 0. = M, I,
This equivalency leads to an important conclusion that the
sine fodulated vave appearing across the load in the P.W.M.
Inverter developed and fabricated in this thesis produces an
output wave that shall have a harmonic pattern equivalent to
that of 2 sine modulated uni~directional vave. This conclusi-
on is further gupportsed by the following discussiont-
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It should be observed from Fig.sz21@)of puls width mo=-
dulator in eleotroniec control unit, that the pulse width modu-
lation of bi-directional or two level type(in every hplf cycle
of a fundamental operating frequency) is achieved by modulating
a reference sine wvave with a bdidirectional tsianpgular carrier
vave as dascridbed in seotion 3.33Chapter IIXI. These width |
modulated pulses AyC or Aal' & level-bidirectional P.W.M,
nature are used to drive the pover transistor r, to ’1'# in such
& vay that the pulse width modulated ocutput of inverter alter-
'natu in the polarity every oyole. Thus even though the pulses
in every half cycle have thely widths madulated as per tvo-
level/bi~directionsl modulation but because of the alternating
(#ve to zero ar sero to -ve) nature of the cutput wave, the
output shall have a harmonio pattem oéui.valmt to that of &
uni-directional or three-level type of P.W.M, ATgain 1t can
be obgerved from the Table 9.13["],\@1@3 (harmonic content of
aine modulated unidirectional wave with f,/ro=20) and tadle
9.23 (that also gives the harmonic content of a sine modulated
bi=-directiocnal wave with fT/rs'ZO); thatt-

(1) The harmonics 1 to 20th are present in cutput in the case
of dbidirectional or two level modulation while in case
of uni-~dircotional P.W.M. all the even harmonics are
absent and others are present.

(11) The amplitude of all the harmonics ¥ to 15 (as shown in
table 9,23 for bidirecticnal P,W.M. wvave) are smaller
then the amplitudes of the corresponding harmonics in
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case of unidirectional P.W.M.{as shown in tadble 9.,12).

Henge it 18 concluded from the adove digcussion and
comparision that the ocutput wave of the P,W.M. inverter
(developed and fabricated in this thesis) have utilized both
the advnntun of a undirectionmal and bidirectional P.W.M. and
arete

(1) that all the even harmonics are eliminated from the
output wave, The elimination of even harmonics is
mainly due the unidirectional nature of the cutput
vave.

(2) that all the harmonic present in the output (except even
harmonics that are eliminated as stated above) have the
smallest possible amplitudess This is due to the bi-
directional typs of pulse width modulation being adopted
to generate the width modulated pulses such as A,C or
A as shown in Pig. .

Photo [9] deplots the output waveform vhen the inverter
is feeding a M-I loads, The l0ad consists of an inductor of the
‘value of 50 m.H and a parallsl resistance of 25 ohms. The
wavefors shows thatte _

taan
(1) The top or bottom widths of the pulse fwias &{n a half
of the cycle are almost at the same voltage level as in
the case of resistive load, (as shown in Photo-(8)),
but are wvary in nature instead of straight line,as in
the case of resistive load. This is because of the
reason that only condenser is connected across the out-

put of rectified supply and the wary nature is because
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of the ripple presented in the supply vwhen inverter is
feeding the load.

(2) The zero line width are shown shifted downward in one
half and upward in the other half. This shift in zero-
1ine widths 1s due to inductive hature of the load.The
nagnitude of this shift actually depends upon the value
of inductance of the load. Larger the inductance, more
would be the ¥hift in zero line width.

(3) The shift in zeoro-line widths, bdasically indicate the
fly=back aocotion or the application a reverse voltagse
appearing across the load because of stored energy in
the inductor or the any other inductive load such as
winding of a.c¢. motor, The fly-back action actually
takes place during off-period of switching pulses that
is vhen non of the transistor is in conduction and the

. load is removed from the supply. The storedensrgy in
the inductor or the an.f of a motor winding then circulate
the current through free-vheeling diodes during this
period (1.¢. the poriod in vhich Transistors T, and T
or T, and '23 are not conducting) and thus apply a |

reverso-voltage across the load.

5«2+ Inverter Operation on Loadt- In this section the performance
of Three-Phase P.W.M. Inverter developed and fabricated (in
This thesis), is observed by operating the inverter with a
nr&ébln resistance. An experiment was performed with the
observations s followi- |




(a) Inverter operating conditionst~

(1) Modulation Ratio = f,/f = 29.(11) opcratan&
frequency of inverter = 50 Hz (iﬁ) Modulation Index
_(AB/AT) = 0.8 {(iv) Input Supply Inverter = 20 V,D.C.
(Input supply i1s filtered through ¢ L-C Filter } with
L = 0.15 mH and C = 5000 uF) (v) Resistive load = 50 ohm,
5A (Variable).

(b) Obaservations on Resistance Load!~

The inverter was found to operateg satisfactorily on
resistive loads with a loading current upto 5 Amp{max.)
in all the three phages. A load test performed on phase
«R 1s tabulated below in Table-'A’, ‘

TABLE = A
L Db.C. Input «Ce_OUtpu
Sl.No. |__VOLIE mﬁ VOLIs | AVpPS
_”5§§§T$ngj Yoo 12471 V v.'irT :
1. 20 - 0 - 15 - 0
2. 20 e 1.3 = 13.5 - 0.5
3. 20 - 1 - 13.5 - 1.0

be  19.5 21.0 1.85 1.8 12.8 tH.0 2.0
s  20.5 21.0 2.79 2.6 12.5 13.0 3.0
6. 20 22,5 3.2 3415 10.5  13.25 W0
7 22 23,5 %.3 W0 10.5 12,5 5.0

The following inferences can be drawn from the table'A’:-
(1) It 1s possible to load the inverter upto 5 Amp giving
proper operation.



PHOTO-[11] PICTORIAL VIEW OF POWER CONTROL UNIT

——
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(11) The observation of V,, revenls that voltage falls
on loading after 2 Amp. The reason for this is that the current
drawn from D,C, subply is pulsating at abmit 1200 Hs at. vhich
drop across the inductor in filter circult goes on 1mr;aes.ng
with the load. If we observe the input supply D.C voltage on
CeReOe 1t can de s«ri that on no load or loads upto about 1 Amp
the supply remains pure d.c but after | amp say 2 Amp to 5 Amp
there is a modulated wave super imposed the D.C supply. Thias
super impéecd vave have the waveshape as that of the switching
pulses and tho}o is a dip in the d.¢ voltage during the period
the load current flowa. This dip causes the average d.¢ value
to be decreases as shownfor VMAﬁ'a.h in the tabdle *'a’l Htucc
in order to caupensato a slight boost in d.c voltage is requirod
~ 80 as to maintain average d.0. supply voltage constant. Actually

L]

- the values V do are obtained after compensating for such dips

| by inoreasing the d.c. supply slightly and observing on CyR.O.
the wave ghape of d.¢. supply. The d.c. supply 1s adjusted
in such a way that average d.0. émins substantially constant.

(111) On observation of V, and V_.' it 15 evident that

the voltage acress the load remains mb_atantially cons%ant and
there 13 only 1 Volts difference between V,, = 13.5 and V_,
12.5 at 5 Amp. Thus the regulation of the inverter is quite
good that s about $ % from & load of 0.5 Amp to 5 Amps.

54242 Pictorial View of Electronic Control Unit and Pover Control Unit!

Photo [10] and {11] give the pictortal vievs of Fleotro-
nic control unit (described in Chapter III and amd Pover Control
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tnit (descrided in Chapter IV) Photo[w] clearly deapitts the
printed circuits cards s»» fabricated and mounted on plug~in
printed card conmectors for better reliability, easyness in
testing, repair and interconnection of different cards. The
card No.! from front panel, contains the circultary for VFC and
3=step ring counter, card No.2 and No.3 for square pulse to squ-
are wave to sine wave convertersf The Wth, 5th and 6th cards
contain the circuitary for Pulse Width niodulat.ian, while card
7th (last from rear panel) contains a dsvider (to obtain proper)
moduletion ratio and a triangular carrier generator and is
shovn lying flat and connected to its connector in the cabinet
through a card connecting chord. The big printed Mt card
0.8, in the rear of camera sye, contains the total cizandaisvy
for cirouit Isolation and there are 6§ pulse trensformers noman-
ted on the bottom of this card.

Photo.1t givos the complete view of power control unit
employing power transistors with a set of two power transistors
connected in darlington palr and mounted on the same heat sink.
The heat sinks for power transistors are mounted with flat face
(vertical) and four horigzontal fins to give sufficient area for
cooling the power transistors which are the main source of heat
generation while switching ON and OFF. On the flat face of thes«
heat sinks, the power transistor are mounted with proper thermal
contact with the sink. Finned type heat sinks are used for free
vheeling diodes Tho snubber citcuits and fuses are provided in
the space left betwean the mountings of power transistors.
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The air core choke coil made of spiral shape coil of copper

vire \évjth a resistances and a diode connected across it, < 24o
Vi Hebbe. ,

The preamplifier or ariwria also clearly wvisible that
consists of a tranaformer as shown in Photo and a set of three
equivalent cards used for providing sufficient base drive to

the power transistors.
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From the test results it is clear that practically it
is possidle to run & 3110V, 0.5 KVA, 3 ¥, Induction motor with
the Three Phase solid state P.W.M. Inverter (employing pover
transistors as switcehing device). It i85 also possidble to vary
the greed § of the induction motor by supplying a 50 V.D.C. tO
the inverter and maintaining a M.R = 24 (£,/f.) and M.I = 0.8,
atmply by varying the fundamental frequency of operation i.e.
£g through the variation of a d.c. control signal V}. The
variation of d.c. control signal basically variea the frequency
ofV.F.C. and consequently the fundamental frequency. 8Since
the speed of an induction motor can be v;aried by the variation of
frequenoy of the 3¢ supply, hence it is possible to vary the
speed of the induction motor, from 10 % to 100% of the
rated no~load speed by variation of P.W.M. supply frequency
from § Hs to 50 Hz. The speed variation is obsarved to be
‘quite smooth through out this speed range.

However it could not be possidle to operate the inverter
motor~drive at P.W.M. supply voltage of more than 40 Volts
because of the lower voltage ratings of the power transistors
but the motor could be: loaded upto 4% Amp. The loading of
motor at a fixed frequency and proportional fixed voltage of
inverter output,(i.e. 35V at 25 Hz) hovever could not be
performed becauss of the large impedance of the motor winding
and consequently a substantial voltage drop ocouring in the
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winding impedance and therefore reducing the avallable air-gap
power or torque on the rotor. Henoce the load test on the inverts
motor drive, cpersting in open loop configuration but fed with
conatant V/f condition could not be performed and thus motor-
sharacteristics while operating on the P.W.M. inverter could
not be evaluated. With the avallabdility of the high voltage,
large current rating power transistors (such as 800V, 30 Amp);
it would be practically feasible to control the speed of conven~
tional WOOV, 3¢, Squirrel cage induction motor upto 10 XVa or
nore, by employing the same pover unit simply by replacing the
existing power transistors (2N 3055) by high voltage and current
rating pover transistors and also tha gsame elostronic control
unit to control the speed of the induction motor from 10 °A

.to 100 %4 of the rated speed.

In order to obtain a constant V/f operating of the
induction motor drive.employing a 30114 state P.¥W. M, inverter
developed in thhs thesis, some modifications in the electronics
control sohems are required such ass-

(1) The amplitude control of the referencs sine vave Ry ¥g or
88, that in the prescnt case is achlieved through three pot-
entiometers (one in each phase), should be replaced by
amplitude control employing .Analog Multipliers (chip
recormmended in section 3.2.2). The employment of analog
sultipliers for amplitude control of three phase reference
sine waves 1f recommended because of the dmin reasonst+ that
it would provide a préasésa linear smooth amplitude control
of constant amplitude, 3¥ sine wave, simultanecusly with a
common control signal V,, that is the basic requirement for
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obtaining the constant V/f operation of an inverter and

practically could not be m in this thesis mainly

because of non~availability of Analog Multipliers having

a good linearly (of the order of 0,5 % )« A good linearity

a2 the basic requirement to have a precise control of ampli=-
tude through a control signal va 1.900 O to 10V gignal for the

amplitude control from zero to max. of 1OV,

(2) Some control circuits are required to be disigned a!:d
developed for the following purposesie
(a) A eirouitary to provide an overload/short circuit

protection employing a current feedback. A voltage
proportiomal to the current can de used to provide this
protestion as well as to reduce the deformation in the
current wave;3’3] as shown in Fig.3.23, that normally
cccur at low p.f. loads.

(b) A phase-reversicircuitary to provide a counter current
braking (plugging) condition.

(c) A circuitry to maintain a definite ratio between the
two control signals V, and va. such that the frequency
varies with a direct proportion to the amplitude 1.q.
a constant V/f condition.

(3) If a completely automatic speed regulating system (as
shown in Fig.2.13) required. The following cirouits are
required to de developed:i~
(a) (1) speed controller (11) Active current controller.

(111) Start Protection Device (iv) Flux controller,
that compares voltage and flux sensed through vbltau
and flux transducera.
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(b) A processing unit that continuously observed the the
above parameters (v,r,nm and Ry.) and process them
to give the control action and the switching pulses to
the pover unit or inverter.

Thus in this thesis the practical faasibility of
employing the power transistors in place of thyristor (as
switching device), in Solid State inverters is observed. Jhe
omploymant of power transistors results in relatively simple
control schome to obtain a constant V/f operation, as cowpared
to thyristor vhich reqdires comparatively more complicated
control scheme because commutation is to be provided for every
svitching. Thyristors also require the btulky.energy storage
circuits for commitation purposes and thus increases the bullk,
zxte welght and complexity of the statically controlled equipment.
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