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POWERLECTRONICS

The controlof electric motor drivesequirescontrolof electricpower.Power electronics have
eased the concept of power control. Power electronics signifies the word power electronics and
controlor we carsaythe electronic that dealith power equipment for power control.
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Power electronics based on the switching of power semiconductor devices. With the
developmenbf powersemiconductorechnologythe powerhandlingcapabilitiesand
switching speed of power devices have been improved tremendously.

PowerSemiconductobevices

The first SCRvasdeveloped inate 1957.Powersemiconductodevicesarebroadly
categorized into 3 types:

1. Powerdiodes (600V,4500A)
2. Transistors
3. Thyristors (10KV,300A,30MW)

Thyristor is a four layer three junctigmpnsemiconductor switching device. It has 3
terminalstheseareanode, cathodandgate. SCRsaresolid statedevice, sdheyarecompact,
possess high reliability and have low loss.
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Anode
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SCR ismadeup of silicon, it act asarectifier; it hasverylow resistance ithe forward
direction and higlmesistance ithe reverse direction. It is a unidirectional device.

Static V-| characteristicsof a Thyristor

Thecircuit diagramfor obtainingstaticV-l characteristics iasshown

LOAD A

I i

—~ K
Anodeandcathodeareconnectedo mainsourcevoltagethroughtheload. Thegateand
cathode are fed from sour€2y

A typical SCRV-I characteristiés asshownbelow:
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Vgo=Forward breakover voltage
Vgr=Reverse breakover voltage
Ig= Gate current

o —Forwardbreakovewoltage

wy» +Reversdreakovewnoltage

"@=Gatecurrent
w=AnodevoltageacrosghethyristorterminalA,K.
‘@=Anodecurrent

It canbe inferred fronthestaticV-l characteristiof SCR. SCRhave3 modesf
operation:

1. Reversélockingmode
2. Forwardblockingmode( off state)
3. Forwardconductiormode(onstate)

1. ReverseBlocking Mode

When cathode of the thyristor is made positive with respect to anode with switch open
thyristor is reverse biased. Junctignand(y are reverse biased where junctibis forward

biased. The device behaves as if two diodes are connected in series with reverse voltage
applied across them.

1 A small leakage current of the order of few mA only flows. As the thyristor is
reverse biased and in blocking mode. It is called as acting in reverse blocking mode
of operation.

1 Now if the reverse voltage is increased, at a critical breakdown ¢alledreverse
breakdownvoltageays 'yan avalancheoccursat (1 andis and the reverse
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current increases rapidly. As a large currasgociated witky vand hence more
losses to the SCR.

Thisresultsin Thyristordamageasjunctiontemperaturenayexceed itsnaximum
temperature rise.

2. Eorward Blocking Mode

Whenanode igositive withrespect to cathode, witfate circuit open, thyristor &aid to
be forward biased.

Thus junctiony and are forward biased and is reverse biased. Athe forward voltage

is increases junctiom will have an avalanche breakdown at a voltage called forward
breakover voltage s When forwardvoltage is lessthen ax ¢hyristor offers high
impedance. Thus a thyristor acts a®pan switch in forward blocking mode.

3. Eorward Conduction Mode

Herethyristorconductsurrent fromanodeo cathodevith avery smallvoltage drop
across it. So thyristor can be brought from forward blocking mode to forward
conducting mode:

1. Byexceedingheforward breakovevoltage.
2. Byapplyinga gatepulse betweegate andccathode.

During forward conduction mode operation thyristor is in on state and behave like a
closeswitch. Voltagedropis of the orderof 1 to 2mV. Thissmallvoltagedropis dueto
ohmic drop across the four layers of the device.

Different turn ON methodsfor SCR

Forwardvoltagetriggering
Gatetriggering
Qtriggering

Qo

Light triggering
Temperaturdriggering

abr wnNPRE
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1. Eorward voltagetriggering

+ TAnode
=2
J1
™
12
o—/c-— P
Gate 13
™
lCathode

A forwardvoltageis appliedbetweeranodeandcathodewith gatecircuit open.

1 Junctioniy andts is forwardbiased.

Juntionly is reversebiased.

1 Astheanodeto cathodevoltageis increasedreakdowrof thereversebiasedjunction
(occurs. This iknownasavalanche breakdowandthevoltageat whichthis
phenomena occurs is called forward breakover voltage.

1 Theconductionof currentcontinuesevenif the anodecathode voltageeduceshelow
wy dill "@Qwill notgo below@ Where'@is the holding currentfor thethyristor.

=

2. Gate triggering

This is the simplest, reliabbnd efficient method of firing the forward biased SCRs. First SCR
is forward biased. Then a positive gate voltage is applied between gate and catpradsice

the transition from OFF state to ON state by exceealings never employed as it magstroy

the device. The magnitude @ s so forward breakover voltage is takesfinalvoltage rating

of the device during the design of SCR application.

First step is to choose a thyristor with forward breakover voltage (say 800V) higher than the
normalworking voltage. The benefit is thtite thyristorwill be inblocking statevith normal

working voltage applied across the anode and cathode with gate open. When we require the
turning ON of a SCR a positive gate voltage between gate and cathagiglied. The point to

be noted that cathode fayer is heavily doped as compared to gatayer. So when gate
supply is given between gate and cathode gdgqr is flooded with electron from cathodte

layer. Nowthe thyristor is forward biased, so sometbése electromeach junctiony .As a

result width ofty breaks down or catuction at(r occur at a voltagéess thanoy sAs ‘@
increasesy ; reduces which decreases then turn ON time. Another importantipdimtation

for whichthe gate current igpplied should be motben turn ON time. Thismeans
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that if the gate current is reduced to zero before the anode current reaches a minimum value
known as holding current, SCR cané6t turn ON.

In thisprocesgpowerloss islessandalsolow appliedvoltageis requiredfor triggering.

3. dv/dt triggering

Thisis aturningON methodbutit mayleadto destructiorof SCRandsoit mustbeavoided.

Z"
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Forward Breakover Voltage >
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Gate Current —

When SCR is forward biased,junction 01 and (s are forward biasedand junction ( is
reversed biased so it behawssifan insulatois place betweetwo conducting plate. Hena
and® acts as a conducting plate andcts as an insulatak is known as junction capacitor.
So ifwe increase the raté change of forwardoltageinsteadof increasing the magnitude of
voltage. Junctionly breaksand startsconducting.A high value of changingcurrentmay
damage the SCR. So SCR may be protected fronf2high

Qo

n= @0
7'(20

O: &

w —~

Qo0

@ 2V
Qo

4. Temperature triggering

During forward biasedyis reverse biased so a leakage forward current always assqgithted

SCR. Now as we know the leakage current is temperature dependant, so if we increase the
temperaturethe leakagecurrent will alsoincreaseand heat dissipitatiorof junction
woccurs. Wherthis heat reachea sufficient valuap will break and conductiostarts.

Disadvantages
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Thistype of triggeringcauses locdiot spot and magausehermalrunawayof thedevice.
This triggering cannot be controlled easily.
It is verycostlyasprotectionis costly.

5. Light triggering

First a new recess niche is made in the innaypr. When this recess is irradiatéien free

charge carriers (electron and hole) are generated. Now if the intensity is increased above a
certain value then it leads to turn ON of SCR. Such SCR are known as Light activated SCR
(LASCR).

Somedefinitions:

Latchingcurrent

Thelatchingcurrent maypedefinedasthe minimunwvalueof anodecurrent whichat must
attain during turn ON proce$s maintain conduction evengdhte signal is removed.

Holdingcurrent

It is the minimumvalueof anodecurrentbelowwhichif it falls, theSCRwill turn OFF.

Switching characteristics of thyristors

Thetime variationof voltageacrosghethyristorandcurrentthroughit duringturnon
and turnoff process gives the dynamic or switching characterist®GR.

Switching characteristic during turn on

Turn on time

It is thetime duringwhichit changes fronfiorward blocking stateto ON state.Totalturn
on time is divided into 3 intervals:

1. Delaytime
2. Risetime
3. Spreadime

Delaytime

If “@and Qrepresent the finalalue ofgate current and anode current. Thies delaytime
can be explained as time during which the gate current attairi®t0.#he instant anode
current reaches 0:@or the anode current rises from forward leakage current t@@0.1

1. Gatecurrent0.9"@to0 0.1@
2. Anodevoltagefalls from ux;to 0.9
3. Anodecurrentrises fromforward leakagecurrentto 0.1°Q
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Risetime (4

Timeduringwhich

1. Anodecurrentrisesfrom0.1"@t0 0.9Q
2. Forward blocking voltage falls frof9u;to 0.1ax; axis the initialforward blocking
voltage.

Spreadtime (€

1. Timetakenbytheanodecurrentto risefrom0.9Qt0'@

2. Time for the forward voltage to fall from @#dto on state voltage drop of 1 to 1.5V.
During turn on, SCR is considered to be a charge controlled deviert@n amount
of charge is injecteth the gate region to begin conduction. So higher the magnitude of
gate current it requires less time to inject the charges. Thusruime is reduced by
using large magnitude of gate current.

How the distribution of chargeoccurs?

As the gate current begins to fldnom gate to cathode with thegplication of gate signal.

Gate current has a non uniform distribution of current density over the cathode surface.
Distribution of current densitys muchhigher near the gate. The dengigcrease as the
distance from the gate increases. So anode current flows in a narrow region near gate where
gate current densities are highest. From the beginning of rise time the anode current starts
spreading itself. The anode current spread at a rafelaim/sec. The spreadiramode

cumrent requiressometime if therisetime is not sufficient thethe anode current cannot
spread over the entire region of cathode. Now a large anode current is applied and also a
large anode current flowing througire SCR. As aesult turnon losses is high. As these
losses occur over a small conducting region so loa$pots may form and ihay damage

the device.

Switching Characteristics During Turn Off

Thyristor turn off means it changed frddN to OFF state. Once thyristor is o@iNere is

no role of gate. As we know thyristor can be made turn GyFeducing the anode current
below the latching current. Here we assume the latching current reroeampere. l&
forward voltage is applied across thER at the moment it reaches zero then SCR will not
be able to block this forward voltage. Because the charges trapped ldlgerdare still
favourable for conduction and it méayrn onthe device. So to avoid such a case, SCR is
reverse biasefbr some time even the anode current has reached to zero.

Sonowtheturn off time canbedifferent aghe instant anodeurrent becomes zeto the
instant when SCR regains its forward blocking capability.

&=Q o
Where,
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O is theturn off time, is thereverse recovenyme, & iis the gate recoveryime

At & anodecurrentis zero. Now anodecurrentbuilds up in reversedirectionwith same

Qo

QD slope. This is dueto the presenceof chargecarriersin the four layers. The reverse

recovery current removes the excess carriers ficand (s between the instants and.

At instant® the end junctiony andzis recovered. Buty still has trapped charges which
decay due to recombination only so the reverse voltage has to be maintained finaseme
time. The time taken for the recombination of charges betweand ¢ is called gate
recovery timed, i Junctionly recovered and now a forward voltage can be applé#dss

SCR.
Theturnoff time is affectedby:

1. Junctiontemperature

2. Magnitudeof forward current2@uring commutation.

Qo

Turnoff time decreasewith theincreaseof magnitudeof reverseappliedvoltage.
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GTO (gateturn off thyristor):

A gate turnoff thyristor is a pnpn device. In which it can be turned ON like an ord &R
by a positive gate current. However it can be easily turned off by a negative gate pulse of
appropriate magnitude.

VA N/ N/
_6457 K _}%——K G_7 )

Conventional SCR are turned on by a positive gate signal but once the SCR is turned on gate
loses control over it. So to turn it off we require external commutation circuit. These
commutation circuits are bulky and costly. So due to these drawbacks GT€» c¢otn

existence
Thesalientfeaturesof GTO are:

1. GTOturnedon like conventionaBCRand isturnedoff by a negativegatesignalof
sufficient magnitude.

2. Itisanonlatchingdevice.

3. GTOreducescoustiandelectromagnetiaoise.

It has high switching frequency and efficiency.

A gateturnoff thyristor carturnonlike anordinarythyristorbut it is turnoff by negative
gate pulse of appropriate magnitude.

Disadvantage

Thenegativegatecurrent requiredo turnoff aGTO s quite largehat is20%to 30 % of
anode current

Advantage

It iscompactandcostless

10
PowerElectronicsandPLC



Vedang Institute of Technology

SWITCHING PERFORMANCE

G TO

}:5?%;&30 E 2nq
=

T =

1. ForturningON aGTOfirst TR1isturnedon.

2. Thisin turnswitcheson TR2 sothat apositivegatecurrent pulse iappliedto turnonthe
GTO.

3. Thyristor”Y is usedto applya high peak negative gatairrentpulse.

Gateturn -on characteristics

1. Thegateturnoncharacteristics isimilar to athyristor. Totakurnontime consist®f
delay time, rise time, spread time.
2. Theturnontime canbereducedy increasingts forwardgatecurrent.

11
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GATHURNOFF
Turnoff time isdifferentfor SCR.Turaff characteristicss divied into 3 pd

1. Storagdime

2. Falltime
3. Tailtime
Tot sttt

At normaloperatingconditiongto carriesa steadystate current. Theturn off process
starts as soon as negativeurrent is appliedafter t=0.

+ iCl-v(l VO =VS

Spike voltage

Tail current

STORAGEIME

During the storagepthe anode voltage and current remains constant.The gate current rises
depending uponhe gatecircuitimpedanceandgateappliedvoltage. Thebeginningof pdisassoon
as negative gate current is applied.Téred of storage pd is markely fall in anodecurrent and
risein voltage,whatwe haveto do isremovethe excessarriers.theexcessarriersare removedby
negative carriers.

12
PowerElectronicsandPLC



Vedang Institute of Technology

FALLITIME

Afterts,anode currenteginsto fall rapidlyandanodevoltagestartsrising.Afterfallingto a certain
value,then anode current changes its ratefadl.this time is calledall time.

SPIKENVOLTAGE
Duringthe time of storageandfall timethere isachangen voltagedueto abruptcurrentchange.

TAILTIME

GTO
TR2

i
-
A

TR 3 =Lc,

T
T

Duringthistime ,the anodecurrentandvoltagecontinuestowardsthe turn off values.The transient
overshootis due to the snubber parameter and voltage stabilizes to steady staige.

13
PowerElectronicsandPLC



Vedang Institute of Technology

THE TRIAC

As SCR is a unidirectional device,the conduction is from anode to cathode and not from
cathoddao anode.It conductsn bothdirection.It isabidirectional SCRwith threeterminal.

TRIAC=TRIODE+AC

Hereit is consideredo betwo SCRSconnectedn antiparallel.Asit conductdan both
direction so it is named as MT1,MT2 and gate G.

A

la
MT 2 MT2 positive

[g2 Igr  Igo=0

Vo Vo2 YTV
5 mey
S e Veor

MT1 ~Igo -Ig1 -lg2

MT2 negative

(a) (b)

SALIENT FEATURES

1.Bi directionaltriodethyristor
2.TRIAC meandriodethatworksonac
3.1t conductin bothdirection

4.1t i1s acontrolleddevice

14
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5. Its operationis similar totwo devicesconnected irantiparallelwith commongate
connection.

6. It has3 terminalsMT1,MT2 andgateG
Its use is control of power in ac

POWERBJT

PowerBJTmeansa largevoltageblockingin the OFFstate andhighcurrentcarrying capabilityn the
ON state. Inmost power application, base is the input terminal. Emitter is the common terminal.
Collectoiisthe output terminal.

l
di

- |
L
c
(48]

SIGNALEVEDFBJT

n+dopedemitter layer,dopingof baseis morethan collector.Depletioayerexistsmore towards
the collector than emitter

15
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POWERBJT CONSTRUCTION

The maxium collector emitter voltage that can be sustained across the junction, vehen it
carrying substantiatollector current.

Vceo=maxiuncollectorancemitter voltagethatcanbesustairby thedevice.
Vcbo=collector base breakdown voltage with emitter open
PRIMARY BREAKDOWN

It is due to convention avalancheeakdown of the €B junction and its associatelhrge flow
of current.The thickness of the depletion region determines lileakdown voltage of the
transistor. The base thickness is made as small as possible, in order to have good amplification

capability. If the thickness is too small, the breakdown voltage is compromised. So a
compromise has to be matbetween the two.

16
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THE DOPINGLEVELS-

1.Thedopingof theemitter layeris quitelarge.

2.Thebasedopingis moderate.

3.n-regionis lightly doped.

4.n+regiondopinglevelis similarto emitter.

1. THICKNESSOFDRIFT REGION

It determineghe breakdown lengtlef thetransistor.

2.THE BASE THICKNES T

Small basethickness goodamplificationcapability

Too smallbase thicknesshe breakdownvoltageof thetransistohasti be compromised.

For a relatively thick base,the current gain will be relatively small.so it is increase the
gain.Monolithicesigns fodarlington connected BJT pair have been deveploed.

SECONDARYBREAKDOWN

Secondary breakdown is due to large power disspation at localized site within the semi
conductor.

PHYSICSOFBJT OPERATION

The transistor is assumed to operate in active region. Tsee doped collector drift region.
It has importance only in switchingperation, in active region operation.

junction is forward biased and-EB junction is reverse biased. Electrons are injected
intobase fronthe emitter. Holes are injected frobase into theemitter.

QUASI SATURATION-

Intially we assume that, the transistor is in active region. Base current is allowed to increase
then lets see what happens.first collector rises in response to base current.So there is a increase
voltage drop across the collector load.S& @oltage drops

Because of increase in collector current, there is a increase in voltage in drift region. This
eventually reduces the reverse biased across the C-B junction.so n-p junction get
smaller, at some poirthe junction become forward bised. So now injection of holes from base
into collector drift region occurs. Charge neutraligquiresthe electron to be injecteith the

drift region of the holes. From where these electcame. Since a large no of electron is
supplied to the @ junction via injection from emitter and subsequendiffusion across the
base.As excess carriebuild up in thedrift region beginsto occur quassaturation region is
entered.As the injected carriresncreasein the drift region is

17
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gradually shotred out and the voltage across the drift region drops. In quasi satheataft

region is not completely shorted out by high level injection.Hard saturation obtained when
excess carrier densitgaches the n+ side.

During quasi saturation, the rate of the collector fall.Hard saturation occurs when excess
carriers havecompletely swept acrosshe drift region .

18
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THYRISTOR PROTECTION

OVERVOLTAGE PROTECTION
Overvoltage occurringduring the switching operation causesthe failure of SCR.
INTERNAL OVERVOLTAGE

It is dueto theoperatingcondition of SCR.

During the commutationof SCR ,whenthe anodecurrentdecaysto zero anodecurrent
reversesdue to storedchangesFirst the reversecurrentrisesto peakvalue, thenreverse

current reducesabruptly with Iarge'Qj"% oDuring series inductance &&CR large

transient largevoltage i.ed Qj% ois generated.

EXTERNAL OVER VOLTAGE
This is dueto externakupplyandload condition. Thisis becaus®f

1. The interruption of currentflow in an inductive circuit.
2. Lightening strokeson the lines feeding the thyristor systems.

Supposea SCR converter isfed from a  transformer, voltagé¢ransient occur when
transformer primarywill energiseor deenergised.

This overvoltagesausaandomturn ON of a SCR.

The effect ofovervoltage is minimizedising

1. RCcircuits

2. Non linear resistor called voltage clamping device.

19
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Voltage clampingdeviceis a non linear resistor.Itis connectedbetween cathode
and anodeof SCR. The resistanceof voltage clamping device decreases with
increasing voltages. During normal working condition Voltage clamping (V.C)
device has high resistance, drawing onlieakage current. Whenvoltagesurge
appears voltagelamping deviceffersa lowresistancend it create a virtual short
circuit across the SCR. Hence voltage aci®€R is clamped to a safe value.

PowerElectronicsandPLC
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When surgecondition over voltage clamping device returns to high resistance
state.

e.g.of voltageclampingdevice

1.Seleniumthyrectodiodes

2.Metal Oxidevaristors

3.Avalanchediode supressors

OVER CURRENT PROTECTION

Long durationoperationof SCR,duringovercurrentcausesthe

1.junctiontemp.of SCRto riseabovetheratedvalue,causingermanent

damageto device.

SCRis protected fronovercurrenty using

1.Circuit breakers

2.Fast acting fuses

Properco-ordination is essentialbecause

1..fault currenthasto beinterruptedoeforeSCRgetsdamaged.

2.only faulty branche®fthenetwork hasto be replaced.

In stiff supply network,sourcehas negligible impedance.Saon such system

the magnitude and rate of rise of current is not limited. Fawdtenthence junction

temp rises ina few miliseconds.

POINTS TO BE NOTED-

1. Propercoordinationbetweenfast acting fuseand thyristor is essential.

2. The fuseis alwaysratedto carry marginal overload current over definite
period.

3. The peaklet through currenthrough SCR mustbe lessthan sub cyclerating
of the SCR.

4. Thevoltage acrossthe fuse during arcing time is called arcing or recovery
voltage and is equal to sum of the sourcevoltage and eminduced in the
circuit inductance during arcing time.

5. On abrupt interruption of fuse current, induce emf wouldhigd, which results
in high arcing voltage.

Circuit Breaker (C.B)

C.B. has long tripping time. So it is used for protecting the device againshuous overload
currentor against the surge current for long duration. In order that fuse protectshe
thyristor realiably the@rating of fuse current mustbe less than that d5CR.

21
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Electronic Crowbar Protection

For overcurrentprotection of power converter using SCR, electronic crowbarare

used.It provide rapid isolation of power converterbefore any damage occurs.
Main
fuse

+O———<><> 2 g

C rowbar\ Power
thyristor  Gate Trigger S"e’l’_’ver‘
circuit :

D > o r

o \

Current
sensing register

HEATPROTECTION

To protect the SCR

1. Fromthe local spots
2. Temprise
SCRsre mounted over heat sinks.

GATE PROTECTION
Overcurrent

EH e s ¥ gc_llt inductor 2ARPReE CLr_(iLfl_t_\g\ 52

?‘

HYS,
SCR

Gate Protection N

[rmmmm o e

Varistor

Supply

! P ) ROt |

Gate circuit should also be protected from

1. Overvoltages
2. Overcurrents

22
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Overcurrentraise the junction temperature. Overvoltagerotection is by zener

the gate circuit.

INSULATEGATEBBIPOLARRANSISTOR(IGBT)

BASIGCONSTRUCTION

Vedang Institute of Technology

diodeacross

The n+ layer substrate at the drain ihe power MOSFET is substitutdaly p+ layersubstrate
and called as collectorWhen gateto emitter voltage ispositive,n channelis formed in the
p- region.This nchannel short circuit the+and n+ layer and an electromovementin n
channel causéhole injectionfrom p+subtrate layetto n- layer.

Metal

Silicon
dioxide

Ji

Vo
& , = G
g
) Emitter (Jchlte Zoison :
NN N
B \\ SSISITTRIEE
) ) b TN (or
w 0%
p J \ p
L = |
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_-’-__ - 4
p substrate o
N \32\/ NN \ \\_ <
CUrrent thh
: C ¢ Collector Metal layer
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POWER MOSFET

A power MOSFET has three terminal device. Arrow indicates the direction of current
flow. MOSFETis avoltagecontrolleddevice.The operatiorof MOSFETdepend®n flow
of majority carriers only.

D oDrain
Ip
Load Rp
D t—
R G | TVDS = Voo G ll'—
o e . "—
i 1S Gate
Vo= Vs
E
Sb Source
(a) (a)
(Circuitdiagram) (circuitsymbol)

Switching Characteristics:

Theswitchingcharacteristigs influencedby
1. Internalcapacitancef the device.

2. Internalimpedancef the gatedrive circuit.
Totalturn on time is divided into

1. Turnondelaytime

2.Risetime

Turnontime isaffected byympedance ofjatedrive sourceDuring turnondelaytime gate
to source voltage attends its threshold vabae.v

After &n:andduringrise timegateto sourcevoltage riseo woi ,;avoltage whichis
sufficient to drive the MOSFET to ON state.

Theturnoff process is initiatetly removingthe gateto sourcevoltage. Turroff time is
composed of turn off delay time to fall time.

Turn off delaytime
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To turnoff the MOSFETthe input capacitance has todischarged . Duringq-the input
capacitanceischarge fronouto woi .Puring , fall time ,theinput capacitancdischarges
from woi {0 WovPuring dcdrain current falls fronfgto zero.

So whenwoi @, MOFSETturnoff is complete.

v(-,?

N s
-

!
" |
SSRGS RPN 1S
VoSt ehes )
L 11 . _—
tanReit riie- 1 df /:.3-: 11 - t
1 1 |1 :
ipt i | il 6 |
e “ :r: E
a To L\
) H ll =
! t
l-ton- t

Fig. Switchingwaveformof powerMOSFET

Insulated GateBipolar Transistor (IGBT

IGBT hashighinputimpedancdike MOFFSETandlow onstatepowerloseasin BJT.

IGBT Characteristics
Herethecontrollingparameters gateemittervoltageAs IGBT is avoltagecontrolleddevice.

Whenwods less thamooo that is gate emitter threshold voltage IGBT isfhstate.
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Ie | Voes>Vees ete. Ic
o Voes A
Voes
Voes
Voe2
Veer
Fig.a Fig. b. Fig.c
Fig. a (Circuit diagram for obtaining-Wcharacteristics) Fig. b (StaticV-I

characteristics)
Fig. c (Transfercharacteristic)

Switching characteristics Figure belowshowstheturn ON andturn OFFcharacteristicef
IGBT

VGE

- -

P

Vce, ic

s ol
3

0L | , USRI o

ton toff h

Turnontime
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Time betweerthe instantsforwardblocking stateto forwardon -state.
Turnontime =Delaytime + Risdime
Delaytime = Time for collectoremittervoltagefall from ax ¢to 0.9 o
ax &Initial collectoremittervoltage
Op &collector currento rise frominitial leakagecurrent to 0.1lc
Ic= Final value of collector current
Risetime
Collectoremittervoltageto fall from 0.9 o 0.16% ©

Ic tolc

After & ghedevice ison statethe devicecarriesa steadycurrentof Ic andthecollector
emitter voltage falls to a small value called conduction deop:y

Turnoff time

1) Delaytime
2) Initial fall time 0gq
3) Finalfall time 6o

Q-7 Ot 0g+ Og
0= Time duringwhichthe gateemittervoltagefalls to thethresholdvalue woo:y

Collectorcurrent falls fromic to 0.9lcattheendof the docollectoremitter voltagéeginsto
rise.

Turnoff time= Collectorcurrent falls fron®0%to 20%0f its initial valuelc OR Thetime
during which collector emitter voltage rise fram do 0.1 o

0o = collector current falls from20% to 10% oflc.

During this collectoremittervoltagerise 0.1ax do final valueof cx o

Series and parallel operation of SCR

SCR are connected in series for h.v. demand and in parallel for fulfilling high current
demandSting efficiencycanbedefinedas measuref thedegreeof utilizationon SCRsin a
string.

String efficiency < 1.

Deratingfactor (DRF)
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17 stringefficiency.
If DRF morethen
no.of SCRswill more, sostringis morereliable.

Let theratedblockingvoltageof thestringof aseriesconnected SCk 2¢x asshownin the
figure below, But irthe string two SCRs aspplied a maximum voltage af+ .

Vs V; a
(@) ! (b)

Significanceof string efficiency.

Two SCRs are haveame forward blocking voltage ,When system voltage is more then the
voltage rating of single SCR. SCRs are connected in seriasstning.

There is a inherent variation in characteristics. So voltage shared by each SCR may not be
equal. Suppose, SCR1 leakage resistance > SCR2 leakage resistance. For santelfegiage

‘@in the series connected SCRs. For sémaéiage currenSCR1 supports a voltage

a1 , SCR2supportsavoltageay,

Sostring— for two SCRs=@l+a2 = 1(] + @) < ] |
20p 2 o

So, WL > Gy,

The above operation is when SCRs are not turned ON. But in steady state of opeXation ,
uniform voltage distribution in the state can be achieved by connect a suitable resistance across
each SCRs, so that paralbeimbination have same resistance.

But this is a cumbersome work. During steathte operatiowe connect same value of
shunt resistancacroseachSCRs.Thisshunt resistands calledstateequalizingcircuit.

Suppose,
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One SCR with leakage
current

lomn »<— (n-1) SCRs with leakage current Ipmx ————

L ds o S 2o Aldag mipenis?)

O

String) 1 ;
current :

' R R R R !
| e ool |
1 bm )
— String voltage Vs >

Static-voltage equalization for series-connected string.

Let SCR1haslowerleakagecurrentQlt will block avoltagecomparativelyjtargerthan
other SCRs.

VoltageacrossSCR1is Gx; 4 =0Y.
Voltageacrosgn-1)SCRis (n-1) ‘eR, sothevoltageequatiorfor theseriescircuit is
Vs ="0Y+ (& ®Y=unat (F1)R (O Qe d

As =0 Qa:
@0 Qaon
SoVs=unat (FDR[@ (Qao Qa}l
If P@= Qs Qac
ThenVs = s at(F1)R (@ o5Q)
Vs =an et (F1)R'@(n-1)R i@
NOJ O
So,Vs = o & (n-1) © & &(n-1)R 5@

=nwhe (N-1)RPAQ

O 4Gy

[ s (%)

g

t R=

—~

SCRdatasheetusuallycontainonly maximumblocking current, Qe o
soweassumeQq = 0
SoPF Qs o

Sothevalueof R calculateds low thanactuallyrequired.

29
PowerElectronicsandPLC



Vedang Institute of Technology

SCRshaving unequal dynamic Characteristics

It mayoccurthat SCRSmayhaveunequatlynamiccharacteristicso thevoltagedistribution
across the SCR may be unequiating the transient condition.

String
voltage
Anode 1
voltage
2 b ot
‘ Lai %
. ) > l“.fdb" -
= b, LT
5 1 i
X = ‘ } Anode Ay
current ¥ty ) !
‘* VS 1 H 1
i A
Rv A L tap—f
2
=
[ -

(a) . 3
Unequal voltage distribution for two series connected SCRs during

(a) turn-on and (b) turn-off.

SCR 1 and SCR 2 have different dynamic characteristics. Turn ON time of SCR 2 is more
than SCR 1 by time

As string voltage isoyso voltage shared by each SCRa. Now both are gated at same
time so SCR 1 wilturn ON at ¢ its voltage fall nearlyto zero sahe voltage shared ISCR

2 will be the string voltage if the break over voltageSGR 2 is less thamythenSCR 2 will
turn ON .

* In casewvis less than the breakoverer voltage, SCR 2 will turn ON at instant 2. SCR 1
assumed to have less turn offtime then SCR 2, sty, < &;,. At & SCR 1 has recovered while
SCR 2 is developing recovery voltageaaboth are developing different reversgcovery

voltage.
At & SCR1 hasrecovered whil&SCR2is developingeverserecoveryoltage.

Conclusion:

* Series connected SCR develop different voltages during turn ON and turn OFF
processTill nowwe connect aimpleresistoracrosshediodefor staticvoltageequalizing
circuit .

* During turn ON and turn OFF capacitance of reverse biased junction determine the
voltage distribution across SCRs in a series connected string . As reverse jniastésh have
different capacitance callexlf capacitancethe voltage distribution during turn ON and turn
Off process would be different.
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* Under transient condition equal voltage distribution can be achieved by employing
shunt capacitance as this shunt capacitance has the effect of that the resultantaofcsbelft
capacitance tend to be equal. The capacitor is used to fimaitdv/dt across the SCR during
forward blocking state. When this SCR turned ON capacitor dischargesdeeantthrough
the SCR . The discharge current spike is limitedl&ayping resistor "Ygalso dampsut high

frequency oscilatiothat may arise due to series combination®@fand serieghductor . Yo &
C arecalleddynamic equalizing circuit

Diode Dis used during forwarthiased condition fomoreeffective charging ofhe capacitor.
During capacitor discharg¥;comes into action for limiting current spike and ratehange
of currentdi/dt .

The R, Ya& C component also provide pathflow reverse recovergurrent. Wherone SCR

regain its voltage blocking capability. The flow of reverse recovery current is necessary as it
facilitates theturning OFF process skeries connected SCR string. Sts@ecessary for both
during turn ON and turn OFF process. But the voltage unbalance during turn OFF time is more
predominant then turn ON time. So choice of C is based on reverse recovery characteristic of
SCR..

Anode
current
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—_—

eommmem o —————

— — - =P

‘'R _Reverse
recovery
PN current

SCR 1 has short recovetiyne as compared to SCR@ is the difference in reverse
recoverychargeoftwo SCR1and SCR2. Nowwe assuméheSCR1recovers fast i.e it

goes into blocking state so chaagecanpass througi€ . The voltage induced loy is
ux/C , whereis novoltageinducedacros, .

Thedifferencein voltageto whichthetwo shuntcapacitorarechargeds ox/C .

Nowthyristorwith leastrecoverytime will sharethe highesttransient

voltagesayay; ¢
So, W 6- 02 = qu/C
So, W= 0% a- q/C
As WL = W 6
WY= Q1 +6

= o o (0% a- g3 /C)
Wv= 20% ¢ 0R/C

b H(w+ B =@

2 l I} wa
b 2= 0na-R/IC

ax - qw/C]
2

Now supposehatthere aren seriesSCRsin a string.
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Let usassumehatif top SCRhassimilarto characteristiSCR1. ThenSCR1 would
support a voltagex; «

* |f the remaining (-1) SCR has characteristic that of SCR 2 .Then SCR 1
would recoverfirst andsupportavoltageay; ¢. The chargén-1) gz from theremaining(n -
1) SCR would pass through C.
WL = W é
= 0 q@/C
Voltageacrosgn-1) slowthyristors
w= (n-1) (0 a- /C)
So, wy= Vi+(n-1) Gy
= 5t (N-1) (G & qu/C)
By simplifying we get,

a=*[a+(n-1) qu/C]

C=[ (n-1) o@/( NGy & -0y
o = (wy-q@/C)/n .

Parallel operation:

Whencurrent required bthe loadis morethanthe rateccurrentof singlethyristor,
SCRs are connected in parallel in a string .

A

e

=
v
<
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For equal sharing of current, SCRs must have samédharacteristics during forward
conductionwvacrosthemmust besame. Fosame, SCR1 share@andSCR2 sharel; .
If ‘@istheratedcurrent

<o
Thetotalcurrent ‘©+'@and not rated currer®@Type equation here,

Thusstring efficiency,

o o_1 K
2@ _§(1+ %

Middle conductomwill have morenductanceascomparedo othertwo nearbyconductorAs
a resultess current flow through the middle conductor. Another method is by magnetic

coupling.

Thyristorgatecharacteristics:

[ Vg
’2
o
Vgmp----=---- < \d
= oy, ox — Minimum gate voltage and current to
g trigger an SCR.
e Vems Igm — Maximum permissible gate voltage
=Ty and current.
5 oa — Non-triggering gate voltage.
y A t
1
A= |
6] X I gm I g

Fig. 4.9. Forward gate characteristics of thyristor.

Wo= +ve gateto cathodevoltage.
"@r +vegateto cathodecurrent.

As the gatecathodecharacteristiof athyrister isa p-n junction, gatecharacteristic othe
device is similar to diode.

Curvel thelowestvoltagevaluesthatmustbe appliedto turnonthe
SCR.
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Curve2 highest possiblevoltagevaluesthat canbe safelyappliedto getcircuit.

Gym= Maximumlimit for gatevoltage.
‘Gh= Maximumimilt for gatecurrent.
Ogav = Rated gat@owerdissipationfor eachSCR.

Thesdimits shouldnot becrossedn orderto avoidthepermanent damag the
device junction.

QY = Minimum limit of gatevoltageto turnON .
OX = minimum limit ofgate current to turn ON.

If Cym, "@n, Ugavareexceededhethyristorwill damagesothe preferredgatedrive area
of SCR is bcdefghb.

oa= Thenontriggeringgatevoltage, If firing circuit generatesve gate
signalprior to the desired instant tfggering the SCR.It should be ensured that this un
wanted signal should be less than the itoiggering voltage oa.

A la)

Trigger circuit A Trigger circuit \

[ et -. o —— e
1

|
|
[
|
l
|
i
i

B

O wat @Yy
Oy=Gatesourcevoltage
wo= Gatecathodevoltage
"@= Gatecurrent
Y-y= Gatesourceresistance
Y= Theinternalresistance ahetriggersource

‘Y1is connected acroske gate cathode terminal, which provides an gasly to the flow of

leakage current between SCR terminalQfaymn are the minimum gate current and gate
voltage to turn ON the SCR.

Ov=("@a # aymn/ Y1) Yoy+ g &
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MODULHI
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RECTIFIER

Rectifierareusedto convertA.C to D.C supply.

Rectifiers can be classified as single phase rectifier and three phase rectifier. Single phase
rectifier are classified asld& half wave and 4s full wave rectifier. Three phase rectifier are

classified as & half wave rectifier and-& full wave rectifier. s Full wave rectifier are
classified asds mid point type and -Is bridge type rectifier. 4s bridge type rectifier are
classified as 4s half controlled and s full controlled rectifier. 3ls full wave rectifier are
again classified as-B mid point type and-& bridge type rectifier. 3s bridge type rectifier
are again divided asl8 half controlled rectifier and-& full controlled rectifier

Singlephasehalf wavecircuit with R-L load

24

S T e R - [

l I wt
| |
¥ | |
r;' T‘:] 5 4
10 g | | I
f i o
| i :
. | i [
I ! I |
V5= Vo : ! : i
Vi Sinwt * 5 /l ;
L : Ik £
wi
L “[ |

@

- Fwe

Output currentQrises gradually. After some tinf@reaches a maximum value and thegins
to decrease.

At~ D¢=0 but"Qis not zero because tife load inductance L. Aftérinterval SCR isreverse
biased but load current is not less then the holding current.

At b > "Qreducedo zeroand SCRs turnedoff.
At2 ~ 4SEBRtriggersagain

U is the firing angl e.
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b theextinctionangle.
v="Db -a = conductionangle
Analysis forayy

Atl & = axi Q¢
During= 0 € wyv=0;
When= v axi Qg

dio

Vmsinmt =Rip + L
dt

,=——Yn__sinwt-f)

JR+X

Where,

X
f =tan®

X=wL
Where is the angle by whiclDlagsaa.

Thetransientomponentanbeobtainedas

R, L2 =0
dt

So'g= & QYD)

9= 0+ P
Rsing o )+6 Qv
&

Whered = Y2 + G?
At| =7 ¢@=0;

0 = ¢ sin(| )+ QYo
a

6= —Ysin(  y@vion

a
= —sinl 0 ) —sin(| YQ YO o P
£ G &
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Therefore,
1 &1,9=0;
Sosin(f | ) =sin(] YQ@ 1y 9

b can obtained from the above equation.

Theaverage load voltage cée givenby
b

Vo= Eaﬁ/m sinwtd (wWt)

Jih(cos( ) cos( )
Averagdoadcurrent
Vi

2R

0

(cosa - cosb)

Singlephasefull converter

iy Lo

: T1 T
15 2 R

1 p+b
Vo= p_ 7} VimSin@wtd (wt)

¢ s Eiggeredath and™ radianlatter ¢ i¢ Jaretriggered.
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1
; T2 I T4 Output
Vab! Vba! | i voltage

NPt [N o
] i ' Output
’ current

. Iy B ol
Mo 7 :'\ 2m\ 3TN wt
T3T4N ! (7 4a) (27 +a) ' (37 + ) 2

i ‘f‘*‘*muf”‘T?Tz-m—' FaT/ =
! i HE 4
! A = | !

lsl
| —>
|

|
l
[
|

'
'

|
, !
! |
! [ ]

v

Singlephasehalf wavecircuit with RLHoad

+ YT

is |
r-*?[f

% W
L\%Tﬂ
{
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E
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Theminimumvalueof firing angleis
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Vmsinwt) =E
So,

O :Sin_l E

m

Maximumvalueof firing angle
Q2=p -0
Thevoltagedifferential equationis

Vi sinfwt) =Ri, | L%+ E

Tgpuby dadt 16 o
Eﬁﬂ{ Firing pulses | foy ;
L ; I i [
L v
: ‘.' | | ;I i
| e ' :

: S[E+V, sin (B=m)]

is: isl + isz
Dueto sourcevolt

=V_’“sin(vvt-f)

iSlZ

Dueto DCcounteremf
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ie=-(E/R

i, = Ae L

Thusthe total currentis givenby
iq+isFip

= V_sin(vvt -f)- E + Ae®RLY
Z R

i = \ﬁsin(wt -f)- E, Ae ®RLt
Z R

Atwt =a,io=0

A:[E- \ﬁsin(a -f)]e Ralw

R Z
So
_V Bw-ay B (Fwn-ay
I TM[sinwt-f)-sin@-f)e™ -_[1-em™ ]
°c Z R

Averagla/oltl?geacrossthe inductanceszero.Averagevalueof loadcurrentis
I = (V sinwt - E)d(wt)

0 ZFTRQ m
1
= " [V (cosa - cosb)- E(b -a)]
2pR "
Conductiorangle™ = b-a
Y b=a+v
| = 1
B [Vm(cosa - cos@ +V)) - E(V)]
° 2pR
cosA- cosB=2sin” " Bsin A" B
2 2
So

1
l'=__ pv,sin@ +K)sinv_- E.Nn]
° 2pR 2 2
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1
=B+ [2v_sin@ +“)sin""- En]
2p 2 2

=E(1- )+[V—msin(a +V

\
2p P Eésm]_

If loadinductanceliszerothen

bZC]Q
v=b-a=0g2-a

And

But %2=P -G

Sob :q2:p‘ql

AndV=P-Ci-a
Soaveragecurrentwill be
1

| = " [V (cosa-cosp-q))-E(p-q -a)]
0 2p R m 1 1
SoVe=EHR
= V_’”(cosa +cog )+ E_(1+q1+a )

2p o2 P

Fornoinductancermsvalueof loadcurrent
| = 1 p-a 2 1)

o Zp—Rij (Vmsin([wt)-E)d(Wt)]

Powerdeliveredto load

P=1?R+I E

or 0

Supplypowerfactor
I2R+1 E

Pf = o 0

VSIOI'

PowerElectronicsandPLC
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Singlephasefull wave converter:

wt

I
[
|
|

B

m—mmahkee s ak o]

.f
|
|

T

it T

- ——

e — . —

wit
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vV = 1_p+av sin@wt)d (wt)
0 p r; m
AV

= sina

p

Singlephasesemiconverter:

Vedang Institute of Technology

Vo A

2]
_3<-
<
o
=~
~

~3
e e e e e e
] eitae] it T2
! ! = !

i
~+{FD~—T 1D 1= FD=-T2D2 —>FDi=e-T1D1 —=iFDi=- T12D2-»
A & b T

b ok | | i; I wt
l§ 7 B}
i o0 e Dhioog Py
ol G R A
e ok
! : !

j<
A S — 9
—_—
oy :
£
ﬂ'.
Y

full converter:
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steadystate analysis

v=ri+L %o 4+

S o] dt
Vo=Rb+E
2V
V= _"cosa
° p
Soin caseof DCmotor load

VO = I'ala-l'ame

2V,
cos-rl
- aa
Wnm=_P
a
So m
T= amla
. Te
Y l.=3
| :—Te_
Put  @n
2V
(" ™ cosaa
Wp=_—P . rale
a a 2
So m m
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MODULE - Il
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Achopperisa staticdevicethat convertsfixed DC inputvoltageto variableoutput voltage
directly. Chopper arenostly used in electric vehicle, mini haulers.

Chopperare usedfor speedcontrol andbraking.Thesystemsmployingchopperoffer
smooth control, high efficiency and have fast response.

Chopper
),

o

LOAD

(a)

Theaverageoutput voltageis

1 tl
=T N/odt = ]\/S (t) = ft,V; =aV,
Theaveragdoadcurrent
| = V_a_ aVS
& R R

Where, T=choppingeriod

Duty cycle of chopper =

a= h
T
f=choppingfrequency

Thermsvalueof output voltageis

0 ano 1
V = ( t V 2ty = b

0

............

If we considerthe converter tobelosslessthen the input powerisequal tothe output powerandis

given by

PowerElectronicsandPLC
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1aT 1aTV2

1V? av?
= S (aT) = S
T R R
Theeffectiveinput resistanceseen by the Psourceis
P= \ﬁ = Vs = E
! la LW a
R

Theduty cycle" canbe variedby varyingii ,§ of frequency.

Constantfrequencyoperation:

1)Thechoppingperiod Tiskept constantandon time isvaried.

The pulse width modulation ,the width of the pulse is varied.

2) Variablefrequencyoperation,the choppingfrequencyf isvaried.
Frequency modulatioreither ontime or off time is kept constant.

Thistype of control generateharmonicsat unpredictablefrequencyandfilter designisoften
difficult.

TYPESFCHOPPER:

FIRSDUADRANDORTYPE CHOPPER:

: fox i CHLFD
O-;__T_/ ) + g \\
; N
Vo LOAD 0

ol

(a) ? (b)
WhenswitchON

V0:Vs.
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CurrentA flowsin the samedirectionwhenswitchoff.
+ e AT n

So,averagevalueof both the loadandthe currentare positive.

SECONDUADRANDORTYPB CHOPPER:

AV,
S to ‘ CH2,D2
O = o R [
T T N\
T e 1 L - & o
I I 0 &
Vs CH2 I/ § Yo {: ;
‘ Lodo.d
Ve ) Zmpee 2V € —VOJV
(@) (b)

Second-quadrant, or type-B, chopper.

Whenswitchare closedthe loadvoltageEdrivescurrentthrough Landswitch.DuringTOn

Lstoresenergy.

Whenswitchoff Vo exceed$ourcevoltageVS.

v=g+LY

0 dt
5A2RS 5i A& F2NBFINR O0AlFaSRPLRGEGSNI A& FSR ol O
chopper is called step up chopper.

v=g+LY

0 dt

Socurrentis alwaysnegativeand+ ésalwayspositive.
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TWOQUADRANTYPE CHOPPER ORYPECHOPPER:

= -L & JLV
+ s o
CH1 .r} i MKD2 CH2,D2 CH1 FD
] ‘I o \\
s A r io - ’ >
CHZEJ : ¥ R |
£—~ ‘-—-i— =l -l- '“Vo‘#

(a) (b)
Two-quadrant type-A chopper, or type-C chopper.

| P

Both the switchesnever switch ON simultaneouslyas it lead direct short circuit of the
supply.

Nowwhensw2is closedor FD ion the output voltage+ dszero.
2 KSYy a¢ém A& hb 2NJ RA2RS 5 D2y RdzOGa 2 dzi Lidzi

CURRENT ANANLYSIS:

When CH1 is ON current flows aloagVhen CH1 is of€urrent continues to flow along i
as FD is forward biased. Sas positive.

NowwhenCH2is ONcurrentdirectionwill be oppositeto io. Whensw2is off D2turns ON.

Load current igio.So average load voltage is always positive. Average load current may be
positive or negative.
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TWOQUADRANTYPB CHOPPERRTYPE CHOPPER:

(b)

1£Ton Totf ~Vo

A <of] (‘ m r'
A e 3 g

a -—T
(c) 1 (d)

(a? and (b) Two-quadrant type-B chopper, or type-D chopper
(¢) Vy is positive, T,, > T,pand (d) Vyis negative, T, < Top

WhenCH1land CH2both are onthen Vo=\%.
WhenCHland CHZ2are off andD1 andD2are on Vo=-Vs.

The direction of current is always positive because chopper and diode can only conduct in
the direction of arrow shown in fig.

Averagevoltageis positivewhen Ton>Toff
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FOURDUADRANTHOPPERRTYPECHOPPER

M Qperama

x v CH1 operated
CH2- D4 : L, stores 1 o CH1-CH4 : on

1
’ 1
anar -
s r-~L~ 1 CH2 : off ; then D1-D4|  CH1 :off  then CH¢-D2
(0] ; 03 " con
=

ot i il T conduct AN NN conduct
5 _i" fgneits Bl . :\.\‘q;\b\ I
v - G — o
ls B.. } + CH3-CH2 : on %\R}\
e o S ; i ; o004 i
CHZE 874 CH 4E '(r ! ‘ D4 CH3 : ggndmﬂ CH g::_na L;:'?'l:: D[::rgy
L] ; : )
= = e CH3 operated Nt o
- : {b) CH4 operated

(a)
Four-qudrant, or Type-E chopper

(@) circuit wt:lia.gram and (&) operation of conducting devices.

FIRSDUADRANT:

CHdiskeptON

CH3 is off

CH1lisoperarted

Vo=\ks

io=positive

whenCHJis off positivecurrent free wheelsthroughCH4,D2
so \b and bis in first quadrant.

SECONDUADRANT:

CH1,CH3,CHeoff.
CH2 is operated.
Reverseurrentflowsandl is negativethroughLCH2D4andE.
WhenCH2off D1andD4is ONandcurrentid fed backio source.So
E+L ﬂ

dtismorethan sourcevoltageVs.

AsipisnegativeandVy is positive,sosecondquadrant operation.

THIRBDUADRANT:

CHIOFFCH20N
CH3operated.Soboth Vp andio is negative.

WhenCH3urned off negativecurrentfreewheelsthroughCH2andD4.
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CHdis operatedother are off.
PositivecurrentflowsthroughCH4EL D2.

Inductance_storesenergywhencurrentfed to sourcethroughD3andD2.\4is negative.
STEADSTATRANALYSIOFPRACTICARAUCKCHOPPER:
Thevoltageacrosghe inductorL ise=Ldi/dt.

Vv o diz-i) o O
s a tl tl

Theinductorcurrentfallslinearlyfrom Iz to liintime t,asVs=0.

So

L(iy- i
2 L)

2

If I-1:I' ptien

n LoAlitpeakto peakripple current.

Dl = (VezVa)ti _ Vit,
L L

Nowt,l' h &=X1h i ¢

V=V tl_=aV
a ST s

B f m i &step down or buck converter.
If the circuitis lossless theVds=Valal' M £ & L
IsT' ha L
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Nowswitchingperiod Tcanbe expresseds
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T=Uf=ti+tf N L FW) 6L [oK O +

r N ValvsVa)
Sopeakto peakripple current
DI = YalVs= Vo)
LV,
D = Vaa(l-a)
fL

Thepeakto peakvoltageof the capacitoris

DI

DV, =
8fc

Sofrom aboveequation

\ = V.(Vs-V,) Va(l-a)
©  8Lcf’.  8Lcf?

Conditionfor continuousinductor current andcapacitorvoltage:

If IListhe averagenductorcurrent
D=2l o1 5

Va = aVs

XodSljono
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A\
ASVa = aVs SO R
2, =22Y=
R

Soequation4 gives

| - (@-a)R
c  2f

Whichisthe criticalvalueof inductor
DV(:: 2Va

2V :M =2aV.

a 8Lcf

col-a
16Lf 2

Peakto peakripple voltageof capacitor:

t

- 1' dt= t1| - |atl

cle ¢clda ¢

D\{c:Vc‘ Vc&t = 0)
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Y DV, =28
fc

Conditionfor continuousinductor currentand capacitorvoltage:

If I.=averagenductorcurrentthen

| =D

L2
Di=V2 —o =2 2Vs

fLL a  (1-a)R

v =V
As & l-a
¥ 21, =2

1-a)R
DI =21 =21 = 2V, _Va
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MODULE T IV
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INVERTERS

Thedevicethat convertsdc powerinto acpower at desiredoutput voltageandfrequencyis
called an inverter.

Singlephasevoltagesourceinverters

1 el i Lt
; g 2icdT) moided
ig2 '; : : :
l I >t
| ! i
] tauiia 1o sdatloy o 4
\s | : ! =
£ a
2. %
i
e E
- e—T i

1Y

ox(i d)iz@)vo 4 >
H

G-+ B &2 cog(¢ 1 )or @ sin(¢ 1))
£=1

Dueto symmetryalongx-axis

w=0,02=0
7 éd)_Y
w= .

€

Theinstantaneé),usautput voltage
“sin(¢ 0)o
Vo=B: phohbs
=0, n=2,4.....
Thermsvalueof the fundamentaloutput voltage
d‘bl = 29—\&0451)Y
mz2*
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Soif oy = B 2aYsin(e 0)o
¢ phophwos
=Bt 207 sin(€] 0 —)
¢ phoRwyiel y

0~ = ((Q)2Y= 20°Y 2R
01 = (60 [|7|2“ Y2-(1 02]

DCSupplyCurrent

Assuminga losslessinverter, the ac power absorbedby the load must be equal to the
average power supplied by the dc source.

a9 =1, e wsing OURGING 6 —) QIO
0 0

wy1 = Fundamentaimsoutput output voltage
‘©@rmsloadcurrent
—=theloadangleat the fundamentalfrequency

Single phase full bridge inverter

i.g‘l,iQZ
A
1 T i s
ig3.,igs
| | I L. t
Vo
Vs [T
12 T2 t
: T 217
~Vgl-------

Forn=1,0, :%EO.%Y (Thermsof fundamental)
2wy

Instantaneoudoadcurrent " @for an RUoad

‘@= B WY  sind 0 —)
¢ phop lI’/I'§}2+(‘s] ¥
—=tan 1(¢Ly
Y

Thermsoutput voltageis

o=, T2ai) 2=

0 "y O Y Y
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Theinstantaneousutput voltagein afourier series

4wy

. = B sin(e ] )o
UO éu
¢ phohus

Singlephasebridgeinverter

ls

&
TR1

INVERTER
Invertersare of the two types

1) VvSI
2) CsI
Pulsewidth model

50 Hz ac zis :: % - .

Diode Filter Switchmode
rectifier capacitor inverter

TheVSicanbefurther dividedinto general3 categories:

1.Pulsewidth modulatedinverters
2. Squarewvaveinverters
3. Singlephaseinverterwith voltagecancellation
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Pulsewidth modulatedinverters

The input dosoltage is of constant magnitudd hediode rectifieris usedo rectify the line
voltage.Thanverter control the magnitude and frequency of the ac output voltage.

Thisisachievedoy PWMtechniqueof inverter switchesandthisis calledPWMinverters.

ThesinusoidaPWMtechnique isone of the PWM techniqudo shapethe outputvoltageto
as close as sinusoidal output.

Basiconceptof switchmodeinverter

Id 1-phase switch| lo
o mode inverter ——m
+ filter

Vo

Vd -

W
L
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A
2
rectifier 1
inverter
1
3
] 4
inverter .
rectifier

During interval IDoand“@both are positive
Duringinterval 3 Up and"@both are negative

Therefore during And 3 the instantaneous powdow is from dcsideto corresponding to
inverter mode of operation.

In contrastduring interval 2 and 4 0o and"Qare of oppositesigni.e. power flows from ac
side to dc side corresponding to rectifier mode of operation.

Pulsewidth modulatedswitchingscheme

Werequirethe inverteroutput to be sinusoidaivith magnitudeandfrequencycontrollable.

In order to produce sinusoidaloutput voltage at desiredfrequencya sinusoidakontrol
signal at desired frequency is compared with a triangular waveform as show.

Thefrequencyof the triangularwaveformestablishedhe inverter switchingfrequency.

The triangular wavefornis called carrier waveform. The triangulawaveform establishes
switching frequency, which establishes with which the inverter switches are applied.

Thecontrolsignahasfrequency'Q@andisusedto modulatethe switchduty ratio.

"Qisthe desiredfundamentalfrequencyof the output voltage.

Theamplitude modulatiorratio & ¢ isdefinedas

m%éﬂh
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¢ ¢ ois the peakamplitude of control signal.
o i peakamplitudeof triangularsignal.

The frequency modulation rati@ o

mf:Q
'
WVeontrol .
L_/ va
I L /\
A - H
| I | | |
| | I
i |l
| | |
| | | | | —1/Fs —
|
| \
' | [
! ! ! Vao fundamental -
/ Vd/2
r—.]
Nd/2
— — -
l— Veontrol=Vtri .
a+: 0N, Ta-: OFF
Veontrol<Vtri -
[Ta-: ON,Ta+:OFF} -

65
PowerElectronicsandPLC



Vedang Institute of Technology

.'_
vd/2 ] Tat)/ 75 Da+
- A -= lo
vd T .
.'_
-1 Ta- = 1
vdfz | N Da- Vao
_ N _
- Cr
, , o . 1.,
Whenuw: ¢ o exi @ Y iISON =W
QY o Q
° 3

Wt ofohi o YISON Gvo ox

Sothe followinginferencescanbe drawn
Thepeakamplitudeof fundamentalfrequencyis matimes 21‘*)9

G =Weaz o WHeeoi &hQ

o0 .
o 2

The foregoing arguments shown Wkientroilis chosen tde sinusoidalo provide sinusoidal
output voltage with fewer harmonics

Letthe Vcontrol Varysinusoidalvith frequencyfi,whichisthe desiredfrequency othe
inverter output voltage.

Letvcontrolrwtrolsﬂ it

%‘Jntrol Mi
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Viri
L Veontrol
_ Ts/2 / \
=0 rl{ :JT .
ti t
k Ts=14s y

Vo=Van-Vbn /ij
t

g o
a 4

Att=0y, Uy Tz 2 01 ¢ &

Soldea o

a Tig

Ol:UaJ'éJé ol W
Yo 4

o .Y
¥ £201+ ©
2

v 201+ "\iY

' — éE— 2
0=

2

:l+&
>ty
q_l 1o 2o
T ——
W o

Threephaseinverter

Whenthree singlephase inverters areonnected in paralled three phase inverter is
formed.

Thegating signahas tobe displaced by X with respectto eachother soas achievéhree
phase balanced voltages.

A 3-phaseoutput canbe achievedrom a configurationof sixtransistorsandsixdiodes.
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Two type of control signalcan be appliedto transistors,they are suchas 180° or 1200
conduction.

180-degreeconduction
L Jh
L o ph oy &k Q. ;
ia ib IC
0 L 3 = O
Vol 1) L L +
T VoEo, Um0 0, %

When0 1 is switchedon, terminalais connectedto the positiveterminal of dc
input voltage.When 4 is switched on terminal a is brought to negative
terminal of the dc source.

Thereare 6 modesof operationis a cycleandthe duration of eachmodeis 600.

Theconductionsequenceof transistorsis 123,234,345,456,561,612. Thating
signals areshifted from each other 69Q° to get 3= balanced voltages.
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Switchingstatesfor the three phasevoltageinverters

Step I

(@) 0—60°;5,6,1 closed.

Step II

.00 3 3
i

c
(b) 60—120° ; 6, 1,2 closed.

Step II1

32 1
v

- 4

¢
(c) 120—180°; 1, 2, 3 closed.

Step IV i ;
¥+ 18 3 5%
Vs
L_ Aﬁ 6{ 2
i il
2w 2
Z

(d) 180—240° ; 2, 3, 4 closed.
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e
I Vs s,
ie 3_
sl -
2% ey bl
= 3
A ¢ __-..____..__L-.-
b
Vgo = Veo = Vs/3
vbo=—vob=—2Vs/3 :
12 8
s -"-'“"';\'l+
S
¢ i
TV
Vs
<l
e i
Tlge s @
> T
+ Ve v
& 3
vs 7: ----.x.+
2V5| 2¥s
- =3 3
NS s S R l -—

D=2V
==V./3

e 3 Sl s i s Ratansad

Vgo = VYeo
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45,6 5,6,1
3,45 6,12
234 1,23
Wy Wy Wy o Wy ¢ Wy Wy 'y WL
o Ny [ W 6 tnd 0 ~ (3300)
3 w 3 Vi3
-3
2% | 3 | 3 s
=
, ® 20 0 Vv Vv “ (909)
w 3 3 3
3
20 @ -V V 0 “
o 20 _w (1500
3 3 73
3
) o V 0 0 “
iy w «  (2100)
3 3 73
—3-
) 20 0 V 0 “
o _w 20 __(2700)
3 3 3
3
Fourieranalysis
Vry
vfﬁ 57T /6
-517/6
/6 0 wt
40 o

If we gofor harmonicanalysi, z g | Qesing & )
¢ phothro8 3 6
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L] 4(b & . “
w W ey 3 .
) g Y Bising 0" )

¢ phobts 3 6
Allevenharmonicsarezeroall triple n harmonicsare zero.

Thermsnth componentof the linevoltageis

I S
=——sin_=—sin(60)
o

Mt < 3 e
Forn=1
=0.7797v

Threephasel20°modeVSI

Thecircuitdiagramis sameasthat for 180° mode of conduction.

Here each thyristor conducts for @2There are 6 steps each dd%duration, for
completing one cycle of ac output voltage.

56" 76,1

/ \

4,5 1,2

\ /

3,4 fan 2,3
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(@) 0—60°; 6, 1 closed

Step II =
 C 3%_\ 5%
Ve —

2
o e e B
a b
0+

(b) 60—120° ; 1, 2 closed
Step III

Stepl: 6,1conducting

o=, Gi= ) GHEO
2 2

PowerElectronicsandPLC

(d)‘180—240° ; 3, 4 closed
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Voo = Vs/2
vpo=— Vs/2 and v, =0

Vgo = Vs/2
-V,/2 and vy, =0

Ueo =

Upo = Vs/2

Ubo = Vs/z'
Vgo == Vs/2 and v, = 0

]



Step2: 1,2conducting

Step3: 2,3conducting
C2:=0,65 8%, o =
@
2 2

Step4: 3,4conducting
=~ @y, = an g0
2 2

Step5: 4,5conducting

= Y Gpe= 0, 0he=

2 2

Step6: 5,6conducting
uE0,ae= — o =
w:

2 2

120° conductionmode

Step Thyristor
conducting

1 6,1

2 1,2

3 2,3

4 34

5 4,5
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d}l)‘e Wy ¢
Gaj 0

2
0 Qsz
mjz ij
Q; 0

2
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Vv
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N3V
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- n3v
’ 0 “j, - (2109
. o 3V
6 5,6 0 aj 5 j 5 o &)1
2
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COdSteps{I.II;IIIIDZ,Ylm;I nun,nznz.mn'l
thyrtstors{]’ | ' 3:34:45I56;61;12:23;34:45:56161
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Introduction to
Programmable Logic Controllers
(PLC's)

Industrial Control Systems
Fall 2006
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The Need for PLCs

A Hardwired panels were very time consuming
to wire, debug and change.

A GM identified the following requirements for
computer controllers to replace hardwired

panels.
I Solid-state not mechanical
' Easy to modify input and output devices

' Easily programmed and maintained by plant
electricians

" Be able to function in an industrial environment
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The First Programmable Logic
Controllers (PLCs)

A Introduced inthe late 1 9 6 0 6 S
A Developed to offer the same functionality as

the existing relay logic systems

A Programmable, reusable and reliable
I Could withstand a harsh industrial environment

I They had no hard drive, they had battery backup
I Could start in seconds
I Used Ladder Logic for programming
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Programmable Logic Controller

A A programmable logic controller (PLC)
IS a specialized computer used to
control machines and process.

A It uses a programmable memory to
store instructions and specific functions
that include On/Off control, timing,
counting, sequencing, arithmetic, and
data handling
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Advantages of PLC Control
Systems

~lexible

—aster response time

_ess and simpler wiring

A Solid-state - no moving parts

A Modular design - easy to repair and expand

A Handles much more complicated systems

A Sophisticated instruction sets available

A Allows for diagnostics fi e atetyr oub | e's
A Less expensive
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Advantages of a PLC Control System

Eliminates much of the hard wiring that was associated
with conventional relay control circuits.

4 LBk F2

i Q
| 20L T2 =)
1 O
L | s 3 ( ) Squirrel cage
Q)

F1 protection
relay

12 ]3[4

M) 1 NE program takes

the place of much of
the external wiring
that would be required
for control of a process.

FC SGR SGR

FRX
O—
T0.

+<«———dc supply ————» —

81
PowerElectronicsandPLC



Advantages of a PLC Control System

Increased Reliability:

Once a program has been written and tested it can be downloaded to
other PLCs.

Ladder logic program

Outputs

L1 | L_rToF

TIMER OFF DELAY -
Timer :
LSt Time base 1. DN) i . .
+’W pPosel & l Since all the logic is

containedintheP L C0O s

M1
_< >.— memory, there is no
- chance of making a

() logic wiring error.
G

R
()
\ o/
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Advantages of a PLC Control System

More Flexibility:
Original equipment manufacturers (OEMSs) can provide system updates

for a process by simply sending out a new program.

It is easier to create
and change a program
in a PLC than to wire
and rewire a circuit.
End-users can modify
the program in the
field.

rogrammable
controller
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Advantages of a PLC Control System

Lower Costs:

Originally PLCs were designed to replace relay control logic. The cost
savings using PLCs have been so significant that relay control is
becoming obsolete, except for power applications.

Fixed contacts

Movable contact

Generally, if an application
requires more than about
6 control relays, it will
usually be less expensive
to install a PLC.
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Advantages of a PLC Control System

Communications Capabillity:
A PLC can communicate with other controllers or computer equipment.

They can be networked to
perform such functions as:
supervisory control, data
gathering, monitoring
devices and process
parameters, and downloading
e and uploading of programs.
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Advantages of a PLC Control System

Faster Response Time:
PLCs operate in real-time which means that an event taking place in the

field will result in an operation or output taking place.

Machines that process
OCfOt:';”gaggtge number thousands of items per
{ second and objects that
spend only a fraction of
a second in front of a
sensorrequiretheP L C0 s
quick response capability.
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Advantages of a PLC Control System

Easier To Troubleshoot:
PLCs have resident diagnostic and override functions allowing users to
easily trace and correct software and hardware problems.

=~ |2 Oups devies.

De-energized — off

_f\/_ True 1. Wiring 1o output
device.

Qutput module
status indicator Possible problem

e The control program

-1 Wiring 10 output

| / — can be watched in

il Output dovice real-time as it
/ executes to find
M and fix problems

Off
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PLC Architecture

PROGRAM
REAL WORLD

P 1

MEMORY INPUT/OUTPUT

ADDRESS

CONTROL

| CENTRAL PROCESSOR UNIT ,

The structure of a PLC is based on the same
principles as those employed in computer
architecture.

88
PowerElectronicsandPLC



PLC System

Power supply

I
v

Central
processing
unit (CPU)

__J\/_
Output

(o)
Input —q | u S
t oa
p
u
t

sensing

devices —0\6\0‘—

—Q=r O~

___O_ devices

—\':?—

Memory
program data

Optical / t . Optical

Isolation | ; Isolation

_______[____

Programming device
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PLC Architecture

A An open architecture design allows the system to be
connected easily to devices and programs made by
other manufacturers.

A A closed architecture or proprietary system, is one

whose design makes it more difficult to connect devices
and programs made by other manufacturers.

NOTE: When working with PLC systems that are
proprietary in nature you must be sure that any generic
hardware or software you use is compatible with your
particular PLC.
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/O Configurations

Common Power Bus

N

\ =5

il

Fixed 1/O
Als typical of small PLCs

AComes in one package, with

no separate removable units.

AThe processor and I/O are
packaged together.

Al ower in cost i but
lacks flexibility.
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Interface

Processor

Outputs
Interface
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/O Configurations

Processor
Modular /O module

Is divided by compartments \ |
Into which separate modules _/O\
can be plugged.

a

Power

: : suppl
This feature greatly increases i/

your options and ¢t}
flexibility. You can choose '
from all the modules available
and mix them in any way you
desire.

Input module Output module
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/O Configurations

Modular I/O

When a module slides into the rack,

It makes an electrical connection with a series of

contacts - called the backplane. The backplane

is located at the rear of the rack. Module
slides into
the rack.
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Power Supply

ASupplies DC power to other
modules that plug into the rack.

Aln large PLC systems, this
power supply does not
normally supply power to the
field devices.

Aln small and micro PLC systems, the power supply
IS also used to power field devices.
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Processor (CPU)

[O)

Alsthe i b r afithe BLC.

AConsists of a microprocessor
for implementing the logic, and
controlling the communications
among the modules.

o]
ADesigned so the desired circuit can be

entered in relay ladder logic form. <% Processor
’ Module

AThe processor accepts input data from
various sensing devices, executes the
stored user program, and sends
appropriate output commands to
control devices.
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/O Section

Consists of:
Alnput modules
AOutput modules.

HEEETCCEEREg
5 EREXEELEEE T
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