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UNIT–I 

POWERSEMICONDUCTORDEVICES 

 
Introductiontopowerelectronics: 

Power Electronics is a field which combines Power (electric power), Electronics and Control systems. 

Power engineering deals with the static and rotating power equipment for the generation, transmission 

and distribution of electric power. Electronics deals with the study of solid state semiconductor power 

devices and circuits for Power conversion to meet the desired control objectives (to control the output 

voltageandoutput power). Power electronics maybe definedas thesubject of applications of solidstate 

power semiconductor devices (Thyristors) for the control and conversion of electric power. Power 

electronics deals with the study and design of Thyristorised power controllers for variety of application 

like Heat control, Light/Illumination control, Motor control - AC/DC motor drives used in industries, 

High voltage power supplies, Vehicle propulsion systems, High voltage direct current (HVDC) 

transmission. 

Power Electronics refers totheprocess of controllingtheflow of current and voltageandconverting it to a 

formthat issuitablefor user loads. Themost desirablepower electronicsystemisonewhoseefficiency and 

reliability is 100%. 

Take a look at the following block diagram. It shows the components of a Power Electronic system and 

how they are interlinked. 

 

 
Figure:1.1.BlockdiagramofDCpowersupply 
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A powerelectronicsystemconvertselectricalenergyfromoneformtoanotherandensuresthe following is 

achieved − 

 

 Maximumefficiency 

 Maximumreliability 

 Maximumavailability 

 Minimumcost 

 Leastweight 

 Smallsize 

ApplicationsofPowerElectronicsareclassifiedintotwotypes−StaticApplicationsandDrive Applications. 

StaticApplications 

Thisutilizesmovingand/orrotatingmechanicalpartssuch aswelding,heating,cooling,andelectro- plating and 

DC power. 

DCPower Supply 
 

Figure:1.2.BlockdiagramofDCpower supply 

DriveApplications 

Drive applications have rotatingparts such as motors. Examples include compressors, pumps, conveyer 

belts and air conditioning systems. 

AirConditioningSystem 

Powerelectronicsisextensivelyusedinairconditionerstocontrolelementssuchascompressors.A schematic 

diagramthat shows how power electronics is used inair conditioners is shown below. 
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Figure:1.3.BlockdiagramofAirConditioningSystem 

 

 

Powerelectronicapplications 

 

Commercial applications Heating Systems Ventilating, Air Conditioners, Central Refrigeration, 

Lighting, Computers and Office equipments, Uninterruptible Power Supplies (UPS), Elevators, and 

Emergency Lamps 

Domestic applications Cooking Equipments, Lighting, Heating, Air Conditioners, Refrigerators & 

Freezers, Personal Computers, Entertainment Equipments, UPS 

Industrial applications Pumps, compressors, blowers and fans Machine tools, arc furnaces, induction 

furnaces, lighting control circuits, industrial lasers, induction heating, welding equipments 

Aerospace applications Space shuttle power supply systems, satellite power systems, aircraft power 

systems. 

Telecommunications Battery chargers, power supplies (DC and UPS), mobile cell phonebatterychargers 

Transportation Traction control of electric vehicles, battery chargers for electric vehicles, electric 

locomotives, street cars, trolley buses, automobile electronics including engine controls 

Utility systems High voltage DC transmission (HVDC), static VAR compensation (SVC), Alternative 

energysources (wind, photovoltaic), fuelcells, energystoragesystems, induced draft fans andboiler feed 

water pumps 
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Typesofpowerelectronicconverters 

 

1. Rectifiers(ACtoDCconverters):These convertersconvertconstantacvoltage tovariabledc output 

voltage. 

2. Choppers(DCtoDCconverters): Dcchopperconvertsfixeddcvoltagetoacontrollabledc output 

voltage. 

3. Inverters(DCto ACconverters):An inverterconvertsfixeddcvoltage to avariable acoutput voltage. 

4. ACvoltagecontrollers:Theseconvertersconverts fixedac voltagetoa variableac output voltage at 

same frequency. 

5. Cycloconverters:Thesecircuitsconvertinputpoweratonefrequencytooutputpower ata different 

frequency through one stage conversion. 

Powersemiconductordevices 

 

i. PowerDiodes. 

ii. Powertransistors(BJT's). 

iii. PowerMOSFETS. 

iv. IGBT's. 

v. Thyristors 

 

Thyristorsareafamilyofp-n-p-nstructuredpowersemiconductor switchingdevices 

 

Powerdiodes 

 

Power diodes aremade of siliconp-njunction withtwoterminals, anodeandcathode. P-N junctionis 

formed by alloying, diffusion and epitaxial growth. Modern techniques in diffusion and epitaxial 

processes permit desired device characteristics. The diodes have the following advantages High 

mechanical and thermal reliability High peak inverse voltage Low reverse current Low forward 

voltage drop High efficiency Compactness. 

Powertransistors 

 

Power transistors are devices that have controlled turn-on and turn-off characteristics. These devices 

areuseda switching devices andareoperated inthesaturation regionresultinginlow on-statevoltage drop. 

They are turned on when a current signal is given to base or control terminal. The transistor remains 

onso longas thecontrolsignalis present. Theswitchingspeed of moderntransistors is much 

higherthanthatofthyristorsandisusedextensivelyindc-dcanddc-acconverters.Howevertheir 
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voltageand current ratings arelower than those of thyristors and arethereforeused in lowto medium 

power applications. Power transistors are classified as follows o Bipolar junction transistors(BJTs) o 

Metal-oxide semiconductor filed-effect transistors(MOSFETs) o Static Induction transistors(SITs) o 

Insulated-gate bipolar transistors(IGBTs) 

AdvantagesofBJT’S 

 

i. BJT’shavehighswitchingfrequenciessincetheirturn-onandturn-offtimearelow. 

ii. Theturn-onlosses of aBJT aresmall. 

iii. BJThascontrolledturn-onandturn-offcharacteristicssincebasedrivecontrolispossible. 

iv. BJT doesnotrequirecommutationcircuits 

 

DemeritsofBJT 

 

i. DrivecircuitofBJTiscomplex. 

ii. Ithastheproblemofchargestoragewhichsetsalimit onswitchingfrequencies. 

iii. Itcannot beusedinparalleloperationduetoproblemsofnegativetemperaturecoefficient. 

 

Thyristors–SiliconControlledRectifiers(SCR’s) 

A silicon controlled rectifier or semiconductor-controlled rectifier is a four-layer solidstate current- 

controlling device. The name "silicon controlled rectifier" is General Electric's trade name for a type of 

thyristor. 

SCRs are mainly used in electronic devices that require control of high voltage and power. This makes 

themapplicable in mediumand high AC power operations such as motor control function. 

An SCR conducts when a gate pulse is applied to it, just like a diode. It has four layersof semiconductors 

that form two structures namely; NPNP or PNPN. In addition, it has three junctions labeled as J1, J2 and 

J3 and three terminals(anode, cathode and a gate). An SCR is diagramatically represented as shown 

below. 

 

Figure:1.4.Symbolofthyristor 
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TheanodeconnectstotheP-type,cathodetotheN-typeandthegatetotheP-typeasshownbelow. 
 

Figure:1.5.Structureofthyristor 

 

In an SCR, the intrinsic semiconductor is silicon to which the required dopants are infused. However, 

doping a PNPN junction is dependent on the SCR application. 

 

ModesofOperationinSCR 

 OFF state (forward blocking mode) − Here the anode is assigned a positive voltage, the gate is 

assigned a zero voltage (disconnected) and the cathode is assigned a negative voltage. As a 

result, Junctions J1 and J3 are in forward bias while J2 is in reverse bias. J2 reaches its 

breakdown avalanche value and starts to conduct. Below this value, the resistance of J1 is 

significantly high and is thus said to be in the off state. 

 ON state (conducting mode) − An SCR is brought to this state either by increasing the potential 

differencebetween theanodeand cathodeabovetheavalanchevoltage or by applying a positive 

signal at the gate. Immediately the SCR starts to conduct, gate voltage is no longer needed to 

maintain the ON state and is, therefore, switched off by − 

o Decreasingthecurrentflowthroughit tothelowest valuecalledholdingcurrent 

o Usingatransistor placedacrossthejunction. 

 Reverse blocking − This compensates the drop in forward voltage. This is due to the fact that a 

low doped region in P1 is needed. It is important to note that the voltage ratings of forward and 

reverse blocking are equal. 
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CharacteristicsofThyristor 

A thyristor is a four layer 3 junction p-n-p-n semiconductor device consisting of at least three p-n 

junctions, functioning as an electrical switch for high power operations. It has three basic terminals, 

namelytheanode, cathodeandthegatemountedonthe semiconductor layers of thedevice. Thesymbolic 

diagram and the basic circuit diagram for determining thecharacteristics of thyristor is shown in the figure 

below, 

 

V-ICharacteristicsofaThyristor 

 

 
Figure:1.6.CircuitdiagramforcharacteristicsofSCR 

 

From the circuit diagram above we can see the anode and cathode are connected to the supply voltage 

throughtheload. Another secondarysupplyEsis appliedbetweenthegateandthecathodeterminal which 

supplies for the positive gate current when the switch S is closed. On giving the supply we getthe required 

V-I characteristics of a thyristor show in the figure below for anode to cathode voltage Vaand anode 

current Iaas we can see fromthe circuit diagram. A detailed study of the characteristics reveal that the 

thyristor has three basic modes of operation, namely the reverse blocking mode, forward blocking(off-

state) mode and forward conduction (on-state) mode. Which are discussed in great details below, to 

understand the overall characteristics of a thyristor. 

 

ReverseBlockingModeofThyristor 

 
Initially for thereverseblocking modeof thethyristor, thecathodeis madepositive with respect to anode by 

supplying voltageE and thegateto cathodesupply voltageEsis detached initially by keeping switch S open. 

For understanding this mode we should look into the fourth quadrant where the thyristor is reverse biased. 
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Figure:1.7.Reverseblockingmodeof SCR 

 

 

Here Junctions J1and J3arereverse biased whereas the junction J2is forward biased. The behavior of the 

thyristor here is similar to that of two diodes are connected in series with reverse voltage applied across 

them. As a result only a small leakage current of the order of a few μAmps flows. This is the reverse 

blocking mode or theoff-state, ofthethyristor. Ifthereversevoltageis nowincreased, thenat a particular 

voltage, known as the critical breakdown voltage VBR, an avalanche occurs at J1and J3and the reverse 

current increases rapidly. A largecurrent associated with VBRgives riseto morelosses in theSCR, which 

results in heating. This may lead to thyristor damage as the junction temperature may exceed its 

permissible temperature rise. It should, therefore, be ensured that maximum working reverse voltage 

across a thyristor does not exceed VBR. When reverse voltage applied across a thyristor is less than VBR, 

the device offers very high impedance in the reverse direction. The SCR in the reverse blocking modemay 

therefore be treated as open circuit. 

 

 
Figure:1.8.V-IcharacteristicsofSCR 
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ForwardBlockingModeNowconsideringtheanodeis positivewithrespect tothecathode, withgate kept in 

open condition. Thethyristor is now said to beforward biased as shown the figure below. 

 

 

 

 
Figure:1.9.ForwardconnectionofSCR 

As we can see the junctions J1and J3are now forward biased but junction J2goes into reverse biased 

condition. In this particular mode, a small current, called forward leakage current is allowed to flow 

initially as shown in the diagram for characteristics of thyristor. Now, if we keep on increasing the 

forward biased anode to cathode voltage. 

In this particular mode, the thyristor conducts currents from anode to cathode with a very small voltage 

drop across it. Athyristor is brought fromforwardblocking modetoforwardconduction modebyturning it on 

by exceeding the forward break over voltage or by applying a gate pulse between gate and cathode. Inthis 

mode, thyristor is inon-stateandbehaves likea closedswitch. Voltage drop across thyristor inthe on state is 

of the order of 1 to 2 V depending beyond a certain point, then the reverse biased junction J2will 

haveanavalanchebreakdownat avoltagecalledforward break over voltageVB0ofthethyristor. But, if we keep 

the forward voltage less than VBO, we can see from the characteristics of thyristor, that the device offers 

high impedance. Thus even herethethyristor operates as an open switch during theforward blocking mode. 

 

ForwardConductionMode 

 
When the anode to cathode forward voltage is increased,withgate circuitopen, the reverse junction J2will 

have an avalanche breakdown at forward break over voltage VBOleading to thyristor turn on. Once the 

thyristor is turned on we can see from the diagram for characteristics of thyristor, that the point M at once 

shifts toward N and then anywhere between N and K. Here NK represents the forward conduction mode 

of thethyristor. In this mode of operation, the thyristor conducts maximum current with minimum 
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voltagedrop,thisisknownastheforwardconductionforwardconductionortheturnonmodeofthe thyristor. 

TwotransistoranalogyofSCR 

BasicoperatingprincipleofSCR,canbe easily understoodby thetwotransistormodelofSCRor 

analogyofsiliconcontrolledrectifier,asitisalsoacombinationofPandNlayers,showninfigurebelow 

 

 
Figure:1.10.TwotransistorstructureofSCR 

This is a pnpnthyristor. Ifwebisect it throughthedotted linethen wewill get twotransistors i.e. onepnp 

transistor withJ1and J2junctions and another is withJ2and J3junctions as shownin figure below. 

 

 
Figure:1.11.TwotransistorstructureofSCR 
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Whenthetransistors areinoffstate, therelationbetweenthecollector current andemitter current is shown 

below 

 

 

Figure:1.12.TwotransistorsconnectionofSCR 

 

 

Here,ICiscollectorcurrent,IEisemittercurrent,ICBOisforwardleakagecurrent,αiscommonbase 

 

forward current gain and relationship between ICand IBis Where,IBisbasecurrentandβ is 

common emitter forwardcurrent gain. Let’s for transistor T1this relation holds 

 

 

Andthatfortransistor T2 

 

 

Now,bytheanalysisoftwo 

transistorsmodelwecangetanodecurrent, 

 

 

 

Fromequation(i)and(ii),weget, 
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Ifapplied gatecurrent is Igthencathodecurrent willbethesummationofanodecurrent andgatecurrent i.e. 

 

BysubstitutingthisvalueofIkin(iii)weget, 

 

 

From this relation we can assure that with increasing the value of towards unity, 

corresponding anode current will increase. Now the question is how increasing. Here is the 

explanationusingtwotransistor modelofSCR. At thefirst stagewhenweapplya gatecurrent Ig, it acts as 

base current of T2transistor i.e. IB2= Igand emitter current i.e. Ik= Igof theT,2transistor. Hence 

establishment of the emitter current gives rise α2as 

 

 
Presenceofbasecurrentwillgeneratecollectorcurrentas 

 

 

ThisIC2is nothingbutbasecurrentIB1oftransistorT,1,whichwillcausetheflowofcollectorcurrent, 
 

 

 

 

IC1andIB1leadtoincreaseIC1as 

 

 

Andhence,α1increases.Now, newbasecurrentofT2is 

 

, 

 

Thiswillleadtoincreaseemitter current 
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andasaresultα2alsoincreasesandthisfurther increases 

. 

 

As 

 

, 

 

α1againincreases.Thiscontinuouspositivefeedbackeffectincreases towardsunityand anode 

current tends to flow at a very large value. The value current then can only be controlled by external 

resistance of the circuit. 

 

TurnonmethodsofSCR 

The turning on Process of the SCR is known as Triggering. In other words, turning the SCR from 

Forward-BlockingstatetoForward-ConductionstateisknownasTriggering.The various methods of SCR 

triggering are discussed here. 

ThevariousSCRtriggeringmethodsare 

 ForwardVoltageTriggering 

 ThermalorTemperatureTriggering 

 RadiationorLighttriggering 

 dv/dtTriggering 

 GateTriggering 
 

 

(a) ForwardVoltageTriggering:- 

 Inthismode,anadditionalforwardvoltageisappliedbetweenanodeandcathode. 

 When the anode terminal is positive with respect to cathode (VAK), Junction J1 and J3 is forward 

biased and junction J2 is reverse biased. 

 Nocurrent flowduetodepletionregioninJ2isreversebiased(except leakagecurrent). 

 As VAKis further increased, at a voltage VBO(Forward Break Over Voltage) the junction J2 undergoes 

avalanche breakdown and so a current flows and the device tends to turn ON(even when gate is 

open) 
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(b) Thermal(or)TemperatureTriggering:- 

 ThewidthofdepletionlayerofSCRdecreaseswithincreaseinjunctiontemperature. 

 ThereforeinSCRwhenVARis verynear itsbreakdownvoltage, thedeviceistriggeredbyincreasing the 

junction temperature. 

 By increasing the junction temperature thereverse biased junction collapses thus the device starts to 

conduct. 

(c) RadiationTriggering(or)LightTriggering:- 

 ForlighttriggeredSCRsaspecialterminalnicheismadeinsidetheinnerPlayerinsteadofgate terminal. 

 Whenlightisallowedtostrikethis terminal,freechargecarriersaregenerated. 

 Whenintensityoflightbecomesmorethana normalvalue,thethyristorstartsconducting. 

 ThistypeofSCRsarecalledasLASCR 

(d) dv/dtTriggering:- 

 Whenthedeviceisforwardbiased,J1andJ3areforwardbiased,J2is reversebiased. 

 JunctionJ2behavesasacapacitor, duetothechargesexistingacrossthejunction. 

 If voltageacross thedevice is V,thecharge byQand capacitance byCthen, ic 

=dQ/dt 

Q=CV 

ic=d(CV)/dt 

=CdV/dt+VdC/dt

as dC/dt = 0 

ic=CdV/dt 

 Therefore when the rate of change of voltage across the device becomes large, the device may turn 

ON, even if the voltage across the device is small. 

(e) GateTriggering:- 

 ThisismostwidelyusedSCRtriggeringmethod. 

 ApplyingapositivevoltagebetweengateandcathodecanTurnONaforwardbiasedthyristor. 

 When apositive voltage is applied atthe gate terminal,charge carriersare injectedin the innerP- layer, 

thereby reducing the depletion layer thickness. 

 Astheappliedvoltageincreases,thecarrierinjectionincreases,thereforethevoltageatwhich forward 

break-over occurs decreases. 
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Figure:1.13.V-IcharacteristicsofSCR 

 Threetypesofsignals areusedforgatetriggering. 

 

 

1. DCgatetriggering:- 

 

 ADC voltageofproper polarityisappliedbetweengateandcathode(Gateterminalispositivewith respect 

to Cathode). 

 Whenappliedvoltageis sufficienttoproducetherequiredgateCurrent,thedevicestartsconducting. 

 Onedrawbackofthisschemeisthat bothpower andcontrolcircuitsareDCandthereisnoisolation between 

the two. 

 AnotherdisadvantageisthatacontinuousDCsignalhastobeapplied. Sogatepowerlossis high. 

 

 

2. ACGateTriggering:- 

 

 HereACsourceisusedfor gatesignals. 

 Thisschemeprovidesproper isolationbetweenpowerandcontrolcircuit. 

 Drawbackofthis schemeisthataseparatetransformeris requiredtostep downacsupply. 

 TherearetwomethodsofAC voltagetriggeringnamely(i)RTriggering(ii)RCtriggering 
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(i)Resistancetriggering: 

 

Thefollowingcircuitshowstheresistancetriggering. 
 

 

Figure:1.14.Resistancetriggeringcircuitof SCR 

 

 

 Inthismethod,thevariableresistanceRis usedtocontrolthegatecurrent. 
 DependinguponthevalueofR, whenthemagnitudeof thegatecurrentreachesthesufficient 

value(latching current of the device) the SCR starts to conduct. 

 ThediodeDis calledasblockingdiode. It prevents thegatecathodejunctionfromgettingdamaged in the 

negative half cycle. 

 Byconsideringthat thegatecircuit ispurelyresistive, thegatecurrent isinphasewiththeapplied 

voltage. 

 Byusingthismethodwecanachievemaximumfiringangleupto 90°. 

 

(ii)RCTriggering 

Thefollowingcircuitshowstheresistance-capacitancetriggering. 
 

Figure:1.15.ResistanceCapacitancetriggeringcircuitofSCR 
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 Byusingthismethod wecanachievefiringanglemorethan 90°. 

 Inthepositivehalfcycle, thecapacitor is chargedthroughthevariableresistanceR up tothepeak value 

of the applied voltage. 

 ThevariableresistorRcontrolsthechargingtimeofthecapacitor. 

 Dependsuponthevoltageacross thecapacitor, whensufficient amount ofgatecurrent willflowin the 

circuit, the SCR starts to conduct. 

 Inthenegativehalfcycle, thecapacitor C ischargeduptothenegativepeakvaluethroughthe diode 

D2. 

 DiodeD1 is usedtoprevent thereversebreak downof thegatecathodejunction inthenegativehalf cycle. 

 

3. PulseGateTriggering:- 

 

 Inthismethodthegatedriveconsistsofasinglepulseappearingperiodically(or)asequenceof high 

frequency pulses. 

 Thisisknownascarrierfrequencygating. 

 Apulsetransformerisusedforisolation. 

 The main advantage isthatthere isno needof applying continuoussignals,so the gate lossesare 

reduced. 

 

Advantagesofpulsetraintriggering: 

 

 Lowgatedissipationathighergatecurrent. 

 Smallgateisolatingpulsetransformer 

 Lowdissipationinreversebiasedconditionispossible. Sosimpletrigger circuitsarepossiblein some 

cases 

 Whenthefirst trigger pulsefailstotrigger theSCR,thefollowingpulsescansucceedinlatching SCR. 

This important while 

 Triggeringinductivecircuitsandcircuitshavingbackemf's. 

 

TurnoffmethodsofSCR: 

SCRcanbeturnedONbyapplyingappropriatepositivegatevoltagebetweenthegateandcathode 

terminals,butitcannotbeturnedOFFthroughthegateterminal.TheSCRcanbebroughtbacktothe 
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forward blocking statefromtheforward conduction stateby reducing theanodeor forward current below the 

holding current level. 

The turn OFF process of an SCR is called commutation. The term commutation means the transfer of 

currents from one path to another. So the commutation circuit does this job by reducing the forward 

current to zero so as to turn OFF the SCR or Thyristor. 

 

ToturnOFFtheconductingSCRthebelowconditionsmustbesatisfied. 
 

 

  TheanodeorforwardcurrentofSCRmustbereducedtozeroorbelowthelevelofholding current and 

then, 

 Asufficient reversevoltagemust beappliedacrosstheSCRtoregainitsforwardblockingstate. 

 
When the SCR is turned OFF by reducing forward current to zero there exist excess charge carriers in 

different layers. To regain the forward blocking state of an SCR, these excess carriers must be 

recombined. Therefore, this recombinationprocess is acceleratedbyapplyinga reverse voltageacross the 

SCR. 

 

SCRTurnOFFMethods 

 

The reverse voltage which causes to commutate the SCR iscalled commutation voltage. Depending on the 

commutation voltage located, the commutation methods are classified into two major types. 

 

Those are 1) Forced commutation and 2) Natural commutation. Let us discuss in brief about these 

methods. 

 

ForcedCommutation 

 

In case of DC circuits, there is no natural current zero to turn OFF the SCR. In such circuits, forward 

current must be forced to zero with an external circuit to commutate the SCR hence named as forced 

commutation. 

This commutating circuit consists of components like inductors and capacitors called as commutating 

components. These commutating components cause to apply a reverse voltage across the SCR that 

immediately bring the current in the SCR to zero. 

https://www.electronicshub.org/silicon-controlled-rectifier/
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Based on the manner in which the zero current achieved and arrangement of the commutating 

components, forced commutation is classified into different types such as class A, B, C, D, and E. This 

commutation is mainly used in chopper and inverter circuits. 

 

Class ACommutation 

 

This is also known as self commutation, or resonant commutation, or load commutation. In this 

commutation, thesource of commutation voltage is in the load. This load must bean under damped R-L- C 

supplied with a DC supply so that natural zero is obtained. 

Thecommutatingcomponents LandC areconnected either parallel or series withtheloadresistanceR as 

shown below with waveforms of SCR current, voltage and capacitor voltage. 

 

Figure:1.16.ClassACommutationcircuitandwaveforms 

 

Thevalueofloadresistanceandcommutatingcomponents areso selectedthat theyforms a under damped 

resonant circuit to produce natural zero. When the thyristor or SCR is triggered, theforward currents starts 

flowing through it and during this the capacitor is charged up to the value of E. 

Once the capacitor is fully charged (more than the supply source voltage) the SCR becomes reversebiased 

and hence the commutation of the device. The capacitor discharges through the load resistance to make 

ready the circuit for the next cycle of operation. The time for switching OFF the SCR depends on the 

resonant frequency which further depends on the L and C components. 
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This method is simple and reliable. For high frequency operation which is in the range above 1000 Hz, 

this type of commutation circuits is preferred due tothe high values of L and C components. 

ClassB Commutation 

 

This is also a self commutation circuit in which commutation of SCR is achieved automatically by L and 

C components, once the SCR is turned ON. In this, the LC resonant circuit isconnected across the SCR 

but not in series with load as in case of class A commutation and hence the L and C components do not 

carry the load current. 

 

Figure:1.17.ClassB Commutationcircuitandwaveforms 

 

WhentheDC supplyisappliedtothe circuit, thecapacitor charges withanupper platepositiveandlower plate 

negative up to the supply voltage E. When the SCR is triggered, the current flows in two directions, one is 

through E+ – SCR – R – E- and another one is the commutating current through L and C components. 

Once the SCR is turned ON, the capacitor is starts discharging through C+ – L – T – C-. When the 

capacitor is fully discharged, it starts charging with a reverse polarity. Hence a reverse voltage applied 

across the SCR which causes the commutating current IC to oppose load current IL. 
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When the commutating currentIc is higher than the load current, the SCR will automatically turn OFF and 

the capacitor charges with original polarity. 

In the above process, the SCR is turned ON for some time and then automatically turned OFF for some 

time. This is a continuous process andthe desired frequency of ON/OFF dependson the values of L and 

C.Thistypeofcommutationismostlyusedinchopper circuits. 

 

ClassC Commutation 

In this commutation method, the main SCR is to be commutated is connected in series with the load and 

an additional or complementary SCR is connected in parallel with main SCR. This method is also called 

as complementary commutation. 

In this , SCR turns OFF with a reverse voltage of a charged capacitor. The figure below shows the 

complementary commutation with appropriate waveforms. 

 

Figure:1.18.ClassCCommutationcircuitandwaveforms 

 

Initially, bothSCRsareinOFF statesothecapacitor voltageis alsozero. WhentheSCR1 or mainSCR is 

triggered, current starts flowing in two directions, one path is E+– R1 – SCR1 – E- and another path is the 

charging current E+ – R2- C+ – C- SCR1 – E- . Therefore, thecapacitor starts charging up to the value of 

E. 
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When the SCR2 is triggered, SCR is turned ON and simultaneously a negative polarity is applied across 

the SCR1. So this reverse voltage across the SCR1 immediately causes to turn OFF the SCR1. Now the 

capacitor starts charging with a reverse polarity through the path of E+ – R1- C+ – C- SCR2 – E-. And 

again, if the SCR 1 is triggered, discharging current of the capacitor turns OFF the SCR2. 

This commutation is mainly used in single phase inverters with a centre tapped transformers. The Mc 

MurrayBedfordinverter isthebest exampleof this commutationcircuit.This isa veryreliable methodof 

commutation and it is also useful even at frequencies below 1000Hz. 

ClassDCommutation 

 

This is also called as auxiliary commutation because it uses an auxiliary SCR to switch the charged 

capacitor. Inthis, the mainSCR is commutatedbythe auxiliarySCR. The mainSCR withloadresistance 

forms the power circuit while the diode D, inductor L and SCR2 forms the commutation circuit. 

 

Figure:1.19.ClassDCommutationcircuitandwaveforms 

 

Whenthesupply voltageE is applied, bothSCRsarein OFF stateandhencethecapacitor voltage is zero. In 

order to charge the capacitor, SCR2 must be triggered first. So the capacitor charges through the path E+ 

– C+ – C- – SCR2- R- E-. 
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When the capacitor is fully charged the SCR2 becomes turned OFF because no current flow through the 

SCR2when capacitor is chargedfully. IftheSCR1 is triggered, thecurrent flows intwo directions; oneis the 

load current path E+ – SCR1- R- E- and another one is commutation current path C+– SCR1- L- D- C. 

As soon as the capacitor completely discharges, its polarities will be reversed but due to the presence of 

diode the reverse discharge is not possible. When the SCR2 is triggered capacitor starts discharging 

through C+ – SCR2- SCR1- C-. When this discharging current is more than the load current the SCR1 

becomes turned OFF. 

Again, the capacitor starts charging through the SCR2 to a supply voltage E and then the SCR2 is turned 

OFF. Therefore, both SCRs are turned OFF and the above cyclic process is repeated. This commutation 

method is mainly used in inverters and also used in the Jones chopper circuit. 

Class ECommutation 

 

This is also known as external pulse commutation. In this, an external pulsesource is used to producethe 

reverse voltage across the SCR. The circuit below shows the class E commutation circuit which uses a 

pulse transformer to produce the commutating pulse and is designed with tight coupling between the 

primary and secondary with a small air gap. 

If the SCR need to be commutated, pulseduration equal to the turn OFF time of the SCR is applied. When 

theSCR is triggered, load current flows through thepulsetransformer. If thepulseis applied to the primary 

of the pulse transformer, an emf or voltage is induced in thesecondary of the pulse transformer. 

This induced voltage is applied across the SCR as a reverse polarity and hence the SCR is turned OFF. 

The capacitor offers a very low or zero impedance to the high frequency pulse. 

 

 
Figure:1.20.ClassECommutationcircuitandwaveforms 
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NaturalCommutation 

 

In natural commutation, the source of commutation voltage is the supply source itself. If the SCR is 

connected to an AC supply, at every end of the positive half cycle the anode current goes through the 

natural current zero and also immediately a reverse voltage is applied across the SCR. These are the 

conditions to turn OFF the SCR. 

 

This method of commutation is also called as source commutation, or line commutation, or class F 

commutation. This commutation is possible with line commutated inverters, controlled rectifiers, cyclo 

converters and AC voltage regulators because the supply is the AC source in all these converters. 

 

Figure:1.21.NaturalCommutationcircuitandwaveforms 

 

DynamicTurnOFFSwitchingCharacteristics 

 

Thetransitionof anSCR fromforwardconductionstatetoforwardblockingstateis calledas turnOFF or 

commutation of SCR. As weknowthat oncetheSCR starts conducting, the gatehas no control over it to 

bring back to forward blocking or OFF state. 

To turn OFF theSCR, thecurrent must bereduced to a level below the holding current of SCR. Wehave 

discussed variousmethods above to turn OFFthe SCRin which SCR turn OFFis achieved by reducing 



26 
 

 

the forward current to zero. But if we apply the forward voltage immediately after the current zero of 

SCR, it starts conducting again even without gate triggering. 

This is due to the presence of charge carriers in the four layers. Therefore, it is necessary to apply the 

reverse voltage, over a finite time across the SCR to remove the charge carriers. 

Hence the turn OFF time is defined as the time between the instant the anode currentbecomes zero and the 

instant at which the SCR retains the forward blocking capability. The excess charge carriers from the four 

layers must be removed to bring back the SCR to forward conduction mode. 

This process takes placeintwostages. Ina first stageexcess carriers fromouter layers areremovedand in 

second stage excesscarriersin the inner two layers are to berecombined.Hence, the total turn OFF time tqis 

divided into two intervals; reverse recovery time trrand gate recovery time tgr. 

tq= trr+tgr 

 

Thefigurebelowshows theswitching characteristics of SCR during turn ONand OFF.Thetimet1to t3is called 

as reverse recovery time; at the instant t1the anode current is zero and builds up in the reverse 

directionwhichiscalledasreverserecoverycurrent.Thiscurrent removestheexcess chargecarriersfrom outer 

layers during the time t1to t3. 

At instant t3, junctions J1and J3are able to block the reverse voltage but, the SCR is not yet able to block 

the forward voltage due to the presence of excess charge carriers in junction J2. These carriers can be 

disappeared only by the way of recombination and this could be achievedby maintaining a reverse voltage 

across the SCR. 
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Figure:1.22.DynamiccharacteristicsofSCR 

 

Hence,duringthetimet3tot4,therecombinationofchargestakesplaceandattheinstantt4,junction J2completely 

recovers. This time is called gate recovery time tgr. 

 From the figure the turn OFF time is the time interval between the t4and t1. Generally, this time 

varies from10 to 100 microseconds. This turn OFF time tqis applicable to the individual SCR. 

 The time required by the commutation circuit to apply the reverse voltage to commutate the SCR 

is called the circuit turn OFF time (tc). For a safety margin or reliable commutation, this tcmustbe 

greater than the tqotherwise commutation failure occurs. 
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 The SCRs which have slow turn OFF time as in between 50 to 100 microseconds are called as 

converter gradeSCRs. Theseareused inphasecontrolledrectifiers, cycloconverters, AC voltage 

regulators, etc. 

 The SCRs which have fast turn OFF time as in between 3 to 50 microseconds are inverter grade 

SCRs. These are costlier compared to converter grade and are used in choppers,force commutated 

converters and inverters. 

ResistanceFiringCircuit 

 

 The circuit below shows the resistance triggering of SCR where it is employed to drive the load 

fromtheinput AC supply. Resistanceand diodecombinationcircuit actsasa gatecontrolcircuitry to 

switch the SCR in the desired condition. 

 As the positive voltage applied, the SCR is forward biased and doesn’t conduct until its gate 

current is more than minimum gate current of the SCR. 

 When the gate current is applied by varying the resistance R2 such that the gate current should be 

more than the minimum value of gate current, the SCR is turned ON. And hence the load current 

starts flowing through the SCR. 

 The SCR remains ON until the anode current is equal to the holding current of the SCR. And it 

will switch OFF when the voltage applied is zero. So the load current is zero as the SCR acts as 

open switch. 

 The diode protects the gate drive circuit from reverse gate voltage during the negative half cycleof 

the input. And Resistance R1 limits the current flowing through the gate terminal and its valueis 

such that the gate current should not exceed the maximum gate current. 

 It is the simplest and economical type of triggering but limited for few applications due to its 

disadvantages. 

 Inthis, thetriggeringangleis limitedto90 degrees only. Becausetheappliedvoltageis maximum at 90 

degrees so the gate current has to reach minimum gate current value somewherebetween zero to 

90 degrees. 
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Figure:1.23.RFiringcircuit forSCRandcorrespondingwaveforms 

 

 

 

Resistance–Capacitacne(RC)FiringCircuit 

 

 The limitation of resistance firing circuit can be overcome by the RC triggering circuit which 

provides the firing angle control from 0 to 180 degrees. By changing the phase and amplitude of 

the gate current, a large variation of firing angle is obtained using this circuit. 

 Below figure shows the RC triggering circuit consisting of two diodes with an RC network 

connected to turn the SCR. 

 By varying the variable resistance, triggering or firing angle is controlled in a full positive half 

cycle of the input signal. 

 During the negative half cycle of the input signal, capacitor charges with lower plate positive 

throughdiodeD2uptothemaximumsupplyvoltageVmax. Thisvoltage remainsat -Vmaxacross the 

capacitor till supply voltage attains zero crossing. 

 During the positive half cycle of the input, the SCR becomes forward biased and the capacitor 

starts charging through variable resistance to the triggering voltage value of the SCR. 

 Whenthecapacitor chargingvoltageis equaltothegatetrigger voltage, SCR isturnedONandthe 

capacitor holds a small voltage. Therefore the capacitor voltage is helpful for triggering the SCR 

even after 90 degrees of the input waveform. 

 In this, diode D1 prevents the negative voltage between the gate and cathode during the negative 

half cycle of the input through diode D2. 
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Figure:1.24.RFiringcircuitfor SCR 
 

 

 

 

 

 

Figure:1.25.RFiringcircuitwaveformsofSCR 
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UJTFiringCircuit 

 

 It is the most common method of triggering the SCR because the prolonged pulses at the gate 

usingR andRC triggering methods causemorepower dissipationat thegatesobyusing UJT (Uni 

JunctionTransistor) as triggering device the power loss is limited as it produce a trainof pulses. 

 The RC network is connected to the emitter terminal of the UJT which forms the timing circuit. 

The capacitor is fixed while the resistance is variable and hence the charging rate of the capacitor 

depends on the variable resistance means that the controlling of the RC time constant. 

 When the voltage is applied, the capacitor starts charging through the variable resistance. By 

varying the resistance value voltage across the capacitor get varied. Once the capacitor voltage is 

equal to the peak value of the UJT, it starts conducting and hence produce a pulse output till the 

voltage across the capacitor equal to the valley voltage Vv of the UJT. This process repeats and 

produces a train of pulses at base terminal 1. 

 Thepulseoutputatthebaseterminal1isusedtoturnONtheSCRatpredeterminedtimeintervals 

 

 

Figure:1.26.UJTFiringcircuitforSCRandcorrespondingwaveforms 

Series and Parallel connections of SCRs 

Inmany power control applications the required voltage and current ratings exceed the voltage and current 

that can be provided by a single SCR. Under such situations the SCRs are required tobe connected in 

series or in parallel to meet the requirements. Sometimes even if the required rating is available, multiple 

connections are employed for reasons of economy and easy availability of SCRs of lower ratings. Like 

any other electrical equipment, characteristics/properties of two SCRs of same make and ratings are never 

same and this leads to certain problems in the circuit. The mismatching of SCRs is due to differences in 
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(i) turn-ontime 

(ii) turn-offtime 

(iii) Leakagecurrentinforwarddirection 

(iv) Leakagecurrentinreversedirectionand 

(v) Recoveryvoltage. 

 

SeriesConnectionofanSCR 

 

 

Figure:1.27.SeriesconnectionofSCRs 

 

 

(i) Unequaldistributionofvoltageacross SCRs 

(ii) Differenceinrecoverycharacteristics. 

 

Care must be taken to share the voltage equally. For steady-state conditions, voltage sharing is 

achieved by using a resistance or a Zener diode in parallel with each SCR. For transient voltage 

sharing a low non-inductive resistor and capacitor in series are placed across each SCR, as shown in 

figure. Diodes D1 connected in parallel with resistor Rl, helps in dynamic stabilization. This circuit 

reduces differences between blocking voltages of the two devices within permissible limits. 

AdditionallytheR-C circuit canalsoservethefunction of ‘snubber circuit‘. Values of R1andC1can 

primarily be calculated for snubber circuit and a check can be made for equalization. If ΔQ is the 

difference in recovery charge of two devices arising out of different recovery current fordifferent time 

and ΔV is the permissible difference in blocking voltage then 

C1=ΔQ/ΔV 

 

The value of resistance Rx should be sufficient to over damp the circuit. Since the capacitor C1 can 

discharge through the SCR during turn-on, there can be excessive power dissipation, butthe 

switchingcurrentfromC1islimitedbytheresistorR1Thisresistancealsoservesthepurposeof 
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damping out ‘ringing’ which is oscillation of C1 with the circuit inductance during commutation. All 

the SCRs connected in series should be turned-on at the same time when signals are applied to their 

gates simultaneously. 

Stringefficiency= 
Voioractualcurrentratingofthewholestring 

NoofSCRsinstring×VoiorcurrentratingofindividualSCR 

 

This phenomenon increases thereliability of thestring, but reduces theutilization of eachSCR. Thus 

string efficiency decreases. Reliability of string is measured by derating factor (DRF) which is given 

by the expression 

DRF= 1-stringefficiency 

 

ParallelConnectionofanSCR 

 

 

 

Figure:1.28.ParallelconnectionofSCRs 

 

 

When the load current exceeds the SCR current rating, SCRs are connected in parallel to share the 

load current. But when SCRs are operated in parallel, the current sharing between them may not be 

proper. The device having lower dynamic resistance will tendto share more current. This will raise the 

temperature of that particular device in comparison to other, thereby reducing further its dynamic 

resistance and increasing current through it. This process is cumulative and continues till the device 

gets punctured. Some other factors which directly or indirectly add to this problem are difference in 

turn-on time, delay time, finger voltage and loop inductance. 

Arrangement of SCRs in thecubiclealso plays vital role. When theSCRsareconnected in parallel, it 

must be ensured that the latching current level of the all the SCRs is such that when gate pulse is 

applied,allofthemturn-onandremainonwhenthegatepulseisremoved.Furthertheholding 
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currents of the devices should not be so much different that at reduced load current one of the device 

gets turned-off becauseof fall of current throughit blowits holdingcurrent value. This is particularly 

importantbecause on increase in load current, the device which has stopped conducting cannotstartin 

the absence of gate pulse. 

Another point to beconsidered is the on-statevoltageacross thedevice. For equal sharing of currents by 

the devices voltage drop across the parallel paths must be equal. For operation of all the SCRs 

connected in parallel at the same temperature, it becomes necessary to use a common heat sink for 

their mounting, as illustrated in figure. Resistance compensation used for dc circuits is shown in 

figure. In this circuit the resistors Rx and R2 are chosen so as to cause equal voltage dropin both 

arms. Inductive compensation used for ac circuits is shown in figure The difference in characteristics 

due to different turn-on time, delay time, finger voltage, latching current, holding current can be 

minimized by using inductive compensation. Firing circuits giving high rate of rise can be used to 

reduce mismatch of gate characteristics and delay time. Current sharing circuits must be designed so 

as to distributecurrent equally at maximum temperatureand maximumanodecurrent. This is doneto 

ensure that the devices share current equally under worst operating conditions. Mechanical 

arrangement of SCRs also plays an important role in reducing mismatching. Cylindrical construction 

is perhaps the best from this point of view. 

Derating: 

 

Even with all the measures taken, it is preferable to derate the device for series/parallel operation. 

Another reason for derating is poor cooling and heat dissipation as number of devices operates in the 

same branch of the circuit. Normal derating factors are 10 to 15% for parallel connection of SCRs 

depending upon the number of devices connected in parallel. Higher voltage safety factor is taken 

when SCRs are connected in series. 
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NumericalProblems: 

1. Thetriggercircuitofathyristorhasasource voltageof15Vandtheloadlinehasaslope of- 120V per 

ampere. The minimum gate current to turn on the SCR is 25mA. Compute 

i. Sourceresistancerequiredinthegatecircuit 

ii. Thetriggervoltageandtriggercurrentforanaveragegatepowerdissipationof0.4 watts 

 

 

Solution: 

 
i. Theslopeofloadlinegivestherequiredgatesourceresistance.Fromtheloadline, series 

resistance required in the gate circuit is 120Ω 

ii. HereVgIg=0.4W 

ForthegatecircuitEs=RsIg+Vg 

15=120Ig+0.4/Ig 

 

120I2 –15I+0.4=0 

Itssolutiongives Ig=38.56mAor86.44 mA 

 

Vg= 
0.4×1000 

. 
= 10.37V 

Vg=
0.4×1000

=4.627V
 

.44 

 

 

 

Sochoosethevaluefor Igwhichgives less voltageIg= 86.44mAand Vg= 4.627Vfrom minimum gate 

current of 25mA. 

2. For an SCR the gate-cathode characteristic has a straight line slope of 130. For trigger source 

voltage of 15V and allowable gate power dissipation of 0.5 watts, compute the gate source 

resistance. 

3. SCRs with a rating of 1000V and 200A are available to be used in a string to handle 6kV and 

1kA. Calculatethe number of series and parallel units required in case de-rating factor is 0.1 and 

0.2 
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4. It is required to operate 250A SCR in parallel with 350A SCR with their respective onstate 

voltage drops of 1.6V and 1.2V. Calculate the value of resistance to be inserted in series witheach 

SCR so that the sharethe totalload of 600A in proportion to their current ratings. 

Snubbercircuit 

Duetooverheating, over voltage, over currentor excessivechangeinvoltageor currentswitchingdevices and 

circuit components may fail. From over current they can be protected by placing fuses at suitable 

locations. Heat sinks and fans can be used to take the excess heat away from switching devices and other 

components. Snubber circuits are needed to limit the rate of change in voltage or current (di/dt or dv/dt) 

and over voltage during turn-on and turn-off. These are placed across the semiconductor devices for 

protection as well as to improve the performance. Static dv/dt is a measure of the ability of a thyristor to 

retain a blocking stateunder theinfluenceof a voltage transient. Thesearealso used across therelays and 

switches to prevent arcing. 

NecessityofUsingtheSnubberCircuit 

 

These are placed across the various switching devices like transistors, thyristors, etc. Switching from ON 

to OFF state results the impedance of the device suddenly changes to the high value. But this allows a 

small current to flow through the switch. This induces a large voltage across the device. If this current 

reduced at faster ratemoreis theinduced voltageacross thedeviceand also if theswitch is not capableof 

withstanding this voltage the switch becomes burn out. So auxiliary path is needed to prevent this high 

induced voltage 

Similarly when the transition is from OFF to ON state, due to uneven distribution of the current through 

the area of the switch overheating will takes place and eventually it will be burned. Here also snubber is 

necessary to reduce the current at starting by making an alternate path. 

Snubbersinswitchingmodeprovidesoneor moreofthefollowingfunctions 

 

Shapetheloadlineofa bipolarswitchingtransistortokeepitinitssafeoperatingarea. 

 

Reducingthevoltagesandcurrentsduringturn-ONandturn-OFFtransientconditions. 

 

Removes energy from a switching transistor and dissipate the energy in a resistor to reduce junction 

temperature. 

Limitingtherateof changeofvoltageandcurrentsduringthetransients. 

 

Reduceringingtolimit thepeakvoltageona switchingtransistor andloweringtheirfrequency. 
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DesignofRCSnubberCircuits: 

 

There are many kinds of snubbers like RC, diode and solid state snubbers but the most commonly used 

one is RC snubber circuit. This is applicablefor both the rate of rise control and damping. 

This circuit is a capacitorand series resistor connected across a switch. For designing the Snubber circuits. 

Theamount of energyis todissipate inthesnubber resistance is equal totheamount of energyis stored in the 

capacitors.An RC Snubberplaced across the switch can be used to reduce the peak voltage at turn-off and 

to lamp the ring. An RC snubber circuit can be polarized or non-polarized. If you assume the source has 

negligible impedance, the worst case peak current in the snubber circuit is 

I= Vo/RsandI= C.dv/dt 

 

 

Figure:1.29.Forward-PolarizedRCSnubberCircuit 

 

 

 

For an appropriate forward-polarized RC snubber circuit a thyristor or a transistor is connected with an 

anti-parallel diode. R will limit the forward dv/dt and R1 limits the discharge current of the capacitor 

when transistor Q1 is turned on. These are used as overvoltage snubbers to clamp the voltage. 
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Figure:1.30.ReversePolarizedRCSnubberCircuit 

 

 

 

Reverse polarized snubber circuit can be used to limit the reverse dv/dt. R1 will limit the discharge 

current of the capacitor. 

 

 

Figure:1.31.Anun-polarizedsnubbercircuit 

 

An un-polarized snubber circuit is used when a pair of switching devices is used in anti-parallel. For 

determining theresistor and capacitor values a simple design technique can beused. For this an optimum 

design is needed. Hencea complex procedure will be used. These can be used to protect and thyristors. 

Capacitorsselection: 

 

Snubber capacitors are subjected to high peak and RMS currents and high dv/dt. An example is turn-on 

and turn-off current spikes in a typical RCD snubber capacitor. The pulse will have high peak and RMS 

amplitudes. The snubber capacitor has to meet two requirements. First, the energy stored in the snubber 

capacitor must be greater than the energy in the circuit’s inductance. Secondly, the time constant of 

snubber circuits should me small compared to shortest on time expected, usually 10% of the on time. By 

allowingtheresistortobeeffectiveintheringingfrequencythiscapacitorisusedtominimizethe 
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dissipation at switching frequency. The best design is selecting the impedance of the capacitor is samethat 

of resistor at the ringing frequency. 

Resistorsselection: 

 

It is important that R in theRC snubber, have low self inductance. Inductance in R will increasethepeak 

voltage and it will tend to defeat the purpose of the snubber.Low inductance will also be desirable for R in 

snubber but it is not critical since the effect of a small amount of inductance is to slightly increase the 

reset time of C and it will reduce thepeak current in switch at turn-on. The normal choice of R is usually 

the carbon composition or metal film. The resistor power dissipation must be independent ofthe resistance 

R because itdissipates the energy stored in the snubbercapacitor in each transition of voltage in the 

capacitor. If we select the resistor as thatthecharacteristic impedance, the ringingis well damped. 

When comparing the Quick design to optimum design, the required snubber resistor’s power capability 

will be reduced. Usually the “Quick” design is completely adequate for final design. Going to the 

“Optimum”approachis onlyifpower efficiencyandsizeconstraints dictatetheneedfor optimum design. 

PowerBipolarJunctionTransistor(BJT) 

 

Power BJT is used traditionally for many applications. However, IGBT (Insulated-Gate Bipolar 

Transistor) and MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) have replaced it for 

most of theapplications butstilltheyareusedinsome areasduetoits lower saturationvoltageover the 

operating temperature range. IGBT and MOSFET have higher input capacitance as compared to BJT. 

Thus, in caseof IGBT and MOSFET, drivecircuit must becapableto chargeand dischargetheinternal 

capacitances. 

 

 
Figure:1.32.Symboloftransistor 
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TheBJT isa three-layer andtwo-junctionnpn or pnpsemiconductor deviceasgiveninFig. 32. (a)and (b). 

Although BJTs have lower input capacitance as compared to MOSFET or IGBT, BJTsare considerably 

slower in response dueto low input impedance. BJTs usemoresilicon for thesamedrive performance. 

In the case of MOSFET studied earlier, power BJT isdifferent in configuration as compared to simple 

planar BJT. Inplanar BJT, collector andemitter is onthesamesideof thewafer while inpower BJT it is on 

the opposite edges as shown in Fig. 33. This is doneto increasethe power-handling capability of BJT. 

 

 
Figure:1.33.Structureoftransistor 

 

 

 

Power n-p-n transistors are widely used in high-voltage and high-current applications which will be 

discussed later. 

Input and output characteristics of planar BJT for common-emitter configuration areshown in Fig. 34. 

These are current-voltage characteristics curves. 
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Figure:1.34.InputandoutputcharacteristicsofBJT 

 

 

 

Metal-OxideSemiconductorField-EffectTransistor(Power) 

 

MOSFET is a voltage-controlled majority carrier (or unipolar) three-terminal device. As compared to 

the simple lateral channel MOSFET for low-power signals, power MOSFET has different structure. It 

has a vertical channel structure where the source and the drain are on the opposite side of the silicon 

wafer as shown in Figure. This opposite placement of the source and the drain increases the capability 

of the power MOSFET to handle larger power. 

N-channelenhancementtypeMOSFETismorecommonduetohighmobilityofelectrons. 
 

 

 
Figure:1.35.SymbolofMOSFET 



42 
 

 

 

 

Figure:1.36.StructureofMOSFET 

 

 

 

Basic circuit diagramand output characteristics of ann-channel enhancement power MOSFET with load 

connected are in Fig. 37 and Fig. 38 respectively. 

 

 

 
Figure:1.37.Basiccircuitdiagramof n-channelenhancementpowerMOSFET 

 

Drift regionshowninFig. 37determinesthevoltage-blockingcapabilityoftheMOSFET. When VGS 

= 0, 

⇒VDDmakesitreversebiasedandnocurrent flowsfromdraintosource. 
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WhenVGS >0, 

 

⇒ElectronsformthecurrentpathasshowninFig.37.Thus,currentfromthedraintothesource flows. Now, if we 

will increase the gate-to-source voltage, drain current will also increase. 

 

 
Figure:1.38.Outputcharacteristicsofann-channelenhancementpowerMOSFET 

 

Forlowervalue ofVDS,MOSFETworksin alinearregionwhere ithasaconstantresistanceequal to VDS/ ID. For a 

fixed value of VGSand greater than threshold voltage VTH, MOSFET enters a saturation region where the 

value of the drain current has a fixed value. 

Besides the output characteristics curves, transfer characteristics of power MOSFET is also shown in 

Fig. 39. 

 

 

Figure:1.39.Transfercharacteristicsofann-channelenhancementpowerMOSFET 
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Insulated-GateBipolarTransistor(IGBT) 

 

IGBT combines thephysics of bothBJT andpower MOSFET togaintheadvantages of both worlds. It is 

controlled by the gate voltage. It has the high input impedance like a power MOSFET and has low on-

state power loss as in case of BJT. There is no even secondary breakdown and not have long switching 

time as in caseof BJT. It has better conduction characteristics as compared to MOSFET due to bipolar 

nature. It has no body diode as in case of MOSFET but this can be seen as an advantage to use external 

fast recovery diode for specific applications. They are replacing the MOSFET for most of the high 

voltage applications with less conduction losses. Its physical cross-sectionalstructuraldiagram and 

equivalent circuit diagram is presented in Fig. 40 to Fig. 41. It has three terminals called collector, 

emitter and gate. 

 

 
Figure:1.40.Cross-sectionalstructuraldiagramofIGBT 

 

There is a p+ substrate which is not present in the MOSFET and responsible for the minority carrier 

injection into the n-region. Gain of NPN terminal is reduced due to wide epitaxial base and n+ buffer 

layer. 

TherearetwostructuresofIGBTsbasedondopingofbufferlayer: 
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a) Punch-throughIGBT:Heavilydopednbufferlayer➔lessswitchingtime 

 

b) Non-Punch-throughIGBT:Lightlydopednbufferlayer➔greatercarrierlifetime➔increased 

conductivity of drift region ➔reduced on-state voltage drop 

(Note:➔meansimplies) 

 

 
Figure:1.41.EquivalentdiagramofIGBT 

 

 

 

Figure:1.42.SimplifiedEquivalentdiagramof IGBT 
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Figure:43.EquivalentdiagramofIGBT 

 

BasedonthiscircuitdiagramgiveninFig.43,forwardcharacteristicsandtransfercharacteristicsare obtained 

whichare given inFig. 44 and Fig. 45. Its switching characteristic is also shown in Fig. 45. 

 

 
Figure:1.44.Forwardcharacteristicsof IGBT 
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Figure:1.45.TransfercharacteristicsofIGBT 

 

 

 

 

 

Figure:1.46.DynamiccharacteristicsofIGBT 

 

(Note:Tdn:delaytime;Tr:risetime;Tdf:delaytime;Tf1:initialfalltime;Tf2:finalfalltime) 



48 
 

 

GTO(GateTurn-offThyristor) 

 

GTO canbeturnedon withthepositive gatecurrent pulseand turned off withthe negative gatecurrent 

pulse. Its capability to turn off is due to the diversion of PNP collector current by the gate and thus 

breaking the regenerative feedback effect. 

Actually the design of GTO is made in such a way that the pnp current gain of GTO is reduced. A 

highly doped n spot in the anode p layer form a shorted emitter effect and ultimately decreases the 

current gain of GTO for lower current regeneration and also the reverse voltage blocking capability. 

This reduction in reverse blocking capability can be improved by diffusing gold but this reduces the 

carrier lifetime. Moreover, it requires a special protection. 

ThesymbolforGTOisshowninFig.46. 
 

 

 
Figure:1.47.SymbolofGTO 

 

Overall switching speed of GTO is faster than thyristor (SCR) but voltage drop of GTO is larger. The 

power range of GTO is better than BJT, IGBT or SCR. 

Thestatic voltage current characteristics of GTO aresimilar toSCR except that the latching current of 

GTO is larger (about 2 A) as compared to SCR (around 100-500 mA). 

ThegatedrivecircuitrywithswitchingcharacteristicsisgiveninFig. 48andFig. 49. 
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Figure:1.48.GateDriveCircuitfor GTO 

 

 

 

 

 

 

Figure:1.49.SwitchingcharacteristicsforGTO 
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SCRSpecificationsandRatings: 

ThemainspecificationsoftheSCR areitsvoltageratingandcurrent rating. Inthispost, let usseevarious ratings 

of thyristor. 

Voltage Ratings 

PeakInveseVoltage(VPIV) 

Thepeakinversevoltageis definedas themaximum voltagewhichSCRcansafelywithstandinits OFF state. 

The applied voltage should never be exceeded under any circumstances. 

OnState Voltage: 

Thevoltagewhichappearsacross theSCRduringits ONstateis knownas its ONstateVoltage. The maximum 

value of voltage whichcanappear across the SCR duringits conductingstateis called its maximum on state 

voltage. Usually it will be 1V to 4V. 

FingerVoltage: 

Theminimumvoltage, whichis requiredbetweentheanodeandcathodeofanSCRtotrigger it to conduction 

mode, is called its finger voltage. 

RateofRiseofVoltage (dV/dt) 

Therateatwhichthevoltageacross thedevicerises(for forwardcondition) without triggeringthe device, is 

known as its rate of rise of voltage. 

VoltageSafetyFactor: 

The normal operating voltage of the SCR is kept well below its peak inverse voltage(VPIV) to avoid 

punctureofSCRduetouncertainconditions. Theoperatingvoltageandpeakinversevoltagearerelated by 

voltage safety factor Vf 

Vf=Peakinversevoltage/ (2xRMSvalueofinputvoltage) Normaly 

Vfvalue lies between 2 and 2.5 

Current Ratings: 

Thecurrentcarryingcapacityofthedeviceisknownasitscurrentrating. It can 

be of two types. 

1. Continuous 

2. Intermittent. 

MaximumaverageONstatecurrent(Imac): 

Thisistheaveragevalueof maximumcontinuoussinusoidalONstatecurrent withconductionangle 180deg, at 

frequency 40 to 60Hz, which should not be exceeded even with intensive cooling. 
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MaximumrmsON-statecurrent:(Imrc) 

It is therms valueofthemaximumcontinuous sinusoidalONstatecurrent atthefrequency40 to60 Hz and 

conduction angle 180deg, which should not be exceeded even with intensive cooling. 

Maximumsurge-ONstateCurrent(Imsc) 

It isthemaximumadmissiblepeakvalueofa sinusoidalhalfcycleoftemmillisecondsdurationata frequency of 

50Hz. 

LatchingCurrent(II) 

It istheminimumcurrent, whichisrequiredtolatchthedevicefromitsOFFstatetoitsONstate. Inother words, it 

is the minimum current required to trigger the device. 

HoldingCurrent(IH) 

ItistheminimumcurrentrequiredtoholdtheSCRconducting. Inother words, Itistheminimumcurrent, below 

which the device stops conducting and returns to its OFF state. 

GateCurrent: 

Thecurrent whichis appliedtothegateofthedeviceforcontrolpurposesis knownasgatecurrent. 

MinimumGateCurrent: 

Theminimumcurrentrequiredatthegatefor triggeringthedevice. 

MaximumGateCurrent: 

Themaximumcurrent whichcanbeappliedtodevicesafely. Current higher thanthis willdamagethe gate 

terminal. 

GatePowerLoss: 

Themeanpowerloss,whichoccursduetoflowofgatecurrentbetweenthegateandthemainterminals. 

TurnONtime: 

The time taken by the device before getting latched from its OFF state to ON state. In otherwords,itis 

thetimefor whichthedevicewaitsbeforeachievingits fullconduction. Usuallyit willbe150to200μsec. Turn 

OFF time: 

After applyingreversevoltage, thedevicetakes a finitetimetoget switchedOFF.This timeis calledas turn-

OFF time of the device. Usually it will be 200μsec. 

Rateofriseofcurrent (dI/dt) 

Therateatwhichthecurrentflowinginthedevicerisesis knownasitsrateofrise(dI/dt)ofcurrent. 
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ComparisonbetweenBJTandMOSFET: 
 

Sl 

No 

 

BJT 

 

MOSFET 

1 ItisaBipolar Device ItismajoritycarrierDevice 

2 CurrentcontrolDevice VoltagecontrolDevice. 

3 Outputiscontrolledbycontrollingbasecurrent Outputiscontrolledbycontrollinggatevoltage 

4 Negativetemperaturecoefficient Positivetemperaturecoefficient 

5 SoparallelingofBJTisdifficult. Soparallelingofthisdeviceis easy. 

 

6 
Divecircuitiscomplex.Itshouldprovide constant 

current(Base current) 

Divecircuitissimple.Itshouldprovide constant 

voltage(gate voltage) 

7 Lossesarelow. Lossesarehigher thanBJTs. 

8 Sousedinhighpowerapplications. Usedinlowpowerapplications. 

9 BJTshavehighvoltageandcurrentratings. Theyhaveless voltageandcurrent ratings. 

10 Switchingfrequencyislower thanMOSFET. Switchingfrequencyishigh. 
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ACTODC CONVERTER 

 
Phasecontroltechnique–SinglephaseLinecommutatedconverters 

Unlike diode rectifiers, PCRs or phase controlled rectifiers has an advantage of regulating the output 

voltage. The diode rectifiers are termed as uncontrolled rectifiers. When these diodes are switched with 

Thyristors, then it becomes phase control rectifier. The o/p voltage can be regulated by changing thefiring 

angle of the Thyristors. The main application of these rectifiers is involved in speed control of DC motor. 

WhatisaPhaseControlledRectifier? 

 

The term PCR or Phase controlled rectifier is a one type of rectifier circuit in which the diodes are 

switched by Thyristors or SCRs (Silicon Controlled Rectifiers). Whereas the diodes offer no control over 

the o/p voltage, the Thyristors can be used to differ the output voltage by adjusting the firing angle or 

delay. A phase control Thyristor is activated by applying a short pulse to its gate terminal and it is 

deactivated due to line communication or natural. In case of heavy inductive load, it is deactivated by 

firing another Thyristor of the rectifier during the negative half cycle of i/p voltage. 

 
 

 

TypesofPhaseControlledRectifier 

 

Thephasecontrolledrectifier is classifiedintotwotypes basedonthetypeof i/p power supply. Andeach kind 

includes a semi, full and dual converter. 

 

 
 Figure:2.1.Classificationofrectifiers  
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Single-phaseControlledRectifier 

 
Thistypeofrectifier whichworksfromsinglephaseACi/ppower supply 

Single Phase Controlled Rectifiers are classified into different types 

HalfwaveControlledRectifier:ThistypeofrectifierusesasingleThyristordevicetoprovideo/p control only in 

one half cycle of input AC supply, and it offers low DC output. 

FullwaveControlledRectifier:ThistypeofrectifierprovideshigherDCoutput 

 

Fullwavecontrolledrectifier withacenter tappedtransformer requirestwoThyristors. 

 

Fullwavebridgecontrolledrectifiersdonot needacentertappedtransformer 

 

Three-phaseControlledRectifier 

 

Thistypeofrectifier whichworksfromthreephaseACi/ppowersupply 

 

Asemiconverterisaonequadrantconverterthathasonepolarityofo/pvoltageandcurrent. 

 

Afullconverter isaatwoquadrantsconverter that haspolarityof o/pvoltagecanbeeither +veor –ve but, the 

current can have only one polarity that is either +ve or -ve. 

Dualconverterworksinfourquadrants –botho/pvoltageando/pcurrentcanhaveboththepolarities. 

 

OperationofPhaseControlledRectifier 

 

Thebasicworkingprincipleofa PCRcircuit isexplainedusinga singlephasehalf wavePCR circuit with a RL 

load resistive shown in the following circuit. 

A single phase half wave Thyristor converter circuit is used to convert AC to DC power conversion. The 

i/p AC supply is attained from a transformer to offer the required AC supply voltage to the Thyristor 

converter based on the o/p DC voltage required. In the above circuit, the primary and secondary AC 

supply voltages are denoted with VP and VS. 



55|Page  

 

 

Figure:2.2.Singlephasehalfwaverectifiercircuit 

 

Duringthe+vehalf cycle of i/p supplywhenthe upper endof thetransformer secondarywindingis ata + ve 

potential with respect to the lower end, the Thyristor is in a forward biased state. 

The thyristor is activated at a delay angle of ωt =α, by applying an appropriate gate trigger pulse to the 

gateterminalof thyristor. Whenthethyristor isactivatedata delayangleof ωt=α, thethyristor behaviors and 

assuming a perfect thyristor. The thyristor acts as a closed switch and the i/p supply voltage acts across 

the load when it conducts from ωt =α to π radians For a purely resistive load, the load current io that 

flows when the thyristor T1 is on, is given by the expression. 

Io=vo/RL,forα≤ωt≤π 

Applications of Phase Controlled Rectifier 

Phase controlled rectifier applications include paper mills, textile mills using DC motor drives and DC 

motor control in steel mills. 

AC fedtractionsystemusingaDCtraction motor. 

 

Electro-metallurgicalandElectrochemicalprocesses. 

 

Reactor controls. 

 

Magnet power supplies. 

 
Portablehandinstrument drives. 
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Flexiblespeedindustrialdrives. 

 

Batterycharges. 

 

HighvoltageDC transmission. 

 

UPS(Uninterruptiblepower supplysystems). 

 

OperationofhalfconverterwithRandRLloads 

SinglePhaseHalfWaveControlledRectifierwith‘R’load: 

 

As shown in figure below primary of transformer is connected to ac mains supply with which SCR 

becomes forwardbiasinpositivehalfcycle. T1istriggeredatanangleα,T1conducts andvoltageis applied 

across R. 

 

 
Figure:2.3SinglephasehalfwaverectifierwithRloadwithwaveforms 

 

Theloadcurrent i0flowsthrough‘R’ 

thewaveformsforvoltage&currentareasshownabove. As 

load is resistive, 

Outputcurrentisgivenas, 

 

Henceshapeofoutput currentis sameasoutputvoltage 

AsT1conductsonlyinpositivehalfcycleasit isreversedbiasinnegativecycle, theripplefrequencyof output 

voltage is- 

fripple= 50 Hz (supply frequency) 

Averageoutputvoltageisgivenas, 
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i.eAreaunder onecycle. 

ThereforeT=2π&Vo(ωt)=Vmsinωtfromαtoπ&forrestoftheperiodVo(ωt)=0 

 

 

Powertransferredtoload, 

 

Thus,power&voltagecanbecontrolledbyfiringangle. 

 
 

 

SinglePhaseHalfWaveControlledRectifierwith‘RL’load: 
 

 

 

 

 

 
Figure:2.4SinglephasehalfwaverectifierwithRLloadwithwaveforms 



58|Page  

Figureaboveshows thesinglephasehalfwaverectifierwithRLLoad. 

 

Normallymotorsareinductiveloads 

 

L=armatureoffieldcoilinductance R= 

Resistance of coil. 

Inpositivehalfcycle, SCRstartsconductionat firingangle“α”. 

 

Drop across SCRissmall&neglectedsooutput voltageisequaltosupplyvoltage. 

 

Dueto‘RL’load, currentthroughSCRincreases slowly. 

 

At‘π’,supplyvoltageisatzerowhereloadcurrentisatitsmaxvalue. 

 

Inpositivehalfcycle, inductorstoresenergy&thatgeneratesthevoltage. 

 

Innegativehalfcycle, thevoltagedevelopedacrossinductor, forwardbiasesSCR&maintainsits conduction. 

Basicallywiththepropertyofinductanceit opposes changeincurrent. 

 

Outputcurrent & supplycurrentflows insameloop,soallthetimeio=is. 

 

After πtheenergyofinductor isgiventomains&thereisflowof‘io’.Theenergyreducesasifgets consumed by 

circuit so current also reduces. 

At‘β’energystoredininductanceisfinished, hence‘io’becomeszero&‘T1’turnsoff. 

‘io’becomeszerofrom‘β’to‘2π+α’henceit isdiscontinuousconduction. The 

average output voltage V=
1
∫
𝛽 
𝑉𝑚𝑠i𝑛𝑤𝑡 𝑑(𝑤𝑡) = 

V
( α− β) 

0 
2𝜋𝛼 2π 

 
I=V( α− β) 

0 
2πR 

RMSloadvoltageV ={1 𝛽𝑉𝑚2𝑠i𝑛2𝑤𝑡𝑑(𝑤𝑡) 
 

1/2 

0r 2𝜋
∫𝛼 } 

 
1 

 

 
1/2 

=𝑉𝑚[(𝛽− 𝛼)−{𝑠i𝑛2𝛽−𝑠i𝑛2𝛼}] 
2√𝜋 2 



59|Page  

SinglephasehalfcontrolledconverterwithRLEload 

The diode D2 and D4 conducts for the positive and negative half cycle of the input voltage waveform 

respectively. On the other hand T1 starts conduction when it is fired in thepositive half cycleof theinput 

voltage waveform and continuous conduction till T3 is fired in the negative half cycle. Fig. shows the 

circuit diagram and the waveforms of a single phase half controlled converter supplying an R– L – E load. 

 

 
Figure:2.5singlephasehalfcontrolledconverterwithRLEload 

 

ReferringtoFigT1D2startsconductionatωt=α.Outputvoltageduringthisperiodbecomesequalto 

vi. At ωt = π as vi tends to go negativeD4 is forward biased and the load current commutates fromD2 to 

D4 and freewheels through D4 and T1.The output voltageremains clamped to zero till T3 is fired at ωt = π 

+ α. The T3 D4 conduction mode continues upto ωt = 2π. Where upon load current again free wheels 

through T3 and D2 while the load voltage is clamped to zero. From the discussion in the previous 

paragraph it can be concluded that the output voltage (hence the output current) is periodic over half the 

input cycle. Hence 
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SinglephasehalfcontrolledconverterwithRLEloadandfreewheelingdiode 
 

 

 

 

 
Figure:2.6singlephasehalfcontrolledconverterwithRLEloadandfreewheelingdiode 

 

Numericalproblems 

1. A single phase 230V, 1 Kwheater is connected across 1 phase 230V, 50Hz supply through an 

SCR.Forfiringangledelayof450and900, calculatethepowerabsorbedintheheater element. 

 
Solution:Heater resistance R=2302/1000Ω 
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] 

] 

ThermsvalueofvoltageisVor= 
𝑉𝑚 

 

 

2√𝜋 

[(𝜋 −𝛼)+ 
1𝑠i𝑛2𝛼]

1/2
 

2 

 

 
 

=
√2×230 

2√𝜋 

 

[(𝜋− 

 

𝜋)+ 
4 

1𝑠i𝑛90] 
2 

1/2  

=155.071V 

Powerabsorbedbytheheaterelementforα=450is 

𝑉𝑜𝑟2

=[155.071
2

×1000=454.57W 
𝑅 230 

 

forα= 900therms voltage is 
 

 

Vor= 

 
 

√2×230 
 

 

2√𝜋 

[(𝜋−𝜋)+ 
2 

1𝑠i𝑛180] 
2 

1/2  

=115V 

 

 

 

Powerabsorbedbytheheaterelementforα=900is 

𝑉𝑜𝑟2

=[115
2

×1000=250W 
𝑅 230 

 

2. Aresistive load of10Ω is connectedthrougha half-wavecontrolledrectifier circuit to220V, 50 Hz, 

singlephasesource. Calculatethepower deliveredtotheloadfor a firingangleof 60ᵒ. Find also the 

value of input power factor 

3. Asinglephasesemi converter delivers toRLEload withR=5Ω, L=10mHandE = 80V.The 

sourcevoltage is 230V, 50Hz. For continuous conduction, Find the average value of output 

current for firing angle = 50o. 

Singlephasefullwavecontrolledrectifier 

SinglePhaseFullWaveControlledRectifierwith‘R’load: 

 

FigurebelowshowstheSinglephaseFullWaveControlledRectifierswithRload 

 

Figure:2.7singlephasefullconvertercircuitwithRload 
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Figure:2.8singlephasefullconvertercircuitwithRloadinputandoutputwaveforms 

 

• Thesinglephasefullycontrolledrectifier allows conversionof singlephase AC intoDC. Normallythis 

isusedinvariousapplicationssuchasbatterycharging, speedcontrolofDCmotorsandfront endof UPS 

(Uninterruptible Power Supply) and SMPS (Switched Mode Power Supply). 

• All four devices used are Thyristors. The turn-on instants of these devices are dependent on the firing 

signals that aregiven. Turn-offhappens whenthecurrent throughthedevicereaches zeroandit is reverse 

biased at least for duration equal tothe turn-off time of the device specified inthe data sheet. 

• Inpositive halfcycleThyristorsT1&T2arefiredatanangleα. 

• WhenT1&T2conducts 

Vo=VsIO=is=Vo/R=Vs/R 

• Innegativehalfcycleofinput voltage,SCR’sT3&T4aretriggeredatanangleof(π+α) 

• Hereoutputcurrent &supplycurrentareinoppositedirection 

∴is=-io 

T3&T4becomesoff at2π. 

V=
1
∫
𝜋+𝛼

𝑉𝑚𝑠i𝑛𝑤𝑡𝑑(𝑤𝑡)= 
2𝑉𝑚

𝑐𝑜𝑠𝛼 
0 

𝜋𝛼 𝜋 
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SinglePhaseFullWaveControlledRectifierwith‘RL’load: 

FigurebelowshowsSinglephaseFullWaveControlledRectifiers withRLload. 

 

Figure:2.9singlephasefullconvertercircuitwithRLload 

 

 

Figure:2.10singlephasefullconvertercircuitwithRLloadinputandoutputwaveforms 
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Operationofthismodecanbedividedbetweenfourmodes Mode 1 

(α toπ) 

• Inpositive half cycleof appliedac signal, SCR’sT1&T2areforwardbias &canbeturnedonatan angle α. 

• Loadvoltageisequaltopositiveinstantaneousacsupplyvoltage. Theloadcurrentispositive, ripple free, 

constant and equal to Io. 

• Duetopositivepolarityofloadvoltage&loadcurrent,loadinductancewillstoreenergy. 

 

 

Mode2(πtoπ+α) 

 

• Atwt=π, inputsupplyisequaltozero&after πitbecomesnegative. Butinductanceopposesany change 

through it. 

• Inordertomaintaina constantloadcurrent&alsoinsamedirection. Aselfinducedemfappearsacross ‘L’ as 

shown. 

• Duetothisinducedvoltage,SCR’sT1&T2areforwardbaisinspitethenegativesupplyvoltage. 

• Theloadvoltageisnegative&equaltoinstantaneousacsupplyvoltagewhereasloadcurrentis positive. 

• Thus,loadactsassource&storedenergyininductanceisreturnedbacktotheacsupply. 

 

 

Mode3(π+αto2π) 

 

• At wt=π+αSCR’sT3&T4areturnedon&T1,T2arereversedbias. 

• Thus,process ofconductionistransferredfromT1,T2toT3,T4. 

• Loadvoltageagainbecomes positive& energyisstoredininductor 

• T3,T4conductinnegativehalfcyclefrom(π+α)to 2π 

• Withpositiveloadvoltage&loadcurrentenergygets stored 

 

 

Mode4(2πto 2π+α) 

 

• Atwt=2π,inputvoltagepassesthroughzero. 

• Inductiveloadwilltrytoopposeanychangeincurrent ifinordertomaintainloadcurrent constant &in the same 

direction. 

• Inducedemfis positive& maintains conductingSCR’sT3&T4withreversepolarityalso. 
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• ThusVLisnegative&equaltoinstantaneous acsupplyvoltage. Whereasloadcurrent continues tobe 

positive. 

• Thusloadactsassource&stored energyininductanceisreturnedbacktoac supply 

• Atwt=α or2π+α,T3&T4arecommutatedandT1,T2areturnedon. 

 

V=
1
∫
𝜋+𝛼

𝑉𝑚𝑠i𝑛𝑤𝑡𝑑(𝑤𝑡)= 
2𝑉𝑚

𝑐𝑜𝑠𝛼 
0 

𝜋𝛼 𝜋 

SinglephasefullycontrolledconverterswithRLEload 

Thecircuit diagramofafullwavebridgerectifier usingthyristorsinshowninfigurebelow. It consists of four 

SCRs which are connected between single phase AC supply and a load. 

ThisrectifierproducescontrollableDCbyvaryingconductionofallSCRs. 

 

 
Figure:2.11singlephasefullconvertercircuitwithRLEload 

 

 

Figure:2.12singlephasefullconvertercircuitwithRLEloadinputandoutputwaveforms 
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In positive half-cycle of the input, Thyristors T1and T2 are forward biased while T3and T4arereverse 

biased. Thyristors T1andT2aretriggeredsimultaneouslyat somefiringangleinthepositivehalfcycle, and T3 

and T4 are triggered in the negative half cycle. 

Theloadcurrent startsflowingthroughthemwhentheyareinconductionstate.Theloadforthis converter can 

be RL or RLE depending on the application. 

Byvaryingtheconductionofeachthyristorinthebridge, theaverageoutputofthisconverter gets controlled. The 

average value of the output voltage is twice that of half-wave rectifier. 

Theaverageoutputvoltage is 

V=
1
∫
𝜋+𝛼

𝑉𝑚𝑠i𝑛𝑤𝑡𝑑(𝑤𝑡)= 
2𝑉𝑚

𝑐𝑜𝑠𝛼 
0 

𝜋𝛼 𝜋 

Linecommutatedconverters 

Forsinglephasehalfwaveconverter 

 

 

 

1. AverageDCloadvoltage:(Voavg) 

V =V=
1
∫
𝑇
𝑉𝑚𝑠i𝑛𝑤𝑡𝑑(𝑤𝑡) whereTistimeperiod 

oavg 0 𝑇0 

 

V =
1
[∫
𝜋
𝑉𝑚𝑠i𝑛𝑤𝑡𝑑(𝑤𝑡)+∫

2𝜋+𝛼
0𝑑(𝑤𝑡)] 

oavg 
2π 𝛼 𝜋 

 

=
1
[∫
𝜋
𝑉𝑚𝑠i𝑛𝑤𝑡𝑑(𝑤𝑡)] 

2π𝛼 

 

=𝑉𝑚[−𝑐𝑜𝑠𝑤𝑡]𝜋 
 

2π 𝛼 

 
=𝑉𝑚−[𝑐𝑜𝑠𝜋−𝑐𝑜𝑠𝛼] 

2π 

 

 

 

 

If 𝛼=0V 

 

 

 

 

 

oavgmax 

 

 

 

 

=
𝑉𝑚 

π 

=𝑉𝑚[1+𝑐𝑜𝑠𝛼] 
2π 

 

If𝛼=180Voavg= 0 

 

2. AverageDCloadcurrentisgivenas 

 
 

Ioavg =
𝑉0𝑎𝑣g 

R 
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Ioavg=
𝑉𝑚[1+𝑐𝑜𝑠𝛼] 

2πR 
 

 

3. RMSloadvoltage 

 

V ={
1
∫
𝑇
𝑉𝑚2𝑠i𝑛2𝑤𝑡𝑑(𝑤𝑡)

1/2

 

rms 𝑇0 } 
 

V ={
1
∫
𝑀
𝑉𝑚2𝑠i𝑛2𝑤𝑡𝑑(𝑤𝑡)

1/2

 

rms 
𝛼 

} 
𝜋 

 

Vrms= 𝑉𝑚 
 

 
[(𝜋−𝛼)+ 

1𝑠i𝑛2𝛼]
1/2

 

2√𝜋 2 

 

 

 

If 𝛼=0V 
 

rms =
𝑉𝑚 

2 

 

If𝛼=180Vrms= 0 

 
TheRMSvoltagemaybevariedfrom0to𝑉𝑚byvarying𝛼from180to 0 

2 
 

 

 

 

4. Powerdeliveredtotheresistiveloadisgiven 

 

PL=(RMSloadvoltage)(RMSloadcurrent) 

=VrmsXIrms 

=𝑉𝑟𝑚𝑠
2

=𝐼𝑟𝑚𝑠2X𝑅 
𝑅 

5. Inputvoltamperes=(RMSsourcevoltage)(RMSlinecurrent) 

=VsIrms 

 
 

=Vs√2𝑉𝑠[(𝜋−𝛼)+ 
1𝑠i𝑛2𝛼]

1/2

 

𝑅2√𝜋 2 

=
𝑉𝑠2 

( ) 
1 1/2 

 [𝜋− 𝛼 
√2𝜋K𝑅 

+ 𝑠i𝑛2𝛼] 
2 

6. Input power factor: It is defined as the ratio of total mean input power to thetotal rms input volt 

amperes 

2 
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√27𝑠 1 
1/2 

Inputpowerfactor=2√𝜋 
[(𝜋−𝛼)+2𝑠i𝑛2𝛼] 

𝑉𝑠 

=1 ( ) 1
 
 

1/2 

[𝜋−𝛼 
√2𝜋 

+ 𝑠i𝑛2𝛼] 
2 

 

7. Formfactor:Formfactoris definedas theratioofRMS voltagetotheaverageDCvoltage Form 

Factor = Vrms 
Vavg 

 

 

8. EffectivevalueoftheAC component oftheoutput voltage 

Vac=[Vrms2−Vavg2]1/2
 

 

9. Ripplefactor(Rf) 

ItisdefinedastheratioofACcomponenttotheDC.WhererippleistheamountofAC component present 

in DC component 

 
Vac [Vrms2−Vavg2]

1/2 
Vrms

2 1/2   

Rf= = 
Vavg Vav 

g 

=[( ) 
Vavg 

−1] =√𝐹𝐹2−1 

 

 

 

10. TransformerUtilizationFactor(TUF): 

Itisdefinedas theratioofoutputDCpowertothevoltampereratingofthetransformer 

 

 
TUF= Pdc 

VAratingofsecondarywindingofthetransformer 
 

 

 

 

11. Rectifierefficiency: 

Itis definedas theratioofoutput DCpowertotheinputacpower 

VavgIavg 

 

12. Peakinversevoltage(PIV): 

5= 
VrmsIrms 

ItisdefinedasthemaximumvoltagethatanSCRcanbesubjectedtointhereversebiased condition 

InthecaseofHalfwaverectifierit isVm 
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Effectofsourceinductanceinsinglephaserectifier 

 

Fig. below shows a single phase fully controlled converter with source inductance. For simplicity it has 

been assumed that the converter operates in the continuous conduction mode. Further, it hasbeen assumed 

that the load current ripple is negligible and the load can be replaced by a dc current source the magnitude 

of which equals the average load current. Fig. shows the corresponding waveforms 

 

It is assumed that the Thyristors T3 and T4 were conducting at t = 0. T1 and T2 are fired at ωt = α. If 

therewerenosourceinductanceT3andT4 would have commutatedas soonasT1andT2 areturnedON. 

 

The input current polarity would have changed instantaneously. However, if asource inductance is present 

thecommutationandchangeof input current polaritycannot beinstantaneous. s. Therefore, when T1 and T2 

are turned ON T3 T4 does not commutate immediately. Instead, for some interval all four Thyristors 

continue to conduct as shown in Fig. 2.14. This interval is called “overlap” interval. 

 

 

 
Figure:2.13singlephasefullconvertercircuitwithsourceinductance 
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Figure:2.14singlephasefullconverteroutputwaveformswithsourceinductance 

 

1. During overlap interval the load current freewheels through the thyristors and the output voltageis 

clamped to zero. On the other hand, the input current starts changing polarity as the current 

through T1 and T2 increases and T3 T4 current decreases. At the end of the overlap interval the 

current through T3 and T4 becomes zeroand they commutate, T1 and T2 starts conducting the full 

load current 

2. Thesameprocess repeats during commutation fromT1T2 toT3T4 at ωt = π+ α. FromFig. 2.14 it is 

clear that, commutation overlap not only reduces average output dc voltage but also reduces the 

extinction angle γ which may causecommutation failure in the inverting mode of operation if α is 

very close to 180º. 

3. In the following analysis an expression of the overlap angle “μ” will be determined. From the 

equivalent circuit of the converter during overlap period. 
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TheEquationcanberepresentedbythefollowingequivalentcircuit 

 

Figure:2.15Equivalentcircuitofthegivenequation 

 

Equivalentcircuitrepresentationofthesinglephasefullycontrolledrectifier withsourceinductance 

 

The simple equivalent circuit of Fig. 2.15 represents the single phase fully controlled converter with 

source inductance as a practical dc source as far as its average behavior is concerned. The open circuit 

voltage of this practical source equals theaveragedc output voltage of an ideal converter (without source 

inductance) operating at a firing angle of α. The voltage drop across the internal resistance “RC” 

represents the voltage lost due to overlap shown in Fig. 2.14 by the hatched portion of the Vo waveform. 

Therefore, this is called the “Commutation resistance”. Although this resistance accounts for the voltage 

drop correctly there is no power loss associated with this resistance since the physical process of overlap 

does not involve any power loss. Therefore this resistance should be used carefully where power 

calculation is involved. 

 

Numericalproblems 

1. For the single phase fully controlled bridge is connected to RLE load. The source voltage is 230 

V, 50 Hz.Theaverageloadcurrent of10Acontinuous over theworkingrange. For R=0.4 Ωand L= 

2mH, Compute(a)firinganglefor E= 120V(b)firinganglefor E= -120V(c)incaseoutput current is 

constant find the input power factors for both parts a and b 

 

Solution: 

a) For E=120thefullconverterisoperatingasacontrolledrectifier 
2𝑉𝑚𝑐𝑜𝑠𝛼=E+IR 
𝜋 0 

2√2.230𝑐𝑜𝑠𝛼=120+10X0.4=124V 
𝜋 

𝛼=53.210 

 

For𝛼=53.210powerflowsfromacsourcetoDCload. 
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or 

b) ForE=-120thefullconverterisoperatingasacontrolledrectifier 
2𝑉𝑚𝑐𝑜𝑠𝛼=E+IR 
𝜋 0 

 

2√2

.230

𝑐𝑜𝑠𝛼=-120+10X0.4=-116V 
𝜋 

𝛼=124.10 

 

For𝛼=124.10powerflows fromDC sourcetoacload. 

 

c) For constantloadcurrent,rmsvalueofloadcurrentis 

Ior=Io=10A 

VsIorcosФ=EIo+I2R 
 

 

For𝛼=53.210 cosФ=120×10+10
2×0.4

=0.5391lag 
230×10 

 

 

 

 

For𝛼=124.10 cosФ=120×10−10
2×0.4

=0.5043lag 
230×10 

 

 

 

 

 

 

 

2. Asinglephasetwopulseconverter feeds power toRLE load withR= 6Ω, L= 6mH, E= 60V, AC 

sourcevoltageis 230V, 50Hzfor continuous condition. Findtheaveragevalueofloadcurrent for a 

firingangleof50ᵒ. Incaseoneofthe4SCRsgetsopencircuited. Findthenewvalueofaverage load 

current assuming the output current as continuous. 

3. Forthesinglephasefullycontrolledbridgeconverterhavingloadof‘R’,determinetheaverage output 

voltage, rms output voltageand input power factor if thesupply is 230V, 50 Hz, single phase 

AC and the firing angle is 60 degrees 
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OperationofthreephasehalfwaverectifierwithRandRLloads 
 

Figure:2.16circuitdiagramthreephasehalfwaverectifier 

 

 

Figure:2.17inputandoutputwaveformsofthreephasehalfwaverectifier 

 

 

 

Threephasesupplyvoltageequations 
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Wedefinethreelineneutralvoltages(3phasevoltages)asfollows 

VRN=Van=Vmsinwtwhere Vmisthemaximumvoltage 

VYN=Vbn=Vmsin(wt-2𝜋) 
3 

V =V =Vsin(wt-4𝜋) 
 

BN cn m 3 

 

 

 

The 3-phasehalfwaveconverter combinesthree singlephasehalfwavecontrolled rectifiers in one single 

circuitfeeding acommonload.The thyristorT1inserieswith oneofthe supply phasewindings'a-

n'actsasonehalfwavecontrolledrectifierThesecondthyristorT2in serieswiththesupplyphasewinding'b-

n'actsasthesecondhalfwavecontrolledrectifier.The 

thirdthyristorT3inserieswiththesupplyphasewindingactsasthethirdhalfwavecontrolled rectifier. 

 

The3-phaseinputsupplyisappliedthroughthestarconnectedsupplytransformerasshownin the figure.The 

commonneutral pointofthesupplyisconnectedtooneend ofthe loadwhile the otherend of the load connected 

to the common cathode point. 

 

WhenthethyristorT1istriggeredatωt=(∏/6+α)=(30°+α),thephasevoltageVanappears 

acrosstheloadwhenT1conducts.Theloadcurrentflowsthroughthesupplyphasewinding'a- n'and through 

thyristor T1as long as T1conducts. 

When thyristorT2istriggered at ωt=(5∏/6α),T1becomesreversebiasedandturns-off.Theload 

currentflowsthroughthethyristorandthroughthesupplyphasewinding'b-n'.When 

T2conductsthephasevoltagevbnappearsacrosstheloaduntilthethyristorT3istriggered. 

When the thyristor T3is triggered at ωt=(3∏/2 + α)=(270°+α) , T2is reversed biased and hence T2turns- 

off.ThephasevoltageVanappearsacrosstheloadwhenT3conducts. 

WhenT1istriggeredagainatthebeginningofthenextinputcyclethethyristorT3turnsoffasit is reverse biased 

naturally as soon as T1is triggered. The figure showsthe3-phaseinputsupply 

voltages,theoutputvoltagewhichappearsacrosstheload,andtheloadcurrentassuminga 

constantandripplefreeloadcurrentforahighlyinductiveloadandthecurrentthroughthe thyristor T1. 

Forapurelyresistiveloadwheretheloadinductance‘L=0’andthetriggerangleα>(∏/6),the 

loadcurrentappearsasdiscontinuousloadcurrentandeachthyristorisnaturallycommutated 

whenthepolarityofthecorrespondingphase supplyvoltage reverses.The frequency ofoutput 



76|Page  

∫6 

6 

ripple frequencyfora3-phasehalfwaveconverterisfs,wherefsistheinputsupplyfrequency. 3 

The 3-phasehalfwaveconverterisnotnormallyused in practicalconvertersystemsbecauseof 

thedisadvantagethatthesupplycurrentwaveformscontaindccomponents(i.e.,thesupply current waveforms 

have an average or dc value). 

 

To derive an expression for the average output voltage of a 3-phase half wave converter for 

continuous load current 

 

ThereferencephasevoltageisvRN=van=Vmsinωt.Thetriggerangleismeasuredfromthecross overpointsofthe3-

phasesupplyvoltagewaveforms.WhenthephasesupplyvoltageVanbegins 

itspositivehalfcycleatωt=0,thefirstcrossoverpointappearsatωt=(∏/6)radians30°. 

ThetriggerangleαforthethyristorT1ismeasuredfromthecrossoverpointat.The 

thyristorT1isforwardbiasedduringtheperiodωt=30°to150°,whenthephasesupply voltage vanhas 

higheramplitude than the otherphase supply voltages.Hence T1canbetriggered 

between30°to150°.WhenthethyristorT1istriggeredatatriggerangleα,theaverageordc outputvoltage 

forcontinuousload currentiscalculated using theequation 

 

 
Vavg= 3 

5π
+α

π 

 
Vmsinwtd(wt) 

2π+α 
6 

=3𝑉𝑚[(−𝑐𝑜𝑠𝛼)6
5𝜋

+𝛼
] 

 

2𝜋 
 

= 
3√3𝑉𝑚

𝑐𝑜𝑠𝛼 
2𝜋 

=3𝑉𝑚𝑙𝑐𝑜𝑠𝛼 
2𝜋 

𝜋
+𝛼 

OperationofthreephasehalfcontrolledrectifierwithRandRLloads 
 

 
Figure:2.18circuitdiagramthreephasehalfcontrolledrectifier 
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Threephase halfwavecontrolledrectifier output voltage waveformsfor different trigger angles 

with R load 

 

 
Figure:2.19inputandoutputwaveformsofthreephasehalfcontrolledrectifierwithRload 

 

 

Three single phase half wave converters can be connected to form a three phase half wave converter. 

Similarly three phase semi converter uses 3 SCRs T1, T3 & T5 and 3 diodes D2, D4&D6 In the circuit 

shown above when any device conducts, line voltage is applied across load. so line voltage are necessary 

todrawPhaseshift betweentwolinevoltages is 60 degree& betweentwophasevoltages it is 120 degree 

Eachphase&linevoltageissinewavewiththefrequencyof50Hz. R,Y,B are phase voltages with respect to ‘N’. 

In the case of a three-phase half wave controlledrectifier with resistive load, the thyristor T1is triggered 

atωt=(30°+α)and T1conductsup to ωt=180°=&pron; radians.Whenthephasesupply 

voltagedecreasestozeroat,theloadcurrentfallstozeroandthethyristorT1turnsoff. Thus T1conducts from 

ωt=(30° + α) to (180°). 
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3∫3 

Hencetheaveragedcoutputvoltagefora3-pulseconverter(3-phasehalfwavecontrolled rectifier) is 

calculated by using the equation 

 

 

TheaverageoutputvoltageVavg= 

2π 

2π
π
+α

Vmlsinwtd(wt)+∫π3 

2π
+α

3 

 

Vmlsinwtd(wt) 

 
=3𝑉𝑚𝑙(1+𝑐𝑜𝑠𝛼) 

2𝜋 

 

 

 

 

 

Figure:2.19InputandoutputwaveformsofthreephasehalfcontrolledrectifierwithRLload 

3 



79|Page  

2π∫ − 

NumericalProblemsonthreephaserectifiers: 

1. Athreephasesemiconverter feeds power toaresistiveloadof10Ω. Forafiringangledelayof 300the 

load takes 5 Kw. Find the magnitude of per phase input supply voltage. 

 

Solution: 
 
 

3 π π+α 1/2 

Vor=[ [6
 

−(
π
−α) 

 

 

Vml2sin2wtd(wt)+∫6 
π 

 

Vml2sin2wtd(wt)]] 

6 6 

 
2 3𝑉𝑚𝑙2 𝑠i𝑛2w𝑡 −

𝜋 𝜋
𝛼

 
Vor= [│𝑤𝑡+ │𝜋6+│w𝑡+𝑠i𝑛2w𝑡6+

𝜋 
 

  

4𝜋 2 −(6−𝛼) 2 
│ ] 
−(6) 

 

 
 

 

Vor=𝑉𝑚𝑙
√

3
[
2𝜋

+
√3 

2 𝜋 3 2 
(1+𝑐𝑜𝑠2𝛼] 

1/2 

 
Forα=300 

 

P=V2/R 
 

2
23 2𝜋 √3 

5000x10=𝑉𝑠 [+(1 +𝑐𝑜𝑠60] 
4𝜋 3 2 

 

Vs= 175.67VandVph= 101.43V 

 

2. Athree-phasehalf-wavecontrolledrectifier hasasupplyof200V/phase. Determinetheaverage load 

voltage for firing angle of 0o, 30oand 60o assuming a thyristor volt drop of 1.5V and continuous 

load current 

3. Athreephasehalf waveconverter is supplyinga loadwitha continuous constant current of 50A 

over a firinganglefrom0oto600. What willbethepower dissipatedbytheloadat theselimiting values 

of firing angle. The supply voltage is 415V (line). 
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OperationofthreephasefullycontrolledrectifierwithRandRLloads 

Three phase full converter is a fully controlled bridge controlled 

rectifierusingsixthyristorsconnectedinthe formofafullwave 

bridgeconfiguration.Allthesixthyristorsarecontrolled 

switcheswhichareturnedonataappropriatetimesbyapplyingsuitablegatetriggersignals. 

Thethreephasefullconverterisextensivelyusedinindustrialpowerapplicationsuptoabout 

120kWoutputpowerlevel,where two quadrantoperationsisrequired.Thefigureshowsathree 

phasefullconverterwithhighlyinductiveload.Thiscircuitisalsoknownasthreephasefull wave bridge or as a 

six pulse converter. 

Thethyristorsaretriggeredatanintervalof(∏/3)radians(i.e.atanintervalof30°).The 

frequencyofoutputripplevoltageis6fsandthefilteringrequirementislessthanthatofthree phase semi and half 

wave converters. 

 

 

 
Figure:2.20circuitdiagramthreephasefullycontrolledrectifier withRandRLload 

Atωt=(∏/6+α),thyristoris already conductingwhen thethyristoristurnedonbyapplyingthe 

gatingsignaltothegateof.Duringthetimeperiodωt=(∏/6+α)to(∏/2+α),thyristorsand 

conducttogetherandthelinetolinesupplyvoltageappearsacrosstheload. 

Atωt=(∏/2+α),thethyristorT2istriggeredandT6isreversebiasedimmediatelyandT6turns 

offduetonaturalcommutation.Duringthetimeperiodωt=(∏/+α)to(5∏/6+α), 

thyristorT1andT2conducttogetherandthelinetolinesupplyvoltageappearsacrosstheload. 

The thyristors are numbered in the circuit diagram corresponding to the order inwhichtheyare 

triggered.Thetriggersequence(firingsequence)ofthethyristorsis12,23,34,45,56,61,12, 

23,andsoon.Thefigureshowsthewaveformsofthreephaseinputsupplyvoltages,output 
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voltage,thethyristorcurrentthroughT1andT4,thesupplycurrentthroughtheline‘a’. 
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π 

Wedefinethreelineneutralvoltages (3phasevoltages)asfollows 

VRN=Van=Vmsinwtwhere Vmisthemaximum voltage 

VYN=Vbn=Vmsin(wt-2𝜋) 
3 

 

 

VBN=Vcn=Vmsin(wt-4𝜋) 
3 

 

 

Thecorrespondinglinetolinevoltagesare 
 

 

 

 
π 

 

VRY=Vab=Van-Vbn=√3Vmsin(wt+) 
6 

 
π 

 

VYB=Vbc=Vbn–Vcn=√3 Vmsin(wt−) 
2 

 
π 

 

VBR=Vca=Vcn–Van=√3Vmsin(wt+) 
2 

 

 

 

 

 

Toderiveanexpressionfortheaverageoutputvoltageof threephasefullconverterwithhighly inductive load 

assuming continuous and constant load current 

 

Theoutputloadvoltageconsistsof6voltagepulsesoveraperiodof2∏radians,hencethe 

averageoutputvoltageiscalculatedas 

 

 
Vavg= 

π
+α 
 6

∫
2 

 
Vod(wt) 

2π
π
+α6 

π 

Vo= Vab=√3 Vmsin(wt+) 
6 

3
π
+α π 2 )d(wt) 

Vavg= ∫π
+α 

6 

√3Vmsin(wt+
6
 

 
 

=
3√3𝑉𝑚

𝑐𝑜𝑠𝛼 
𝜋 

=3𝑉𝑚𝑙𝑐𝑜𝑠𝛼 
𝜋 

https://www.pantechsolutions.net/power-electronics/three-phase-full-converter
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TheRMS valueoftheoutputvoltageisfound from 

 =[6 
π
+α 2 2 

1/2 

Vorms 

 

2π
∫π+α 

6 

Vod(wt)] 

=[6 
π
+α 2 2 

1/2 
 

2π
∫π

+α 
6 

3
π
+α 

Vabd(wt)]  

 

π 1/2 
=[∫π2 3Vm2sin2(wt+ )d(wt)] 

π+α 
6 

6 

1/2 

=√3𝑉𝑚1(+3√3𝑐𝑜𝑠2𝛼) 
2 4𝜋 

 

 

Figure:2.21Inputandoutputwaveformsofthreephasefullycontrolledrectifier 
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OperationofthreephasehalfwaverectifierwithRLEloads 

A three phase fully controlled converter is obtained by replacing all the six diodes of an uncontrolled 

converter by six thyristors as shown in Figure 

 

 

 

Figure:2.22circuitdiagramofthreephasefullycontrolledrectifierwithRLEload 

 

 
For any current to flow in the load at least one device from the top group (T1, T3, T5) and one from the 

bottom group (T2,T4,T6)must conduct. It canbearguedas inthecaseofanuncontrolledconverter only one 

device from these two groups will conduct. 

Then from symmetry consideration it can be argued that each thyristor conducts for 120° of the input 

cycle. Now the thyristors are fired in the sequence T1 → T2 → T3 → T4 → T5 → T6 → T1 with 60° 

interval between each firing. Therefore thyristors on the same phase leg are fired at an interval of 180°and 

hence can not conduct simultaneously. This leaves only six possible conduction mode for the converter in 

the continuous conduction mode of operation. These are T1T2, T2T3, T3T4, T4T5, T5T6, T6T1. Each 

conduction mode is of 60° duration and appears in the sequence mentioned.Each of theseline voltages can 

be associated with the firing of a thyristor with the help of the conduction table-1. For example the 

thyristor T1 is fired at the end 

of T5 T6 conduction interval. During this period the voltage across T1 was vac. Therefore T1 is fired α 

angleafter thepositivegoingzerocrossingofvac. similarobservationcanbemadeabout other thyristors. 

 
Fig. 2.23 shows the waveforms of different variables. To arrive at the waveforms it is necessary to draw 

the conduction diagram which shows the interval of conduction for each thyristor and can be drawn with 

thehelpofthephasordiagramoffig.2.22.Iftheconverterfiringangleisαeachthyristorisfired“α” 
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angle after the positive going zero crossing of the line voltage with which it’s firing is associated. Once 

the conduction diagram is drawn all other voltage waveforms can be drawn from the line voltage 

waveforms and from the conduction table of fig. 2.22. Similarly line currents can be drawn from the 

output current and theconduction diagram. It is clear fromthe waveforms that output voltageand current 

waveforms are periodic over one sixth of the input cycle. Thereforethis converter is also called 

 

the “six pulse” converter. The input current on the other hand contains only odds harmonics of the input 

frequency other than the triplex (3rd, 9th etc.) harmonics. The next section will analyze the operation of 

this converter in more details. 

 

 
Figure:2.23Inputandoutputwaveformsofthreephasefullycontrolledrectifierinrectifiermode 
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Figure:2.24Inputandoutputwaveformsofthreephasefullycontrolledrectifierininversionmode 

Effectofsourceinductanceinthreephaserectifiers 

The three phase fully controlled converter was analyzed with ideal source with no internal impedance. 

When the source inductance is taken into account, the qualitative effects on the performance of the 

converter issimilar tothatinthecaseofa singlephaseconverter.Fig. 2.25showssucha converter. Asin the case 

of a single phase converter the load is assumed to be highly inductive such that the load can be replaced 

by a current source. 
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Figure:2.25circuitdiagramforthreephaserectifierwithsourceinductance 

 

 

 

 

Figure:2.26waveformsforthreephaserectifierwithsourceinductance 

 

 

 

As in the case of a single phase converter, commutations are not instantaneous due to the presence of 

source inductances. It takes place over an overlap period of “μ
1
” instead. During the overlap period three 

thyristors instead of two conducts. Current in the outgoing thyristor gradually decreases to zero while the 

incoming thyristor current increases and equals the total load current at the end of the overlap period. If 

thedurationof theoverlap periodis greater than60º four thyristors mayalsoconduct clampingtheoutput 

voltage to zero for some time. However, this situation is not very common and will not be discussed any 

further inthis lesson. Duetotheconductionof twodevices duringcommutationeither fromthetop group 

orthebottomgrouptheinstantaneousoutputvoltageduringtheoverlapperioddrops(shownbythe 



88|Page  

hatched portion of Fig. 2.26resulting inreduced average voltage. The exact amount of this reduction can 

be calculated as follows. 

Inthetimeintervalα <ωt≤ α +μ,TandTfromthebottomgroupandTfromthetopgroupconducts. 
6 2 1 

Theequivalent circuitoftheconverterduringthisperiodisgivenbythecircuit diagramofFig.2.27 

 

 
Figure:2.27Equivalentcircuitofwaveformswithsourceinductance 
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Introductiontodualconverters 

 

Dual converter, the name itself says two converters. It is really an electronic converter or circuit which 

comprises of two converters. One will perform as rectifier and the other will perform as inverter. 

Therefore, we can say that double processes will occur at a moment. Here, two full converters are 

arranged in anti-parallel pattern and linked to the same dc load. These converters can provide four 

quadrant operations. The basic block diagram is shown below 
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Figure:2.28Blockdiagramofdualconverter 

 

ModesofOperationofDual Converter 

 

Therearetwofunctionalmodes:Non-circulatingcurrent modeandcirculatingmode. 

 

NonCirculatingCurrentMode 

 
 Oneconverterwillperformatatime.Sothereisnocirculatingcurrent betweentheconverters. 

 Duringtheconverter1operation,firingangle(α1)willbe0<α1<90o;VdcandIdcarepositive. 

 Duringtheconverter2operation,firingangle(α2)willbe0<α2<90o; VdcandIdcarenegative. 

 

CirculatingCurrentMode 

 
 Twoconverters willbeintheONconditionatthesametime.Socirculatingcurrent is present. 

 The firing angles are adjusted such that firing angle of converter 1 (α1) + firing angle of converter 2 

(α2) = 180o. 

 Converter1performsasacontrolledrectifierwhenfiringanglebe0<α1<90oandConverter2 

performsasaninverterwhenthefiringanglebe90o<α2<180o.Inthiscondition,VdcandIdcare positive. 

Converter 1 performs as an inverter when firing angle be90o<α1< 180o and Converter 2 performs 

as a controlled rectifier when the firing angle be 0<α2< 90o In this condition, Vdcand Idcare 

negative. 

Thefour quadrant operationisshownbelow 
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Figure:2.29Fourquadrantoperationsofdualconverter 

 

IdealDualConverter 

 

The term ‘ideal’ refers to the ripple free output voltage. For the purpose of unidirectional flow of DC 

current, two diodes (D1and D2) are incorporated between the converters.However, the direction of current 

can bein any way. Theaverage output voltageof theconverter 1 is V01and converter 2 is V02. To make the 

output voltage of the two converters in same polarity and magnitude, the firing angles of the Thyristors 

have to be controlled. 

 

 
Figure:2.30Idealdualconverter 
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SinglePhaseDualConverter 

 
The source of this type of converter will be single-phase supply. Consider, the converter is in non- 

circulating mode of operation. The input is given to the converter 1 which converts the AC to DC by the 

method of rectification. It is then given to the load after filtering. Then, this DC is provided to the 

converter 2asinput. This converter performs as inverter andconverts this DCtoAC. Thus, weget AC as 

output. The circuit diagram is shown below. 

 

 
Figure:2.31SinglephaseDualconverter 

 

Average output voltage of Single-phase converter=

Averageoutput voltageofThree-phaseconverter =  

For converter 1,theaverageoutput voltage,

Forconverter2,theaverageoutputvoltage,  

Outputvoltage, The 

firing angle can never be greater than 180o. So,  
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Figure:2.32outputvoltagevariationwithfiringangle 

 

ThreePhaseDualConverter 

 
Here, three-phase rectifier and three-phase inverter are used. The processesare similar to single-phase dual 

converter. The three-phase rectifier will do the conversion of the three-phase AC supply to the DC. This 

DC is filteredandgiventotheinput of thesecond converter. It will dotheDC toAC conversionand the output 

that we get is the three-phase AC. Applications where the output is up to 2 megawatts. The circuit is 

shown below. 

 

 
Figure:2.33Threephasedualconverter 

 

 

 

 

ApplicationofDual Converter 

 

 DirectionandSpeedcontrolofDCmotors. 

 Applicablewherever thereversibleDCisrequired. 

 IndustrialvariablespeedDCdrives. 
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ACvoltagecontrollersandCycloconverters 

 
IntroductiontoACvoltagecontrollers 

AC voltage controllers (ac line voltage controllers) are employed to vary the RMS value of the 

alternatingvoltageappliedtoaloadcircuitbyintroducingThyristorsbetweentheloadanda 

constantvoltageacsource.TheRMSvalueofalternatingvoltageappliedtoaloadcircuitis 

controlledbycontrollingthetriggeringangleoftheThyristorsinthe ACVoltage Controller circuits. 

Inbrief,anACVoltageControllerisatypeofthyristorpowerconverterwhichisusedto 

convertafixedvoltage,fixedfrequencyacinputsupplytoobtainavariablevoltageacoutput. 

TheRMSvalueoftheacoutputvoltageandtheacpowerflowtotheloadiscontrolledby varying (adjusting) the 

trigger angle ‘α’ 

 

 
Figure:3.1BlockdiagramofACvoltagecontroller 

 

Controlstrategies:Therearetwodifferenttypesofthyristorcontrolusedinpracticetocontrol the ac power flow 

 
1. On-Offcontrol 

 

2. Phasecontrol 

 

Thesearethetwoacoutputvoltagecontroltechniques.InOn-OffcontroltechniqueThyristors 

areusedasswitchestoconnecttheloadcircuittotheacsupply(source)forafewcyclesofthe inputacsupply and 

thentodisconnectitforfew inputcycles.TheThyristorsthusactasahigh speed contactor (or high speed ac 

switch). 
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Phasecontrol 

 

InphasecontroltheThyristorsareusedasswitchestoconnecttheloadcircuittotheinputac supply,forapart 

ofevery inputcycle.That istheac supply voltage ischopped using Thyristors during a part of each input 

cycle. 

 

Thethyristorswitchisturnedonforapartofeveryhalfcycle,sothatinputsupplyvoltage 

appearsacrosstheloadandthenturnedoffduringtheremainingpartofinputhalfcycleto disconnect the ac supply 

from the load. 

 

Bycontrollingthephaseangleorthetriggerangle‘α’(delayangle),theoutputRMSvoltage 

acrosstheloadcanbecontrolled. 

 

Thetriggerdelayangle‘α’isdefinedasthephaseangle(thevalueofωt)atwhichthethyristor 

turnsonandtheloadcurrentbeginstoflow. 

 

ThyristorACVoltageControllersuseaclinecommutationoracphasecommutation.Thyristors 

inACVoltageControllersarelinecommutated(phasecommutated)sincetheinputsupplyis ac.When 

theinputacvoltage reversesand becomesnegativeduringthenegativehalfcyclethe 

currentflowingthroughtheconductingthyristordecreasesandfallstozero.ThustheON thyristornaturally 

turnsoff,when the device currentfalls to zero. 

 

PhasecontrolThyristorswhicharerelativelyinexpensive,convertergradeThyristorswhichare slowerthan 

fastswitching invertergrade Thyristorsare normally used. 

 

For applications upto 400Hz, if Triacs are available to meet the voltage and currentratingsofa particular 

application, Triacs are more commonly used. 

 

Duetoaclinecommutationornaturalcommutation,thereisnoneedofextracommutation 

circuitryorcomponentsandthecircuitsforACVoltageControllersareverysimple. 

Duetothenatureoftheoutputwaveforms,theanalysis,derivationsofexpressionsfor 

performanceparametersarenotsimple,especiallyforthephasecontrolledACVoltageControllerswithRLload.

ButhowevermostofthepracticalloadsareoftheRLtypeandhence 

RLloadshouldbeconsideredintheanalysisanddesignofACVoltageControllerscircuits. 

https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
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Typeofacvoltagecontrollers 

 

Theacvoltagecontrollersareclassifiedintotwotypesbasedonthetypeofinputacsupply applied to the circuit. 

 

Single Phase AC Controllers

ThreePhaseACControllers 

SinglePhaseACControllersoperatewithsinglephaseacsupplyvoltageof230VRMSat50Hz 

inourcountry.ThreePhaseACControllersoperatewith3phaseacsupplyof400VRMSat 50Hz supply 

frequency. 

 

Performanceparametersofacvoltagecontrollers 

 

https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
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Applicationsofacvoltagecontrollers 

 

Lighting/Illuminationcontrolinacpowercircuits. 

 

Inductionheating. 

 

Industrialheating&Domesticheating. 

 

Transformerstapchanging(onloadtransformertapchanging). 

 

Speedcontrol of induction motors (singlephaseandpolyphaseacinductionmotor 

control). 

 

ACmagnetcontrols. 

https://www.pantechsolutions.net/power-electronics/scr-triac-based-single-phase-controller
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SinglephaseACvoltagecontrollerwithR load 

ACtoACvoltageconvertersoperatesontheAC mains essentiallytoregulatetheoutputvoltage. Portions of the 

supply sinusoid appear at the load while the semiconductor switches block the remaining portions. 

Several topologies have emerged along with voltage regulation methods, most of which are linked to the 

development of the semiconductor devices. 

 

 
Figure:3.2CircuitdiagramandoutputwaveformsofACvoltagecontrollerwithRload 

 

Fig. 2.35 illustrates the operation of thePAC converter with a resistive load. The device(s) is triggered ata 

phase-angle 'α' in each cycle. The current follows the voltage wave shape in each half and extinguishes 

itself at the zero crossingsof the supply voltage. In the two-SCR topology, one SCR is positively biasedin 

each half of thesupply voltage. Thereis no scopefor conduction overlap of the devices. Asinglepulse is 

sufficient totrigger the controlled devices witha resistive load. Inthe diode-SCR topology, two diodes are 

forward biased in each half. The SCR always receives a DC voltage and does not distinguish the polarity 

of the supply. It is thus always forward biased. The bi-directional TRIAC is also forward biased for both 

polarities of the supply voltage. 

ThermsvoltageVrmsdecidesthepowersuppliedtotheload.It canbecomputedas 
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PowerFactor 

 

Thepower factor of a nonlinear deserves a special discussion. Fig. 2.35 shows thesupply voltageandthe 

non-sinusoidal load current. The fundamental load/supply current lags the supply voltage by the φ1, 

'Fundamental Power Factor' angle. Cosφ1 is also called the 'Displacement Factor'. However this does not 

account for the total reactive power drawn by the system. This power factor is inspite of the actual load 

being resistive! The reactive power is drawn also y the trigger-angle dependent harmonics. Now 

 

 

SinglephaseACvoltagecontrollerwithRLload 

With inductive loads the operation of the PAC is illustrated in Fig 2. 36. The current builds up from zero 

in eachcycle. It quenches not at thezerocrossingoftheappliedvoltageas withtheresistiveloadbut after that 

instant. The supply voltage thus continues to be impressed on the load till the load current returns to zero. 

A single-pulse trigger for the TRIAC) or the anti parallel SCR has no effect on the devices if it (or the 

anti-parallel device) is already in conduction in the reverse direction. The devices would fail to conduct 

when they areintended to, as they do not have thesupply voltageforward biasing them when the trigger 

pulse arrives. A single pulse trigger will work till the trigger angle α > φ, where φ is the power factor 

angle of the inductive load. A train of pulses is required here. The output voltage is controllable only 

between triggering angles φ and 180o. The load current waveform is further explained in Fig. 26.6. 

Thecurrent is composed oftwocomponents. Thefirst is thesteadystatecomponent oftheloadcurrent, issand 

the second, itris the transient component. 
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Figure:3.3CircuitdiagramandoutputwaveformsofACvoltagecontrollerwithRLload 

 

With an inductance in the load the distinguishing feature of the load current is that it must always start 

from zero. However, if the switch could have permanently kept the load connected to the supply the 

currentwould have become a sinusoidal one phase shifted from the voltage by the phaseangle of the load, 

φ. This current restricted to the half periods of conduction is called the 'steady-state component' of 

loadcurrent iss.The'transient component'of loadcurrent itr,again ineach halfcycle, must addup tozero with 

this iss to start from zero. This condition sets the initial value of the transientcomponent to that of 

thesteadystateatthe instant that the SCR/TRIAC is triggered. Fig. 2. 36illustrates theserelations. When a 

device is in conduction, the load current is governed by the equation 

 

 

Since at t = 0, iload= 0 and supply voltage vs= √2Vsinωt the solution is of the form the instant when the 

loadcurrentextinguishesiscalledtheextinctionangleβ.Itcanbeinferredthattherewouldbeno 
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transients in the load current if the devices are triggered at the power factor angle of the load. The load 

current I that case is perfectly sinusoidal. 

ModesofoperationofTRIAC 

The triac is an important member of the thyristor family of devices. It is a bidirectional device that can 

pass the current in both forward and reverse biased conditions and hence it is an AC control device. The 

triac is equivalent to two back to back SCRs connected with one gate terminal as shown in figure. The 

triac is an abbreviation for a TRIode AC switch. TRI means that the device consisting of three terminals 

and AC means that it controls the AC power or it canconduct in both directions of alternatingcurrent. 

 

 
Figure:3.4TwothyristoranalogyandcircuitsymbolofTRIAC 

 

The triac has three terminals namely Main Terminal 1(MT1), Main Terminal 2 (MT2) and Gate (G) as 

showninfigure. IfMT1 is forward biased withrespect toMT2,thenthecurrent flows fromMT1 toMT2. 

Similarly, if the MT2 is forward biased with respect to MT1, then the current flows from MT2 to MT1. 

The above two conditions are achieved whenever the gate is triggered with an appropriate gate pulse. 

Similar totheSCR,triacisalsoturnedby injectingappropriatecurrent pulses intothegateterminal. Once it is 

turned ON, it looses its gate control over its conduction. So traic can be turned OFF by reducing the 

current to zero through the main terminals. 
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ConstructionofTRIAC 

 
A triac is a five layer, three terminal semiconductor device. The terminals are marked as MT1, MT2 as 

anodeand cathodeterminals in caseof SCR. And thegateis represented as Gsimilar to thethyristor. The gate 

terminal is connected to both N4 and P2 regions by a metallic contact and it is near to the MT1 terminal. 

The terminal MT1 is connected to both N2 and P2 regions, while MT2 is connected to both N3 and P1 

regions. Hence, theterminals MT1 and MT2 connected to both P and N regions of the deviceand thus the 

polarity of applied voltage between these two terminals decides the current flow through the layers of the 

device. 

 

 
Figure:3.5constructionofTRIAC 

 

With the gate open, MT2 is made positive with respect to MT1 for a forward biased traic. Hence traic 

operates in forward blocking mode until the voltage across the triac is less than the forward break over 

voltage. Similarly for a reverse biased triac, MT2 is made negative with respect to MT1 with gate open. 

Until the voltage across the triac is less than the reverse break over voltage, device operates in a reverse 

blockingmode. Atraic canbemadeconductivebyeither positiveor negative voltageat thegateterminal. 
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WorkingandOperationofTRIAC 

 
It is possible to connect various combinations of negative and positive voltages to the triac terminals 

because it is a bidirectional device. The four possible electrode potential combinations which make the 

triac to operate four different operating quadrants or modes are given as. 

1. MT2ispositivewithrespecttoMT1withagatepolaritypositivewithrespecttoMT1. 

 

2. MT2ispositivewithrespecttoMT1withagatepolaritynegativewithrespecttoMT1. 

 

3. MT2is negativewithrespect toMT1withagatepolaritynegativewithrespecttoMT1. 

 

4. MT2is negativewithrespecttoMT1withagatepolaritypositivewithrespect toMT1. 

 

Ingeneral, latching current is higher in second quadrant or mode whilst gate trigger current is higher in the 

fourth mode compared with other modes for any triac. Most of the applications, negative triggering 

current circuit is used that means 2 and 3 quadrants are used for a reliable triggering in bidirectional 

controlandalso whenthegatesensitivityis critical. Thegatesensitivity is highest with modes 1 and4 are 

generally employed. 

Mode1:MT2isPositive,PositiveGateCurrent 

 

When the gate terminal is made positive with respect to MT1, gate current flows through the P2 and N2 

junction. When this current flows, the P2 layer is flooded with electrons and further these electrons are 

diffusedtothe edgeof junctionJ2 (or P2-N1junction). Theseelectrons collectedbytheN1 layer builds a 

spacechargeon theN1 layer.Therefore, moreholes fromtheP1 region arediffused into theN1 region to 

neutralizethenegativespacecharges. These holes arriveat thejunction J2 and producethepositivespace 

charge in the P2 region, which causes more electrons to inject into P2 from N2. This results a positive 

regeneration and finallythe main current flows fromMT2toMT1 through the regions P1- N1 – P2 – N2. 

 

 
Figure:3.6Mode1operationofTRIAC 
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Mode2:MT2isPositive,NegativeGateCurrent 

 

When MT2 is positive and the gate terminal is negative with respect to MT1, gate current flows through 

the P2-N4 junction. This gate current forward biases the P2-N4 junction for auxiliary P1N1P2N4 

structure. This results the triac to conduct initially through the P1N1P2N4 layers. This further raises the 

potential between P2N2 towards the potential of MT2. This causes the current to establish from left to 

right in the P2 layer which forward biases the junction P2N2. And hence the main structure P1N1P2N2 

begins to conduct. Initially conducted auxiliary structure P1N1P2N4 is considered as a pilot SCR while 

later conducted structure P1N1P2N2 is considered as main SCR. Hence the anode current of pilot SCR 

serves as gatecurrent tothe mainSCR.Thesensitivitytogatecurrent is less inthis modeandhence more gate 

current is required to turn the triac. 

 

 
Figure:3.7Mode2operationofTRIAC 

 

Mode3:MT2isNegative,PositiveGateCurrent 

 

In this mode, MT2 is made negative with respect to MT1 and the device is turned ON by applying a 

positive voltage between the gate and MT1 terminal. The turn ON is initiated by N2 which acts as a 

remote gate control and the structure leads to turn ON the triac is P2N1P1N3. The external gate current 

forward biases the junction P2-N2. N2 layer injects the electrons into the P2 layer which arethen collected 

by junction P2N1. This result to increases the current flow through P2N1 junction. 
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Figure:3.8Mode3operationofTRIAC 

 

The holes injectedfrom layer P2 diffuse throughtheN1 region. This builds a positivespacechargeinthe P 

region. Therefore, more electrons fromN3 arediffused into P1 to neutralizethe positivespacecharges. 

Hence, these electrons arrive at junction J2 and produce a negative space charge in the N1region which 

results to inject more holes from the P2 into the region N1. This regenerative process continues till the 

structureP2N1P1N3turns ON thetriacandconducts theexternalcurrent. As thetriacis turnedON bythe 

remote gate N2, the device is less sensitive to the positive gate current in this mode. 

Mode4:MT2isNegative,NegativeGateCurrent 

 

In this mode N4 acts as a remote gate and injects the electrons into the P2 region. Theexternal gate current 

forward biases the junction P2N4. The electrons from the N4 region are collected by the P2N1 junction 

increase the current across P1N1 junction. Hence the structure P2N1P1N3 turns ON by the regenerative 

action. The triac is more sensitive in this mode compared with positive gate current inmode 3. 
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Figure:3.9Mode4operationofTRIAC 

 

From the above discussion, it is concluded that the modes 2 and 3 are less sensitive configuration which 

needs more gate current to trigger the triac, whereas more common triggering modes of triac are 1 and 4 

which have greater sensitivity. In practice the more sensitive mode of operation is selected such that the 

polarity of the gate is to match with the polarity of the terminal MT2. 

 

 CharacteristicsofTRIAC 

 
The traic function like a two thyristors connected in anti-parallel and hence the VI characteristics of triac 

in the 1st and 3rd quadrants will be similar to the VI characteristics of a thyristors. When the terminal 

MT2 is positive with respect to MT1 terminal, the traic is said to be in forward blocking mode. A small 

leakage current flows through the device provided that voltage across the device is lower than the 

breakover voltage. Oncethebreakover voltage of the device is reached, then the triac turns ON as shown in 

belowfigure. However, it is also possibleto turn ON thetriac belowthe VBO by applying a gatepulse in 

such that the current through the device should be more than the latching current of the triac. 



107|Page  

 

 

Figure:3.10V-Icharacteristicsof TRIAC 

 

Similarly, when the terminal MT2 is made negative with respect to MT1, the traic is in reverse blocking 

mode. A small leakage current flows through the device until it is triggered by breakover voltage or gate 

triggering method. Hence the positive ornegative pulse to the gate triggersthe triac in both directions. The 

supply voltage at which the triac starts conducting dependson the gate current.If the gate iscurrent is being 

greater, lesser willbethesupply voltageat whichthetriacis turnedON.Abovediscussed mode - 1 triggering is 

used in the first quadrant whereas mode-3 triggering is used in 3rd quadrant. Due to the 

internalstructureofthetriac, theactualvalues of latchingcurrent, gatetrigger current and holdingcurrent may 

be slightly different in different operating modes. Therefore, the ratings of the traics considerably lower 

than the thyristors. 

 

AdvantagesofTriac 

 
Triaccanbetriggeredbybothpositiveandnegativepolarityvoltages appliedatthegate. 

 

 Itcanoperateandswitchbothhalfcycles ofanACwaveform. 

 

 As comparedwiththeanti-parallelthyristor configurationwhichrequires twoheat sinks of slightly 

smaller size, a triacneeds a single heat sinkof slightlylarger size. Hencethetriac saves bothspace and 

cost in AC power applications. 
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 In DC applications, SCRs are required to be connected with a parallel diode to protect against 

reverse voltage. But the triac may work without a diode, a safe breakdown is possible in either 

direction. 

 

DisadvantagesofTriac 

 
 Theseareavailableinlowerratingsascomparedwiththyristors. 

 

 A careful consideration is required while selecting a gate trigger circuit since a triac can be 

triggered in both forward and reverse biased conditions. 

 Thesehavelowdv/dtratingascomparedwiththyristors. 

 

 Thesehaveverysmallswitchingfrequencies. 

 

 Triacsarelessreliablethanthyristors. 

 

NumericalProblems 

1. Asinglephasevoltagecontroller isemployedfor controllingthepowerflowfrom230V, 50Hzsource into a 

load circuit consisting of R=3 Ω and 𝜔L=4 Ω. Calculate 

(i) therangeoffiringangle 

 

(ii) themaximumvalueofrmsloadcurrent 

 

(iii) themaximumpowerandpowerfactor 

 

(iv) Themaximumvaluesofaverageandrmsthyristor currents. 

 

Solution: 

 

i. Forcontrollingtheloadtheminimumvalueoffiringangleα=loadphaseangle 

𝜑=𝑡𝑎𝑛−1
𝑤𝐿

=𝑡𝑎𝑛−1
4
=53.13 ° 

𝑅 3 

Themaximumpossiblevalueofαis1800 

Sothefiringanglecontrolrangeis53.13°α 180° 

ii. Themaximumvalueofrmsvalueofloadcurrent occurs whenα=Ф=53.130 

Butatthisvalueoffiringangle, thepowercircuitofacvoltagecontrollerbehavesasifloadis directly 

connected to ac source. Therefore maximum value of rms load current is 
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2 2 

0 

XR 

I=0 
230

 
√𝑅+(w𝐿) 

= 
230 

√32+42 
=46A 

iii. Maximumpower=I2xR=462x3=6348W 
2 

Powerfactor=I0 =46𝑥3=0.6 
VsIo 230 

iv. Averagethyristorcurrentismaximumwhenα=Фandconductionangleᵞ=𝑀 

I =
1
∫
𝛼+𝜋𝑉𝑚

sin(𝑤𝑡−𝜑)𝑑(𝑤𝑡) 
TAVG 

2𝜋𝛼 Z
 

 

=
𝑉𝑚

=
√2×230=20.707𝐴 

𝜋Z 𝜋×√32+42 

 

Similarlymaximumvalueofthyristorcurrentis 

 
I = 1 𝛼+𝜋𝑉𝑚2 

2 1/2 
 

 

Trms { 
2𝜋 

∫𝛼 Z2𝑠i𝑛 (𝑤𝑡−𝛼)𝑑(𝑤𝑡)} 

 
 

=
𝑉𝑚

=
√2×230=32.527𝐴 

2Z 2×√32+42 

 

2. AnacvoltagecontrollerusesaTRIAC forphaseanglecontrolofaresistiveloadof100Ω. Calculate the 

value of delay angle for having an rms load voltage of 220 volts. Also calculate the rms value of 

TRIAC current. Assume the rms supply voltage to be 230V. 

3. Theacvoltagecontroller useson-offcontrolfor heatingaresistiveloadofR =4ohmsandtheinput voltage 

is Vs = 208V, 60Hz. If the desired output power is PO= 3KW, determine the 

(a) dutycycleδ 

(b) inputpowerfactor 

Sketchwaveformsforthedutycycleobtainedin(a) 

 

IntroductiontoCycloconverters 

TheCycloconverterhasbeentraditionallyusedonlyinveryhighpowerdrives,usuallyabove 

onemegawatt,wherenoothertypeofdrivecanbeused.Examplesarecementtubemilldrives 

above5MW,the13MWGerman-Dutchwindtunnelfandrive,reversiblerollingmilldrivesand 

shippropulsiondrives.ThereasonsforthisarethatthetraditionalCycloconverterrequiresa 

largenumberofthyristors,atleast36andusuallymoreforgoodmotorperformance,together 

withaverycomplexcontrolcircuit,andithassomeperformance limitations,theworstofwhich isan 

outputfrequency limited to aboutonethird the inputfrequency. 
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Figure3.11Blockdiagramofcycloconverters 

 

The Cycloconverterhasfourthyristorsdividedintoapositiveandnegativebankoftwo thyristors each. When 

positive current flows in theload, theoutputvoltage is controlledby phasecontrolofthe two positive bank 

thyristorswhilstthenegative bank thyristorsare keptoffand vice versa when negative current flows in the 

load. An idealized outputwaveform fora sinusoidalload current and a 45 degrees load phase angle is 

shown in Figure 3.11. It is important to keep the non 

conductingthyristorbankoffatalltimes,otherwisethemainscouldbeshortedviathetwo 

thyristorbanks,resultinginwaveformdistortionandpossibledevicefailurefromtheshorting 

current.AmajorcontrolproblemoftheCycloconverterishowtoswapbetweenbanksinthe 

shortestpossibletimetoavoiddistortionwhilstensuringthetwobanksdonotconductatthesame 

time.Acommonadditiontothepowercircuitthatremovestherequirementtokeeponebankoff 

istoplaceacentretappedinductorcalledacirculatingcurrentinductorbetweentheoutputsofthe two banks. Both 

banks cannow conduct together without shorting the mains.Also, the circulatingcurrentinthe 

inductorkeepsbothbanksoperatingallthetime,resultinginimprovedoutput 

waveforms.Thistechniqueisnotoftenused,though,becausethecirculatingcurrentinductor 

tendstobeexpensiveandbulkyandthecirculatingcurrentreducesthepowerfactorontheinput 

In a1-φ Cycloconverter,the output frequency isless than the supply frequency.These converters 

requirenaturalcommutationwhichisprovidedbyACsupply.Duringpositivehalfcycleof supply,ThyristorsP1 

and N2areforwardbiased.FirsttriggeringpulseisappliedtoP1 andhence it starts conducting. 

Asthesupplygoesnegative,P1getsoffandinnegativehalfcycleofsupply,P2andN1are 

forwardbiased.P2istriggeredandhenceitconducts.Inthenextcycleofsupply,N2inpositive half cycle andN1 in 

negative half cycle are triggered. Thus, we can observe that heretheoutput frequency is 1/2 times the 

supply frequency. 
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OperationPrinciples 

 

 

 

ThefollowingsectionswilldescribetheoperationprinciplesoftheCycloconverterstarting from the 

simplestone,single-phase tosingle-phase(1f-1f)Cycloconverter. 

 

Single-phasetoSingle-phase(1Φ-1Φ)Cycloconverter 

 

Tounderstandtheoperationprinciplesof Cycloconverters,thesingle-phasetosingle- phase 

Cycloconverter(Fig. 3.12) should be studied first. This converter consists of back-to-back connectionof 

two full-wave rectifiercircuits.Fig3.13showstheoperatingwaveformsforthis converter with a resistive load. 

 

Zero Firing angle,i.e.thyristorsactlikediodes.NotethatthefiringanglesarenamedasαPfor 

thepositiveconverterandαNforthenegativeconverter.Theinputvoltage,vsisanacvoltageat 

afrequency,fiasshowninFig.3.13.Foreasyunderstandingassumethatallthethyristorsare fired at α=0° 

 

ConsidertheoperationoftheCycloconvertertogetone-fourthoftheinputfrequencyatthe 

output.Forthefirsttwocyclesofvs,thepositiveconverteroperatessupplyingcurrenttothe load. It rectifies 

theinput voltage; therefore,the loadsees 4positive half cycles as seen in Fig. 

3.13.In the nexttwo cycles,the negativeconverteroperatessupplyingcurrenttotheloadinthe reverse 

direction.The currentwaveformsare notshown inthefiguresbecausetheresistiveload currentwillhave the 

samewaveform asthevoltagebutonlyscaledbytheresistance.Notethat 

whenoneoftheconvertersoperatestheotheroneisdisabled,sothatthereisnocurrent circulating between the two 

rectifiers. 

 

 
Figure3.12circuitdiagramofcycloconverter 

https://www.pantechsolutions.net/power-electronics/cyclo-converter
https://www.pantechsolutions.net/power-electronics/cyclo-converter
https://www.pantechsolutions.net/power-electronics/cyclo-converter
https://www.pantechsolutions.net/power-electronics/cyclo-converter
https://www.pantechsolutions.net/power-electronics/cyclo-converter
https://www.pantechsolutions.net/power-electronics/cyclo-converter
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Figure3.13Inputandoutputwaveformsofcycloconverter 

 

SinglephasemidpointCycloconverters 

Basically,thesearedividedintotwomaintypes,andaregivenbelow 

 

Step-downcyclo-converter 

 
Itactslikeastep-downtransformerthatprovidestheoutputfrequencylessthanthatofinput,fo<fi. 

 

 

Step-upcyclo-converter 

 
Itprovidestheoutputfrequencymorethanthatofinput, fo>fi. 

 

 

In case of step-down cyclo-converter, the output frequency is limited to a fraction of input frequency, 

typically it is below 20Hz in case 50Hz supply frequency. In this case, no separate commutation circuits 

are needed as SCRs are line commutated devices. 

 

But in case of step-up cyclo-converter, forced commutation circuits are needed to turn OFF SCRs at 

desired frequency. Such circuits are relatively very complex. Therefore, majority of cyclo-converters are 

of step-down type that lowers the frequency than input frequency. 
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Figure3.14circuitdiagramofmidpointcycloconverter 

 

 

 

Figure3.15Inputandoutputwaveformsofmidpointcycloconverter 



114|Page  

It consists of singlephasetransformer with mid tap on thesecondary winding and four thyristors. Two of 

thesethyristors P1, P2arefor positivegroup andtheother twoN1, N2arefor thenegativegroup. Loadis 

connected between secondary winding midpoint 0 and the load terminal. Positive directions for output 

voltage and output current are marked in figure 3.14 

In figure 3.14 during the positive half cycle of supply voltage terminal a is positive with respect to 

terminal b. therefore in this positive half cycle, both p1 and N2 are forward biased from wt= 0 to Π. As 

such SCR P1 is turned on at wt = 0 so that load voltage is positive with terminal A and 0 negative. Now 

the load voltage is positive.At instant t1 P1 is force commutated and forward biased thyristorN2 is turned 

on so that load voltage is negative with terminal 0 and A negative. Now the load voltage is negative. Now 

N2 is force commutated and P1 is turned on the load voltage is positive this isa continuous process and 

will get step up cyclo converter output 

BridgeconfigurationofsinglephaseCyclo converter 

The equivalent circuit of a cyclo-converter is shown in figure below. Here each two quadrant phase 

controlledconverter isrepresentedbya voltagesourceof desiredfrequencyandconsider thattheoutput power 

is generated by the alternating current and voltage at desired frequency. 

Thediodesconnectedinserieswitheachvoltagesourcerepresenttheunidirectionalconductionofeach two 

quadrant converter. If the output voltage ripples of each converter are neglected, then it becomes ideal 

and represents the desired output voltage. 

 

 
Figure3.16Blockdiagramofbridgetypecycloconverter 
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Ifthefiringanglesof individualconvertersaremodulatedcontinuously, eachconverter producessame 

sinusoidal voltages at its output terminals. 

So the voltages produced by these two converters have same phase, voltage and frequency. The average 

power producedbythecyclo-converter canfloweither toor fromtheoutput terminalsastheloadcurrent can 

flow freely to and from the load through the positive and negative converters. 

Therefore, itispossibletooperatetheloadsofanyphaseangle(or power factor),inductiveor capacitive through 

the cyclo-converter circuit. 

Duetotheunidirectionalpropertyofloadcurrentfor eachconverter, itisobviousthat positiveconverter carries 

positive half-cycle of load current with negative converter remaining in idle during this period. 

Similarly,negativeconverter carriesnegativehalfcycleoftheloadcurrent withpositiveconverter remaining in 

idle during this period, regardless of the phase of current with respect to voltage. 

Thismeansthateachconverter operatesbothinrectifyingandinvertingregions duringtheperiodofits associated 

half cycles. 

Thefigurebelowshows ideal output current andvoltage waveforms of a cyclo-converter for laggingand 

leadingpower factor loads.Theconductionperiodsofpositiveandnegativeconvertersarealsoillustrated in the 

figure. 

 

 

 
Figure3.17cycloconverterwaveforms 
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Thepositiveconverter operateswhenever theloadcurrentispositivewithnegativeconverter remaining in 

idle. In thesame manner negative converter operates for negative half cycle of load current. 

Bothrectificationandinversionmodesof eachconverter areshowninfigure. Thisdesiredoutputvoltage is 

produced by regulating the firing angle to individual converters. 

 

Single-phasetosingle-phasecyclo-converters 

 
Thesearerarelyusedinpractice; however, thesearerequiredtounderstandfundamental principleof cyclo-

converters. 

It consists of two full-wave, fully controlled bridge thyristors, where each bridge has 4 thyristors, and 

eachbridgeisconnectedinoppositedirection(backtoback)suchthat bothpositiveandnegativevoltages can be 

obtained as shown in figure below. Both these bridges are excited by single phase, 50 Hz AC supply. 

 

 

 
Figure3.18Circuitdiagramofbridgetypecycloconverter 

 

Duringpositive half cycle of theinput voltage, positive converter (bridge-1) is turnedON and it supplies 

theloadcurrent. Duringnegativehalfcycleoftheinput, negativebridgeisturnedONandit supplies load current. 

Both converters should not conduct together that cause short circuit at the input. 
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Toavoidthis, triggeringto thyristors of bridge-2 is inhibited duringpositive half cycleof loadcurrent, 

whiletriggeringisappliedtothethyristorsofbridge-1 attheir gates. Duringnegativehalfcycleof load 

current, triggering to positive bridge is inhibited while applying triggering to negative bridge. 

By controlling the switching period of thyristors, time periods of both positive and negative half cycles 

arechangedandhencethefrequency. This frequencyoffundamentaloutput voltagecanbeeasilyreduced in 

steps, i.e., 1/2, 1/3, 1/4 and so on. 

 

 
Figure3.19Inputandoutputwaveformsofbridgetypecycloconverter 

 

 

 

The above figure shows output waveforms of a cyclo-converter that produces one-fourth of the input 

frequency. Here,for thefirsttwocycles,thepositiveconverter operatesandsuppliescurrenttotheload. 

It rectifies the input voltageandproduceunidirectional output voltageas wecanobservefour positive 

halfcyclesinthefigure. Andduringnext twocycles, thenegativeconverter operatesandsuppliesload current. 

Herecurrentwaveforms arenotshownbecauseitisaresistiveloadinwherecurrent(withless magnitude) 

exactly follows the voltage. 



118|Page  

Here one converter is disabled if another one operates, so there is no circulating current between two 

converters. Since the discontinuous mode of control scheme is complicated, most cyclo-converters are 

operates oncirculatingcurrent modewherecontinuous current isallowedtoflowbetweentheconverters with a 

reactor. 

Thiscirculatingcurrent typecyclo-converter canbeoperatedonwithbothpurelyresistive(R)and inductive (R-

L) loads. 

 

 

 

1. A single-phase to single-phase cycloconverter is supplying and inductive load comprising of a 

Resistance of 5Ω and an inductance of 40 mH froma 230 V, 50 Hz single-phase supply It is 

Requiredtoprovideanoutput frequencywhichis1/3oftheinputfrequency. Iftheconvertersare 

Operated as semi converter such that 0 ≤ 𝛼 ≤ 𝜋 and firing delay angle is120°. Neglecting the 

Harmonic content of load voltage, determine: 

(a) rmsvalueofoutputvoltage. 

(b) rmscurrentof eachthyristorand 

(c) inputpowerfactor. 

 

Solution: 
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2. In a standard A single-phase bridge-type cyclo-converter has input voltage of 230V, 50Hz and 

load of R=10Ω. Output frequencyis one-third of input frequency. For a firingangle delay of 30o, 

Calculate (i) rms value of output voltage (ii) rms current of each converter (iii) rms current ofeach 

thyristor (iv) input power factor. 

3. A single-phase to single-phase mid-point cyclo-converter is delivering power to a resistive load. 

The supply transformer has turns ratio of 1: 1: 1. The frequency ratio is fo/fs = 1/5. The firing 

angle delay α for all the four SCRs are the same. Sketch the time variations of the following 

waveforms for α = 0° and α = 30°(a) Supply voltage (b) Output current and (c) Supply current. 

Indicate the conduction of various thyristors also. 
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IntroductiontoChoppers 

DC–DCconverters 

A chopper uses high speed to connect and disconnect from a source load. A fixed DC voltage is applied 

intermittently to the source load by continuously triggering the power switch ON/OFF. The period of 

time for which the power switch stays ON or OFF is referred to as the chopper’s ON and OFF state 

times, respectively. 

Choppers are mostly applied in electric cars, conversion of wind and solar energy, and DC motor 

regulators. 

 

SymbolofaChopper 
 

 

 
Figure:3.1symbolofchopper 

 

ControlstrategiesofChopper 

 

In DC-DC converters, the average output voltage is controlled by varying the alpha (α) value. This is 

achieved by varying the Duty Cycle of the switching pulses. Duty cycle can be varied usually in 2 ways: 

1. TimeRatioControl 

 

2. CurrentLimitControl 

 

In this post we shall look upon both the ways of varying the duty cycle. Duty Cycle is the ratio of ‘On 

Time’ to ‘Time Period of a pulse’. 

Time Ratio Control: As the name suggest, here the time ratio (i.e. the duty cycle ratio Ton/T) is varied. 

This kind of control can be achieved using 2 ways: 

• PulseWidthModulation(PWM)•FrequencyModulationControl(FMC) 



121|Page  

PulseWidthModulation(PWM) 

 

In this technique, the time period is kept constant, butthe ‘On Time’ or the ‘OFF Time’ is varied. Using 

this, the duty cycle ratio can be varied. Since the ON time or the ‘pulse width’ is getting changed in this 

method, so it is popularly known as Pulse width modulation. 

 

 
Figure:3.2pulsewidthmodulationwaveforms 

 

 

 

FrequencyModulationControl(FMC) 

 

In this control method, the ‘Time Period’ is varied while keeping either of ‘On Time’ or ‘OFF time’ as 

constant. In this method, since the time period gets changed, so the frequency also changes accordingly, 

so this method is known as frequency modulation control. 
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Figure:3.3Frequencymodulationwaveforms 

 

CurrentLimitControl: 

 

Asisobviousfromitsname, inthiscontrolstrategy,aspecificlimitisappliedonthecurrent variation. 

 

In this method, current is allowed to fluctuate or change only between 2 values i.e. maximum current (I 

max) and minimum current (I min). When the current is at minimum value, the chopper is switched ON. 

After this instance, thecurrent startsincreasing, andwhenit reaches uptomaximumvalue, thechopper is 

switched off allowing the current to fall back to minimumvalue. This cycle continues again and again. 

 

 
Figure:3.4currentlimitcontrolwaveforms 

 

ClassificationofChoppers 

Dependingonthevoltageoutput,choppersareclassifiedas− 

 

1. StepUpchopper(boostconverter) 

2. StepDownChopper(Buckconverter) 
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3. StepUp/DownChopper(Buck-boostconverter) 

 

Depending uponthe direction of the output current and voltage, the converters can beclassified into five 

classes namely 

 

1. ClassA[One-quadrant Operation] 

2. ClassB[One-quadrant Operation] 

3. ClassC[Two-quadrantOperation] 

4. ClassDChopper[Two-quadrantOperation] 

5. ClassEChopper[Four-quadrantOperation] 

StepDownChopper 

Thisis also known as a buck converter.In thischopper, the average voltage outputVOislessthan the input 

voltage VS. When the chopper is ON, VO= VSand when the chopper is off, VO= 0 

Whenthechopperis ON − 

 

VS=(VL+V0),VL=VS−V0, 

Ldi/dt=VS−V0, 

LΔi/TON=Vs+V0 

VS=(VL+V0), 

VL=VS−V0, 

Ldi/dt=VS−V0, 

LΔi/TON=Vs+V0 

Thus,peak-to-peakcurrentloadisgivenby, 

 
Δi=Vs−V0TON 

𝐿 
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Figure:3.5Stepdownchopper 

WhereFDisfree-wheeldiode. 

 

When the chopper is OFF, polarity reversal and discharging occurs at the inductor. The current 

passesthrough the free-wheel diode and the inductor to the load. This gives, 

Ldi/dt=V0 

 

RewrittenasLΔi/TOFF=V0 

LΔi/TOFF=V0 

Δi=V0TOFF/L 

Fromtheaboveequations 
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CurrentandVoltageWaveforms 

 
Thecurrent and voltagewaveforms aregivenbelow− 

 

For astep down chopperthe voltage output is always less than the voltage input. This is shown by the 

waveformbelow. 

 

 
Figure:3.6Inputandoutputwaveforms 

 

StepUpChopper 

 

The average voltage output(Vo) in a stepup chopper isgreaterthan the voltage input (Vs). The figure 

below shows a configuration of a step up chopper. 
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Figure:3.7circuitdiagramofstepupchopper 

 

CurrentandVoltageWaveforms 

 
V0(average voltage output) is positive when chopper is switched ON and negative when the chopper is 

OFF as shown in the waveform below. 

 

 
Figure:3.8Inputandoutputwaveformsofstepupchopper 

 

 

 

Where 
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TON– time interval when chopper is ON 

TOFF–timeintervalwhenchopperisOFF VL– 

Load voltage 

Vs– Sourcevoltage 

 

T –Choppingtimeperiod=TON+ TOFF 

 

Vois givenby− 

V0=
1
∫
𝑇𝑜𝑛

𝑉𝑠𝑑𝑡 
𝑇0 

 

Whenthechopper(CH)isswitchedON, theloadisshortcircuitedand, therefore,thevoltageoutputfor the 

period TONis zero. In addition, the inductor is charged duringthis time. This gives VS= VL 

𝑉𝑠=𝐿
𝑑i

,∆i
=
𝑉𝑠

 

𝑑𝑡𝑇𝑜𝑛 𝐿 

 

∆i=
𝑉𝑠

×𝑇𝑜𝑛 
𝐿 

Δi = is the inductor peak to peak current. When the chopper (CH) is OFF, discharge occurs through the 

inductor L. Therefore, the summation of the Vsand VLis given as follows − 

V0=VS+VL,VL=V0−VS 

 
𝑑i 

𝐿 =𝑉𝑜−𝑉𝑠 
𝑑𝑡 

∆i 
𝐿 =𝑉𝑜−𝑉𝑠 
𝑇𝑜ƒ 
ƒ 

 

∆i= 
𝑉𝑜−𝑉𝑠 

𝐿 
𝑇𝑜ƒƒ 

 
Equating∆ifromonstatetooff state 

 

 

 
𝑉𝑠×𝑇𝑜𝑛=𝑉𝑜−𝑉𝑠𝑇𝑜ƒƒ 

𝐿 𝐿 
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𝑉𝑜= 
𝑇𝑉𝑠 

 
 

𝑇𝑜ƒƒ 

 
𝑉𝑠 

𝑉𝑜=
1−𝐷

 

 

StepUp/StepDownChopper 

 

hisisalsoknownasa buck-boost converter. Itmakes it possibletoincreaseor reducethevoltage input level. 

The diagram below shows a buck-boost chopper 

 

 
Figure:3.9circuitdiagramofstepupchopper 

 

Whenthechopper isswitchedON, theinductor LbecomeschargedbythesourcevoltageVs. Therefore, Vs= 

VL. 

𝑉𝑠=𝐿
𝑑i

,∆i
=
𝑉𝑠

 

𝑑𝑡 𝑇𝑜𝑛 𝐿 

 

∆i=
𝑉𝑠
𝑇𝑜𝑛×

𝑇
 

𝐿 𝑇 

∆i=
𝐷𝑉𝑠 

𝐿ƒ 

 

WhenthechopperisswitchedOFF,theinductor’spolarityreversesandthiscausesittodischarge through the 

diode and the load. 
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Hence, 

 

V0= −VL 

 
𝑑i 

𝐿 =−𝑉𝐿 
𝑑𝑡 

L∆i 

Tof 
=−VL 

f 

 

𝑉𝐿 

𝑇𝑜ƒƒ 

𝐿 
 

Bycomparingtheabove equations  

 
𝐷𝑉𝑠

=−
 

𝐿ƒ 

 

 

𝑉𝐿𝑇𝑜ƒƒ 
 

𝐿 

 

V=
𝐷𝑉𝑠 

0 
1−𝐷 

 

Principleofoperationofclass Achopper 

ClassAChopperisafirstquadrantchopper 

• WhenchopperisON,supplyvoltageVisconnectedacross theload. 

• Whenchopper is OFF,vO = 0andtheloadcurrentcontinues toflowinthesamedirectionthroughthe FWD. 

• Theaveragevaluesof outputvoltageandcurrentarealwayspositive. ClassAChopper isa first 

quadrant chopper 

• WhenchopperisON,supplyvoltageVisconnectedacrosstheload. 

• Whenchopper is OFF,vO = 0andtheloadcurrentcontinues toflowinthesamedirectionthroughthe FWD. 

• Theaveragevaluesofoutputvoltageandcurrentarealwayspositive. 

• ClassAChopperisastep-downchopperinwhichpower always flowsformsourcetoload. 

• Itisusedtocontrolthespeed of dcmotor. 

• Theoutput current equations obtained instep downchopper withR-Lloadcanbeusedtostudythe 

performance of Class A Chopper. 

∆i=− 
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Figure:3.10circuitdiagramandquadrantoperationofTypeAchopper 

 

 

Figure:3.11OutputvoltageandcurrentwaveformsoftypeAchopper 
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ClassB Chopper 

 
ClassBChopperisa step-upchopper 

• WhenchopperisON,EdrivesacurrentthroughLandR inadirectionoppositetothatshowninfigure. 

• DuringtheONperiodofthechopper,theinductanceLstores energy. 

• WhenChopper is OFF,diodeDconducts, andpartoftheenergystoredininductor Lisreturnedtothe supply. 

• Averageoutputvoltageispositive. Averageoutputcurrentisnegative. 

• ThereforeClassBChopper operates insecondquadrant. 

• Inthischopper,powerflowsfromloadtosource. 

• ClassBChopper isusedforregenerativebrakingofdcmotor. 

 

 

Figure:3.12circuitdiagramandquadrantoperationofTypeBchopper 
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Figure:3.13OutputvoltageandcurrentwaveformsoftypeBchopper Class C 

chopper 

ClassCChoppercanbeusedasastep-uporstep-down chopper 

• ClassCChopperis acombinationofClassAandClassBChoppers. 

• For firstquadrantoperation,CH1isONorD2conducts. 

• For secondquadrantoperation, CH2isONorD1conducts. 

• WhenCH1isON,theloadcurrentispositive. 

• Theoutputvoltageis equalto‘V’&theloadreceivespowerfromthesource. 

• WhenCH1isturnedOFF,energystoredininductanceL forces currenttoflowthroughthediodeD2 and the 

output voltage is zero. 

• Currentcontinuestoflowinpositivedirection. 

• WhenCH2istriggered,thevoltageEforcescurrenttoflowinoppositedirectionthroughLandCH2. 

• Theoutputvoltageiszero. 

• OnturningOFFCH2,theenergystoredintheinductancedrives current throughdiodeD1andthe supply 

• OutputvoltageisV,theinputcurrentbecomesnegativeandpower flowsfromloadtosource. 

• Averageoutputvoltageispositive 

• Averageoutputcurrent cantakebothpositiveandnegativevalues. 

• Choppers CH1&CH2shouldnot beturnedONsimultaneouslyasit wouldresultinshort circuitingthe supply. 

• ClassCChoppercanbeusedbothfordc motorcontrolandregenerativebrakingofdcmotor. 
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Figure:3.14circuitdiagramandquadrantoperationofTypeCchopper 
 

 

 

 

Figure:3.15OutputvoltageandcurrentwaveformsoftypeCchopper Class D 

chopper 

• ClassDisatwoquadrantchopper. 

• WhenbothCH1andCH2aretriggeredsimultaneously, theoutputvoltagevO=Vandoutputcurrent flows 

through the load. 

• WhenCH1 andCH2 areturnedOFF,theloadcurrent continues toflowinthesamedirectionthrough load, 

D1 and D2 , due to the energy stored in the inductor L. 
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• OutputvoltagevO=–V. 

• AverageloadvoltageispositiveifchopperONtimeis morethantheOFFtime 

• AverageoutputvoltagebecomesnegativeiftON<tOFF. 

• Hencethedirectionofloadcurrent is alwayspositivebutloadvoltagecanbepositiveornegative. 

 

 

Figure:3.16circuitdiagramandquadrantoperationofTypeDchopper 

 

 

Figure:3.17OutputvoltageandcurrentwaveformsoftypeDchopper 



136|Page  

ClassEChopper 

• ClassEisafourquadrantchopper 

• WhenCH1andCH4aretriggered, outputcurrentiOflowsinpositivedirectionthroughCH1andCH4, and 

with output voltage vO = V. 

• Thisgivesthefirst quadrant operation. 

• WhenbothCH1andCH4areOFF, theenergystoredintheinductor L drives iOthroughD2andD3in the same 

direction, but output voltage vO = -V. 

• Thereforethechopperoperatesinthefourthquadrant. 

• WhenCH2andCH3aretriggered,theloadcurrentiOflowsinoppositedirection&outputvoltagevO 

= -V. 

• SincebothiOandvOarenegative,thechopperoperatesinthirdquadrant. 

• WhenbothCH2 andCH3areOFF,theloadcurrentiOcontinues toflowinthesamedirectionD1 and D4 and 

the output voltage vO = V. 

• ThereforethechopperoperatesinsecondquadrantasvOispositivebutiOisnegative. 
 

 

 

Figure:3.18circuitdiagramandquadrantoperationofTypeEchopper 
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Numericalproblems 

1. Astep up chopper has aninput voltageof 150V. Thevoltageoutput needed is 450V. Given, that the 

thyristor has a conducting time of 150μseconds. Calculate the chopping frequency. 

Solution− 

 

Thechoppingfrequency(f) 

 

 

The newvoltageoutput,onconditionthatthe operationisatconstantfrequencyafterthe halvingthe pulse width. 

Halvingthepulsewidthgives − 

 

 
2. In a type A chopper, the input supply voltage is 230 V the load resistance is 10Ω and there is a 

voltage drop of 2 V across the chopper thyristor when it is on. For a duty ratio of 0.4, calculate the 

average and rms values of the output voltage. Also find thechopper efficiency 

3. A step-up chopper supplies a load of 480 V from 230 V dc supply. Assuming the non conduction 

period of the thyristor to be 50 microsecond, find the on time of the thyristor 



138|Page  

Buckregulator 

Withpowerbeinga keyparameterinmanydesigns, stepdownor"buck"regulatorsarewidelyused. 

 

Although a resistor would enable voltage to be dropped, power is lost, and in applications such as the 

many battery powered items used today, power consumption is a crucial element. 

As a result step down switch mode converters or as they are more commonly termed, buck regulators are 

widely used. 

 

Linearstepdown 

 

The mostbasic form of step down transition is to use a resistor as a potential divider orvoltage dropper. In 

some cases a zener diode may also be used to stabilize the voltage. 

 

 
Figure:3.19Potentialdividercircuits 

 

The issue with this form of voltage dropper or step down converter is that it is very wasteful in terms of 

power. Anyvoltagedroppedacross theresistor willbedissipatedasheat,andanycurrent flowingthrough the 

zener diode will also dissipate heat. Both of these elements result on the loss of valuable energy. 

 

 

Basicbuckconverterorregulator 

 

The fundamental circuit for a step down converter or buck converter consists of an inductor, diode, 

capacitor, switch and error amplifier with switch control circuitry. 
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Figure:3.20circuitdiagramofBuckregulator 

 

The circuit for the buck regulator operates by varying the amount of time in which inductor receives 

energy from the source. 

In the basic block diagram the operation of the buck converter or buck regulator can be seen that the 

output voltage appearing across the load is sensed by the sense / error amplifier and an error voltage is 

generated that controls the switch. 

Typically theswitch is controlled by a pulse width modulator, theswitch remaining on of longer as more 

current is drawnbytheloadandthevoltagetends to drop andoftenthereis a fixedfrequency oscillator to drive 

the switching. 

 

Buckconverteroperation 

 
When the switch in the buck regulator is on, the voltage that appears across the inductor is Vin - Vout. 

Using the inductor equations, the current in the inductorwill rise at a rate of (Vin-Vout)/L. At this time the 

diode D is reverse biased and does not conduct. 

 

 
Figure:3.21circuitdiagramofBuckregulatorduringswitchoncondition 
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Whentheswitchopens, current must stillflowastheinductor workstokeepthe samecurrent flowing. As a 

result current still flows through the inductor and into the load. The diode, D then forms the return path 

with a current Idiode equal to Iout flowing through it. 

Withtheswitch open, thepolarity ofthevoltageacross the inductor hasreversedandthereforethecurrent 

through the inductor decreases with a slope equal to -Vout/L. 

 

 
Figure:3.22circuitdiagramofBuckregulatorduringswitchoffcondition 

 

 

 

 

Figure:3.23InputandoutputwaveformsofBuckregulator 
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In the diagram of the current waveforms for the buck converter / switching regulator, it can be seen that 

the inductor current is the sum of the diode and input / switch current. Current either flows through the 

switch or the diode. 

It is also worth noting that the average input current is less than the average output current. This is to be 

expected because the buck converter circuit is very efficient and the input voltage is greater than the 

output voltage. Assuming a perfect circuit, then power in would equal power out, i.e. Vin ⋅ In = Vout ⋅ 

Iout. While in a real circuit there will be some losses, efficiency levels greaterthan 85% are to be expected 

for a well-designed circuit. 

It will also beseen that there is a smoothing capacitor placed on the output. This serves to ensurethat the 

voltagedoes not varyappreciable, especiallyduringandswitchtransitiontimes. Itwillalsoberequiredto 

smooth any switching spikes that occur. 

Boostregulator 

 

One of the advantagesof switch mode powersupply technology is that it can beused to create astep up or 

boost converter / regulator. 

Boost converters or regulators are used in many instances from providing small supplies where higher 

voltages may be needed to much higher power requirements. 

Often there are requirements for voltages higher than those provided by the available power supply - 

voltages for RF power amplifiers within mobile phones is just one example. 

 

Step-upboostconverterbasics 

 

The boost converter circuit has many similarities to the buck converter. However the circuit topology for 

theboostconverter isslightlydifferent. Thefundamentalcircuitfor a boostconverter or stepupconverter 

consists of aninductor, diode, capacitor, switch and error amplifier with switch control circuitry. 

 

 
Figure:3.24circuitdiagramofBoostregulator 
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The circuit for the step-up boost converter operates by varying the amount of time in which inductor 

receives energy from the source. 

In the basic block diagram the operation of the boost converter can be seen that the output voltage 

appearing across the load is sensed by the sense / error amplifier and an error voltage is generated that 

controls the switch. 

Typicallytheboost converter switchis controlledbya pulsewidth modulator, theswitchremaining on of 

longer as more current is drawn by the load and the voltage tends to drop and often there is a fixed 

frequency oscillator to drive the switching. 

 

Boostconverteroperation 

 

Theoperationoftheboostconverterisrelativelystraightforward. 

 

When the switch is in the ON position, the inductor output is connected to ground and the voltage Vin is 

placed across it. The inductor current increases at a rate equal to Vin/L. 

Whentheswitchis placedintheOFF position, thevoltageacross theinductor changes andis equalto Vout-

Vin. Current that was flowing in the inductor decays at a rate equal to (Vout-Vin)/L. 

 

 
Figure:3.25circuitdiagramofBoostregulatorduringswitchoffcondition 

 

Referringtotheboostconvertercircuitdiagram,thecurrentwaveformsforthedifferentareasofthe circuit can be 

seen as below. 
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Figure:3.26InputandoutputwaveformsofBoostregulator 

 

It can beseen fromthe waveformdiagrams that the input current to theboost converter is higher than the 

output current. Assuminga perfectly efficient, i.e. lossless, boost converter, thepower out must equalthe 

power in, i.e. Vin ⋅ Iin= Vout ⋅ Iout. Fromthis it canbeseenif theoutput voltageis higher thantheinput 

voltage, then the input current must be higher than the output current. 

Inreality noboost converter willbelossless, but efficiency levels ofaround85%and moreareachievable in 

most supplies. 

Buckboostregulator 

A simple buck converter can only produce voltages lower than the input voltage, and a boost converter, 

only voltages higher than the input. To provide voltages over the complete range a circuit known as a 

buck-boost converter is required. 

There are many applications where voltages higher and lower than the input are required. In these 

situations a buck-boost converter is required. 
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Buck-BoostConverterbasics 

 

The buck-boost DC-DC converter offers a greater level of capability than the buck converter of boost 

converter individually, it as expected it extra components may be required to provide the level of 

functionality needed. 

Thereareseveralformatsthatcanbeusedforbuck-boostconverters: 

 

+Vin, -Vout: This configuration of a buck-boost converter circuit uses the same number of 

componentsasthesimplebuckor boostconverters. However thisbuck-boostregulator or DC-DC 

converter produces a negative output for a positive input. While this may be required or can be 

accommodated for a limited number of applications, it is not normally the most convenientformat. 

 

 
Figure:3.27circuitdiagramofbuckboostregulator 

 

 Whentheswitchinclosed, current builds up throughtheinductor. Whentheswitchis openedthe 

inductorsuppliescurrentthroughthediodetotheload. 

 

Obviously thepolarities (including the diode) within the buck-boost converter can bereversed to 

provide a positive output voltage from a negative input voltage. 

+Vin, +Vout:The second buck-boost converter circuit allows both input and output to be the same 

polarity. However to achieve this, more components are required. The circuit for this buck boost 

converter is shown below. 

 

 
Figure:3.28circuitdiagramofbuckboostregulatorwithtwoswitches 
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In this circuit, both switches act together, i.e. both are closed or open. When the switches are open, the 

inductor current builds. At a suitablepoint, theswitchesareopened. Theinductor thensupplies current to the 

load through a path incorporating both diodes, D1 and D2. 

Numericalprobelms 

1. In a dc chopper, the average load current is 30 Amps, chopping frequency is 250 Hz. Supply 

voltage is 110 volts. Calculate the ON and OFF periods of the chopper if the load resistance is 2 

ohms. 

Solution: 

 

2. Astep up chopper has input voltage of 220 Vand output voltage of 660 V. If the non-conducting 

time of thyristor chopper is 100 micro sec compute the pulse width of output voltage. In case the 

pulse width is halved for constant frequency operation , find the new output voltage 

3. Achopper operatingfrom220V dcsupply withfor a dutycycleof0.5 and choppingfrequency of 

1KHz drives an R L load with R = 1Ω , L=1mH and E = 105V. Find whether the current is 

continuous and also find the values of Imaxand Imin. 
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IntroductiontoInverters 

INVERTERS 

The word ‘inverter’ in the context of power-electronics denotes a class of power conversion (or power 

conditioning) circuits that operates froma dc voltagesourceor a dc current sourceand converts it into ac 

voltageor current. Theinverter doesreverseofwhat ac-to-dcconverter does(refer toactodcconverters). 

Eventhough input toan inverter circuit is a dcsource, it is not uncommonto havethis dcderivedfroman 

acsourcesuchas utilityacsupply. Thus, for example, theprimarysourceofinput power maybeutilityac 

voltage supply that is converted to dc by an ac to dc converter and then ‘inverted’ back to ac using an 

inverter. Here, the final ac output may be of a different frequency and magnitude than the input ac of the 

utility supply 

AsinglephaseHalfBridgeDC-AC inverterisshowninFigurebelow 
 

 

 
Figure:5.1SinglephaseHalfBridgeDC-ACinverterwithRload 

 

TheanalysisoftheDC-AC invertersisdonetakingintoaccountsthefollowingassumptionsand conventions. 

1) Thecurrententeringnodeaisconsideredtobepositive. 

2) TheswitchesS1andS2areunidirectional,i.e.theyconduct current inonedirection. 

3) Thecurrent throughS1isdenotedas i1andthecurrentthroughS2isi2. 

The switching sequence is so design is shown in Figure below. Here, switch S1 is on for the time 

duration0 ≤ t ≤T1andtheswitchS2 is onfor thetimedurationT1 ≤t≤T2. WhenswitchS1 is turned on, the 

instantaneous voltage across the load is ν o = Vin/ 2 

WhentheswitchS2isonlyturnedon, thevoltageacross theloadis ν o 

=Vin/ 2. 
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Figure:5.2SinglephaseHalfBridgeDC-ACinverteroutputwaveforms 

 

Ther.m.svalueofoutput voltageν oisgivenby, 

 

 

Theinstantaneousoutputvoltageνoisrectangularinshape.Theinstantaneousvalueofνocanbe expressed in 

Fourier series as, 

 

 

Dueto thequarter wave symmetry along thetime axis , the valuesof a0 and an arezero. The value of bn is 

given by, 

 

 

Substitutingthevalueofbnfromaboveequation,weget 
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Thecurrent throughtheresistor(iL)isgivenby, 
 

 

 

HalfBridgeDC-ACInverterwithLLoadandR-L Load 

TheDC-ACconverterwithinductiveloadisshowninFigurebelow.Foraninductiveload,theload current cannot 

change immediately with the output voltage. 

 

 
Figure:5.3SinglephaseHalfBridgeDC-ACinverterwithRLload 

 

TheworkingoftheDC-ACinverterwithinductiveloadisasfollowis: Case 1: In the time interval 0<=t<= T1 

the switchS1 is on and the current flows through the inductor from points a to b. When the switch S1 is 

turned off (case 1) at t-T1, the load current would continue to flowthrough the capacitor C2 and diode D2 

until the current falls to zero, as shown in Figure below. 

 

 
Figure:5.4SinglephaseHalfBridgeDC-ACinverterwithLload 



149|Page  

Case 2: Similarly, when S2 is turned off at t = T1 , the load current flows through the diode D1 and 

capacitor C1until the current falls to zero, as shown in Figure below. 

 

 
Figure:5.5SinglephaseHalfBridgeDC-ACinverterwithLload 

 

When the diodes D1 and D2 conduct, energy is feedback to the dc source and these diodes are known as 

feedback diodes. These diodes are also known as freewheeling diodes. The current for purely inductive 

load is given by, 

 

 

Similarly,fortheR–Lload.Theinstantaneous loadcurrent isobtainedas, 

 

 

Where, 

 

 

Operationofsinglephasefullbridgeinverter 

Asinglephasebridge DC-AC inverter is showninFigurebelow. Theanalysis of the singlephaseDC-AC 

inverters is done taking into account following assumptions and conventions. 

1) The current entering node a in Figure 8 is considered to be positive. 

2) TheswitchesS1,S2,S3andS4areunidirectional,i.e.theyconductcurrentinone direction. 
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Figure:5.6SinglephaseFullBridgeDC-ACinverterwithRload 

 

WhentheswitchesS1andS2areturnedonsimultaneouslyforaduration0≤t≤T1,thetheinput voltage Vin appears 

across the load and the current flows frompoint a to b. 

 
Q1 –Q2ON,Q3–Q4OFF==>νo=Vs 

 

 

 
Figure:5.7SinglephaseFullBridgeDC-ACinverterwithRload 

 

 

 

Iftheswitches S3andS4 turnedondurationT1 ≤t≤T2,thevoltageacross theloadtheloadis reversed and the 

current through the load flows from point b to a. 

Q1 –Q2OFF,Q3–Q4ON==>νo=-Vs 
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Figure:5.8SinglephaseFullBridgeDC-ACinverterwithRloadcurrentdirections 

 

ThevoltageandcurrentwaveformsacrosstheresistiveloadareshowninFigurebelow 
 

 

 
Figure:5.9SinglephaseFullBridgeDC-ACinverterwaveforms 

 

SinglePhaseFullBridgeInverter forR-Lload: 

A single-phase square wave type voltage source inverter produces square shaped output voltage for a 

single-phaseload. Such inverters havevery simplecontrol logic and thepower switches need to operate at 

much lower frequencies compared to switches in some other types of inverters. The first generation 

inverters, using thyristor switches, were almost invariably square wave inverters because thyristor 

switches couldbeswitched onandoff onlya fewhundredtimes ina second. Incontrast, thepresent day 

switcheslikeIGBTsaremuchfaster andusedat switchingfrequencies ofseveralkilohertz. Single-phase 

invertersmostlyusehalfbridgeor fullbridgetopologies.Power circuitsofthesetopologiesareshownin in 

Figure below. 
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Figure:5.10SinglephaseFullBridgeDC-ACinverterwithLload 

 

The above topology is analyzed under the assumption of ideal circuit conditions. Accordingly, it is 

assumed that the input dc voltage (Edc) is constant and the switches are lossless. In full bridge topology 

has two such legs. Each leg of the inverter consists of two series connected electronic switches shown 

within dotted lines in the figures. Each of these switches consists of an IGBTtype controlled switch across 

which an uncontrolled diode is put in anti-parallel manner. These switches are capable of conducting bi-

directional currentbut they need to block only one polarity of voltage.The junction point of the switches in 

eachleg of the inverter serves as one output point for the load. 

 

Seriesinverter: 
 

 

 
Figure:5.11Blockdiagramofseriesinverter 
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In series inverter, the commutating elements L and C are connected in series with the load. This 

constitutesaseriesRLCresonant circuit.TheTwoSCRsareusedtoproducethehalves(positive and negative 

half cycle) in the output. 

 

 
Figure:5.12Circuitdiagramofseriesinverter 

 

 

In the firsthalfof the outputcurrents when SCR T1 is triggereditwillallow thecurrentto flow through 

L1,and load,and C2thuscharging.ThecapacitorC1whichisalready chargedatthese instantdischargesthrough 

SCR1,L1and theLoad.Hence50%ofthecurrentisdrawnfrom the inputsource 

and50%fromthecapacitor.SimilarlyinthesecondhalfoftheoutputcurrentC1 

willbechargedandC2willdischargethroughtheload,L2andSCR2,Again50%oftheload 

currentisobtainedfromtheDCinputsourceandrestfromthecapacitor.The SCRsT1andT2 are alternatively 

fired to get AC voltage and current. 

 

Operationofparallelinverter 

ThesinglephaseparallelinvertercircuitconsistsoftwoSCRsT1andT2,aninductorL,an output transformer 

and a commutating capacitor C. The output voltage and current are Vo and Io 

respectively.ThefunctionofListomakethesourcecurrentconstant.Duringtheworkingofthis 

https://www.pantechsolutions.net/power-electronics/series-inverter
https://www.pantechsolutions.net/power-electronics/series-inverter
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inverter,capacitorCcomesinparallelwiththeloadviathetransformer.Soitiscalled a parallel inverter. 

 

Theoperationofthisinvertercanbeexplainedinthefollowingmodes. Mode I 

Inthismode,SCR T1isconductingandacurrentflowintheupperhalfofprimary 

winding.SCRT2isOFF.AsaresultanemfVsisinducedacrossupperaswellaslowerhalfof the primary winding. 

 

In otherwords total voltageacross primary winding is 2 Vs.NowthecapacitorCchargestoa voltage of 2Vs 

with upper plate as positive. 

 

Figure:5.13Circuitdiagramofparallelinverter 
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ModeII 

 

Attimeto,T2isturnedONbyapplyingatriggerpulsetoitsgate.Atthistimet=0,capacitor voltage 

2VsappearsasareversebiasacrossT1,itisthereforeturnedOFF.AcurrentIobegins 

toflowthroughT2andlowerhalfofprimarywinding.Nowthecapacitorhascharged(upper plate asnegative)from 

+2Vsto-2Vsattimet=t1.Loadvoltagealso changesfrom Vsatt=0 to– Vs at t=t1. 

 

ModeIII 

 

Whencapacitorhaschargedto–Vs,T1maybetunedONatanytimeWhenT1istriggered, 

capacitorvoltage2VsappliesareversebiasacrossT2,itisthereforeturnedOFF.AfterT2is 

OFF,capacitorstartsdischarging,andchargedtotheoppositedirection,theupperplateas positive. 

 

ParalleledCommutatedInverter 

 

Fig1:isaschematicoftheclassicalparallelcommutatedsquarewaveinverterbridge.Itis 

beingincludedhereforillustrativepurposessincemostothercircuitsutilizethiscircuitora 

variationthereof.Thewaveformgeneratedandsuppliedtotheloadisbasicallyasquarewave 

havingapeaktopeakamplitudeoftwicetheDCsupplyvoltageandaperiodthatisdetermined by the relate at 

which SCRs 1 through 4 are gated on. The SCRs are turned oninpairsby 

simultaneouslyapplyingsignalstothegateterminalsofSCRs1and4orSCRs2and3.IfSCRs 

1and4happentobethefirsttwoswitchedonacurrentwillflowfrom thepositiveterminalof 

thesourcethroughnegativeterminalofthesource.Thiswillestablishalefttoright,plusto minus voltage 

relationship on the load. 

Simultaneously,theleftterminalofcapacitorC1willbechargedpositivelywithrespecttothe 

rightnegativeterminal.Thesteady-stateloadcurrentthroughthevariouscomponentsis determinednearly 

completely by theimpedanceoftheload.Chokes1and2andSCRs1and4 presentverylowsteady-

statedropsandthereforenearlyallthesourcevoltageappearsacrossthe load.ConductionofSCRs1and 4will 

continuetotheendofthehalfcycle,atwhichpointthe gatesare removed from 

SCRs1and4remaininconductionalongwith SCRs2and3thathave now 

beenturnedon.Ifitwerenotforchokes1and2,theactionofturningonthesecondset 

ofSCRswouldplaceverylowimpedanceandthereforemomentarilypreventthesourcefrom being short-

circuited. 
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CapacitorC1nowdischargeswithacurrentwhichflowsintothecathodeofSCR 1 

throughSCR2inaforwarddirectionbacktothenegativeterminalofthecapacitor.This 

directionofcurrentflowcausesSCR1tobecomenon-conductiveprovidedthatthereverse current through the 

SCR is of sufficient duration for the SCR to again become blocking. C1 simultaneously discharges 

through SCR 3 in a forward direction and through SCR 4 in a reverse 

direction.ThiswillcauseSCR4tobecomenon-conductivejustthesameSCR1.Thisentire 

sequenceisreferredtoascommutationandtypicallyinamoderninverterwouldoccurina 

periodoftimelessthan50microseconds.Duringthisinterval,chokes1and2musthave 

sufficienttransientimpedancetopreventasignificantincreaseincurrentfromtheDCsource. 

 

Diodes1,2,3and4servetwofunctions.Thefirstistoreturnanystoredenergythatmaybe "kicked 

back"fromtheloadtothesource.Theyalsoservetopreventthechokefromgenerating a high transient voltage 

immediately after commutation. 

 

 
Figure:5.14Circuitdiagramofparallelcommutatedinverter 
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ThreePhaseDC-ACConverters 

 

Three phaseinvertersare normallyusedforhighpowerapplications.Theadvantagesofathreephase inverter are: 

 

• The frequency of the output voltage waveformdepends on the switching rate of theswtiches and hence 

can be varied over a wide range. 

 

• Thedirectionofrotationofthemotorcanbereversedby changing theoutputphasesequenceofthe inverter. 

 

• Theacoutputvoltagecanbecontrolledbyvaryingthedclinkvoltage. 

 

ThegeneralconfigurationofathreephaseDC-ACinverterisshowninFigureTwotypesofcontrol signals can be 

applied to the switches: 

 
• 180°conduction 

 

• 120°conduction 

 

 
Figure:5.15Circuitdiagramofthreephasebridgeinverter 

 

180-DegreeConductionwithStarConnectedResistive Load 

 

The configuration of the three phase inverter with star connected resistive load is shown in Figure.The 

following convention is followed: 
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 •Acurrentleavinganodepoint a,borcandenteringtheneutralpointnis assumedtobepositive. 

 

• Allthethreeresistances areequal, . 

 

Inthismodeofoperationeachswitchconductsfor180°.Hence,atanyinstantoftimethree switches remain on . 

When S1is on , the terminal a gets connected to the positive terminal of input DC source. Similarly, when 

S4is on , terminal a gets connected to the negative terminal of input DC source. Therearesix possible 

modes of operationina cycleandeachmodeis of 60° durationandthe explanation of each mode is as follows: 

 

 
Figure:5.16Circuitdiagramofthreephasebridgeinverterwithstarconnectedload 

 

 

Mode1: Inthismodethe switches S5, S6andS1areturnedonfortimeinterval .As aresult 

ofthistheterminalsaandcareconnectedtothepositiveterminaloftheinputDCsourceandthe 

terminal b isconnectedtothenegativeterminaloftheDCsource.Thecurrentflow through Ra, Rband Rcis shown 

in Figure and the equivalent circuit is shown in Figure. The equivalent resistance of the circuit shown in 

Figure is 
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(1) 

 

Thecurrenti deliveredbytheDCinputsourceis 

 

 

 

(2) 

 

Thecurrentsiaandibare 
 

 

 

(3) 

 

Keepingthecurrentconventioninmind,thecurrent ibis 
 

 

 
(4) 

 

Havingdeterminedthecurrentsthrougheachbranch,thevoltageacrosseachbranchis 
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(5) 
 

 

Figure:5.17Mode1operationofthreephasebridgeinverterwithstarconnectedload 

 

 

 

 

 

Figure:5.18CurrentflowinMode1operation 
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Mode2:Inthismodetheswitches S6, S1andS2areturnedonfortimeinterval .The 

currentflowandtheequivalentcircuitsareshowninFigureandFigurerespectively.Followingthe 

reasoninggivenformode1,thecurrentsthrougheachbranchandthevoltagedropsaregiven by 

 

 

 

(6) 

 
 

 

(7) 

 

 
Figure:5.19Mode2operationofthreephasebridgeinverterwithstarconnectedload 

 

 

Figure:5.20CurrentflowinMode2operation 
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Mode3 : Inthismodetheswitches S1,S2andS3areonfor .Thecurrentflowandthe 

equivalentcircuitsareshowninFigureandfigurerespectively.Themagnitudesofcurrentsandvoltages 

are: 

 

 

 

(8) 
 

 

 

(9) 

 

 
Figure:5.21Mode3operationofthreephasebridgeinverterwithstarconnectedload 

 

 

Figure:5.23CurrentflowinMode3operation 
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Formodes 4, 5and6the equivalent circuits will be same as modes1, 2and3respectively. The voltages and 

currents for each mode are: 

 

 
 

 

 

for mode4 (10) 

 

formode5 (11) 

 

for mode6 (12) 

 

Theplotsofthephasevoltages(van,vbnandvcn)andthecurrents(ia,ibandic)areshownin Figure 

Havingknownthephasevoltages,thelinevoltages canalsobedeterminedas: 

 
 

 

 

 

(13) 

 

The plotsof line voltages are also shown in Figureand the phase and line voltages can be expressed in 

terms of Fourier series as: 
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(14) 
 

 

 

 

 

(15) 
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Figure:5.24Lineandphasevoltagesofthreephasebridgeinverter 
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ThreePhaseDC-ACConverterswith120degreeconductionmode 

 

 
Figure:5.25Circuitdiagramofthreephasebridgeinverter 

 

120°modeof conduction 

 
In this mode of conduction, each electronic device is in a conduction state for 120°.It is most suitable for 

a delta connectionina loadbecauseit results ina six-step typeof waveformacross anyof its phases. 

Therefore, at any instant only two devices are conducting because each device conducts at only 120°. 

The terminal A on the load is connected to the positive end while the terminal B is connected to the 

negative end of the source. The terminal C on the load is in a condition called floatingstate. Furthermore, 

the phase voltages are equal to the load voltages as shown below. 

Phasevoltages=Linevoltages 

VAB= V 

VBC=−V/2 

VCA=−V/2 
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Figure:5.26Lineandphasevoltagesofthreephasebridgeinverter 
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∫ƒ 

Voltagecontroltechniquesforinverters 

Pulsewidthmodulationtechniques 

PWM is a technique that is used to reduce the overall harmonic distortion (THD)in a load current. It uses 

a pulse wave in rectangular/squareformthat results in a variableaverage waveform valuef(t), after its 

pulse width has been modulated. Thetime period for modulation is given by T. Therefore, waveform 

average value is given by 

 

𝑦= 
1 𝑇

(𝑡)𝑑𝑡 

𝑇0 

 

 

 

 

Figure:5.27SquarewaveformusedforPWMtechnique 

 

SinusoidalPulseWidthModulation 

 

In a simple source voltage inverter, the switches can be turned ON and OFF as needed. During each 

cycle, the switch is turned on or off once. This results in a square waveform. However, if the switch is 

turned on for a number of times, a harmonic profile that is improved waveformis obtained. 

The sinusoidal PWM waveform is obtained by comparing the desired modulated waveform with a 

triangular waveform of high frequency. Regardless of whether the voltage of the signal is smaller or 

larger than that of the carrier waveform, the resulting output voltage of the DC bus is either negative or 

positive. 
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Figure:5.28SinusoidalPWMwaveform 

 

Thesinusoidalamplitudeis givenas Amandthat ofthecarrier triangleis giveas Ac. For sinusoidalPWM, the 

modulating index m is given by Am/Ac. 

 

ModifiedSinusoidalWaveformPWM 

 

A modified sinusoidal PWM waveform is used for power control and optimization of the power factor. 

The main concept is to shift current delayed on the grid to the voltage grid by modifying the PWM 

converter. Consequently, there is an improvement in the efficiency of power as well as optimization in 

power factor. 

 

 
 

 
Figure:5.29ModifiedsinusoidalPWMwaveform 
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MultiplePWM 

 

The multiple PWM has numerous outputs that are not the same in value but the time period over which 

they are produced is constant for all outputs. Inverters with PWM are able to operate at high voltage 

output. 

 

 
Figure:5.30BlockdiagramofmultiplePWMtechnique 

 

ThewaveformbelowisasinusoidalwaveproducedbyamultiplePWM 

 

 
Figure:5.31WaveformofmultiplePWMtechnique 
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VoltageandHarmonicControl 

 

A periodic waveform that has frequency, which is a multiple integral of the fundamental power with 

frequency of 60Hz is knownasa harmonic. Total harmonic distortion(THD) onthe other handrefers to the 

total contribution of all the harmonic current frequencies. 

Harmonicsarecharacterized bythepulsethatrepresentsthenumberofrectifiersusedinagiven circuit. 

Itiscalculatedasfollows 

h=(n×P)+1or−1 

Wheren− isaninteger1,2,3,4….n 

 

P−Numberofrectifiers 

 

Harmonics have an impact on the voltage and current output and can be reduced using isolation 

transformers, line reactors, redesign of power systems and harmonic filters. 

Operationofsinusoidalpulsewidthmodulation 

The sinusoidal PWM (SPWM) method also known as the triangulation, sub harmonic, or sub oscillation 

method, is very popular in industrial applications. The SPWM is explained with reference to Figure, 

which is the half-bridge circuit topology for a single-phase inverter. 

 

 

 
Figure:5.32schematicdiagramofHalfbridgePWMinverter 
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For realizingSPWM, a high-frequencytriangular carrier waveis comparedwitha sinusoidal reference of the 

desired frequency. The intersection of and waves determines the switching instants and commutation 

ofthemodulatedpulse. ThePWM scheme is illustrated inFigure, in which vcthepeak valueoftriangular 

carrier wave and vris that of the reference, or modulating signal. The figure shows the triangle and 

modulation signal with some arbitrary frequency and magnitude. In the inverterof Figure the switches 

andarecontrolledbased onthecomparisonof controlsignalandthetriangular wave whichare mixed ina 

comparator. When sinusoidal wave has magnitude higher than the triangular wave the comparator output 

is high, otherwise it is low. 
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Figure:5.33Sine-TriangleComparisonandswitchingpulsesofhalfbridgePWMinverter 

 

The comparator output is processes in a trigger pulse generator in such a manner that the output voltage 

wave of the inverter has a pulse width in agreement with the comparator output pulse width. The 

magnitude ratio of Vr/VCis called the modulation index (MI ) and it controls the harmonic content of the 

output voltage waveform. The magnitude of fundamental component of output voltage is proportional to 

MI . The amplitude of the triangular wave is generally kept constant. The frequency modulation ratio is 

defined as 

 

ƒ𝑟 

F=ƒ𝑚 M 
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Figure:5.34OutputvoltageoftheHalf-Bridgeinverter 

 

Operationofcurrentsourceinverterwithidealswitches 

Single-phase Current Source Inverter 

 

 
Figure:5.35Singlephasecurrentsourceinverter(CSI)ofASCItype 
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Thecircuit ofa Single-phaseCurrent SourceInverter (CSI)is shown inFig. 5.35.Thetypeofoperation is 

termed as Auto-Sequential Commutated Inverter (ASCI). A constant current source is assumed here, 

which may be realized by using an inductance of suitable value, which must be high, in series with the 

current limited dc voltagesource. Thethyristor pairs,Th1 & Th3,andTh2 &Th4,arealternativelyturned ON 

to obtain a nearly square wave current waveform. Twocommutating capacitors − C1 in the upper half, 

andC2inthelower half, areused. Four diodes, D1–D4areconnectedinseries witheachthyristor to preventthe 

commutating capacitors from discharging into the load. The outputfrequency of the inverteris controlled 

in the usual way,i.e., by varying the halftime period,(T/2), at which the thyristorsin pair are triggered by 

pulses being fed to the respective gates by the control circuit, to turn themON, as can be observed from 

the waveforms (Fig. 5.36). The inductance (L) is taken as the load in this case, the reason(s) for which 

need not be stated, beingwell known. The operation is explained bytwo modes. 

 

 
Figure:5.36outputwaveformsofSinglephasecurrentsourceinverter 

 

ModeI: Thecircuit for this mode is shownin Fig. 5.37. Thefollowing aretheassumptions. Starting from the 

instant, , the thyristor pair, Th − t = 0 2 & Th4, is conducting (ON), and the current (I) flows through the 

path, Th2, D2, load (L), D4, Th4, and source, I. The commutating capacitors are initially charged equally 

with thepolarity as given, i.e., . This mans that both capacitors haveright hand platepositiveand left hand 

plate negative. If two capacitors are not charged initially, they have to pre-charge. 
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Figure:5.37ModeIoperationofCSI 

 

 

 

ModeII:Thecircuit forthismodeis showninFig.5.38.Diodes,D2& D4,arealreadyconducting,but at 

= tt 1 , diodes, D1 & D3, get forward biased, and start conducting. Thus, at the end of time t1, all four 

diodes, D1–D4 conduct. As a result, the commutating capacitors now get connected in parallel with the 

load (L). 

 

 
Figure:5.38ModeIIoperationofCSI 
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LoadCommutatedCSI 

Two commutating capacitors, along with four diodes, are used in the circuit for commutation from one 

pair of thyristors tothesecondpair. Earlier, alsoinVSI, if theloadis capacitive, it was shown that forced 

commutation may not be needed. The operation of a single-phase CSI with capacitive load (Fig. 5.39) is 

discussed here. It may be noted that the capacitor, C is assumed to be in parallel with resistive load (R). 

The capacitor, C is used for storing the charge, or voltage, to be used to force-commutate the conducting 

thyristor pair as will be shown. As was the case in the last lesson, a constant current source, or a voltage 

source with large inductance, is used as the input to the circuit. 

 

 

Figure:5.39CircuitdiagramofloadcommutatedCSI 

 

The power switching devices used here is the same, i.e. four Thyristors only in a full- bridge 

configuration. The positive direction for load current and voltage is shown in Fig. 5.40 Before t = 0, the 

capacitor voltage is , i.e. the capacitor has left plate negative and right plate positive. At that time, the 

thyristor pair, Th2 & Th4 was conducting. When (at t = 0), the thyristor pair, Th1 & Th3 is triggered by 

the pulses fed at the gates, the conducting thyristor pair, Th2 & Th4 is reverse biased by the capacitor 

voltage C = −Vv 1 , and turns off immediately. The current path is through Th1, load (parallel 

combination of R & C), Th3, andthe source. The current in the thyristors is ITi, the output current is 

Iac= I 
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Figure:5.40VoltageandcurrentwaveformsofloadcommutatedCSI 

 

NumericalProblems 

1. Asingle-phasehalfbridgeinverter hasaresisloadof2.4Wandthed.c. input voltageof48V. 

Determine:- 

(i) RMSoutputvoltageatthefundamentalfrequency 

(ii) OutputpowerP0 

(iii) Averageandpeakcurrentsofeachtransistor 

(iv) Peakblockingvoltageof eachtransistor. 

(v) Totalharmonicdistortionanddistortionfactor. 

(vi) Harmonicfactoranddistortionfactoratthelowestorderharmonic. 

 

Solution: 

 

(i) RMSoutputvoltageoffundamentalfrequency,E1=0.9¥48=43.2 V. 

(ii) RMSoutputvoltage,Eorms=E=48V. 

Output power = E 2/R = (48)2/2.4 = 960 W. 
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(iii) Peaktransistor current =Ip=Ed/R=48/2.4=20A. 

Average transistor current = Ip/2 = 10 A. 

(iv) Peakreverseblockingvoltage, 

VBR=48 V. 

 

 

 

 

2. A single phase full bridge inverter has a resistive load of R = 10 Ω and the input voltage Vdcof 

100 V. Find theaverage output voltage andrms output voltage at fundamental frequency. 

3. A single PWM full bridge inverter feeds an RL load with R=10Ω and L= 10 mH. If the source 

voltage is 120V, find out the total harmonic distortion in the output voltage and in the load 

current. The width of each pulse is 120° and the output frequency is 50Hz. 
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