Threephase aalc power supply design and experiments using a sic based power module

By

Chintan A. Raval

B.E., Gujarat Technological University, 2014

A THESIS

Submitted in partial fulfillment of the requirements for the degree

MASTER OF SGENCE

Department of Electrical and Computer Engineering
College of Engineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2017

Approved by:

Major Professor
Dr. Behrooz Mirafzal



Copyright

© ChintanRaval2017



Abstract

The rise of We Band GagWBG) devices has brought excitement in the fiefd?ower
converters The WBG based convertecan operate athe very high frequency and
temperature making them ideal to use in harsh environmBméscommercialization of
WBG devices such aSiC and GaN MOSFETs has made it interesting gower
engineering professionals all over the wollHdeuse ofWBG devices capable of operating
at high switching frequencieseduces the overall systesize dramatically with added
benefitof improved pwer quality at igh temperatureThe main goal of this thesis is to
design and test an ADC converter based aSiC power moduleThe designed rectifier
can be consideredn active rectifierequippedwith a controller to constantly provide
feedbackfor modification of switching signals to get the desireautput voltage.The
designed active rectifier converts the varying frequency input power supply into rectified
DC voltage while keeping the power factor of the system to ufittis thesis covers
elementary nformation on power supply design, switching schemes and desitije of
controller. System arrangementll provide more light onthe use of Six Channel
MOSFET Gate Driver from CRE®ith the overall experimentssetup.The eperimental
analysis will summare the behavior othe systemwhere information on achieved
rectification, effect on the line currents at the generator amtluding power factor

representatiors described
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Chapterl-l nt roducti on

1.1 Motivation

AC-DC converter®r rectifiersfind application inday-to-daylife as a front end to DAC
convertersand DC-DC converterswith buck, boost or buck boosapabilities Most low power
apdications use dioderidgerectifiers Bridge rectifiers naturally have effect on AC mains so in
high power applications it becomes very important to desygtens, whichcan have control on
these sinusoidal current® on the move systems, is important to have smallesystemsize
Many investigationshave been reported in the literature to reduce the size and weighirof the
proposed systems with the use of wide band gap de\igs]. The resarch on $devices is in
such a statewhere limitations of physical properties oimaterial are being encountered
Conventional power devices have limitations such as switching speed of the defficescy
etc. Therefore the overall systemsihuge in size and weight. The recent advancement and
commercialization in the field of wide band g&¥BG) power devices haallowed researchers to
go on higher switching frequencies and harsher environment for the switching devices. Higher
switching freency hassignificant impact orreducing thesize of the magnetic components
which are essential forqwerapplicationg1]. The reverse blocking capability of this material is
remarkable that leads to the possibility of gsiwery high DC bus voltagébue to physical
properties of wide band gaj@vicesijt is possible to go on higher fregpucies

A novel AC/DC converter orrectifier, which is essentially arctave rectifier, is proposed
in this tesis, focusing onperatingat Unity Power Factor(UPF)andredu@dthe overall gstem

size.



1.2 Problem Statement

The objective of this thesis is togign and testan active rectifier.The active rectifier,
which isrequired to ensure a UPF operation with use obmaller sizeof magnetic components
required for the rectifierA threei phase AC generator operating at different speeds provides the
AC supply voltage, which is varying in frequency and magnituliee operation of UPF implies
that the input currents are sinusoi@ald in phase with the input voltagassuming the input

voltages are sinusoidal.

1.3 State of Art
Wide Band Gap devices

Wide Band Gap(WBD) semiconductors are semiconductors made upaiérial, which
has wider band gapenergy gap between valence band conduction band. The wider band gap
implies that it will take more energy for electrons to move from valence band to conduction band.
Wider band @p represents the strength of crystal bonds in matEriall.1 shows the difference

of energy gap beteen different material classes.

overlap

- - i
band

metal semiconductor insulator

Electron energy

Fig. 1.1: Energy andgap in materials



The termwide band gagemiconductorsoverentire family of materials consisting of SiC
(Silicon Carbide), GaN (Gallium nitride), Alumum Nitride (AIN) and semiconductor diamond
(C) etc. Fig. 1.2 shows comparison of barghp of different semiconductors materialdis
property has numerous advantages. To name a few, WBD has low carrier concentratidthe
energy required to cross the band gaps is high so that the concentration of electrons that cross the

band gap is smaller than that of typical Si devices.

Si=1.1leV
SiC=3.3eV
GaN = 3.4eV

Diamond = 5.5eV

Fig. 1.2: Band @gp of semiconductomsaterials

The leakage currents are proportiona tor&  so the devices can operate at much higher
temperaturefgl]. The dielectric breakdown fieldgtrength of WBD is approximately 10 times that
of Si devicesSiC devices can be made to have a thinner drift layer or in other words high doping
concentration, so they have very high breakdown voltagesaradl resistance compared to Si
devices[1]. Furthermore, VBD have reduced enerdgsses, lghervoltage operations, higher
operating frequency, and improved power quality when compared toidgp Si material
semiconductorg3]. Table 1.1 extracted frorf8] summaizes the key properties of different

semiconductor materials.



Table 1-1: Key properties for semiconductor materials[3]

Parameter Si 4H-SiC GaN Diamond
Energ/ bandgafo (eV) 1.1 3.3 3.4 55
Critical electric fieldO (MV/cm) 0.25 2.2 3 10

Electron drift velocityp (cm/s) [ p pTm | ¢ pPpT|C& pT| & pT

Thermal onductivity_ (W/cm-K) 15 4.9 1.3 22

Apart from the advantages of WBG seonductors, there are several challenges
associated with these semidoictors such as increased EMghQ X2 @andQ #Q @nd increaseé
system cogb]. In this thesis, the experimental results highkdhe advantages explored from the

SiC MOSFETSs with reduced system size.

1.4 Contribution

The keycontribution of this research is tlievelopment of aactive UPF rectifier based
on SiC MOSFET gate driver modu@erable at higbwitchingfrequencie$> 50 kHz], receiving
the supply voltage fromaariable speed thrgghase generat@nd using smaller size of magnetic
componentss filter. This thesisalso summarizes bagmwer supplydesign popular switching
schemes and elementary information on desighe controllersThe eperimental analysis will
highlightthe behavior of the system at certain power rating while keeping the paster éf the
system near unity as the AC supply voltage varies in both frequency and magRiiutiermore,
the resech performed for this thesis assists the design of an active rectifier with inputs and outputs

to the system given.



1.5 Outline of Thesis

This thesis is comprised dfix chapters.Apart from this introductorychapter where
overview is presehy Chapter 2will provide comprehensive summary datifferent rectifier
topologies power factor corrector rectifiers, brief information on importance of power factor
correction and harmonic mitigation

Chapter 3addressesirge pulsewidth modulationswitching techniga (SPWM) and third
harmonic injection in spwniTHIPWM), basic discussion on controller desfgnthe system to
achieve Unity Power Factor and generatioprefhargepulsesfor the system

Chapter 4will shedlight on the proposed experimental setsjrulation of system and
details on the setupcludingSiC gate dver, use ofdSpace anéFPGA

Chapter5 will highlight the result and analysis from the setdgnally, conclusion and

future use of the systeimdiscussed in final chapter.



Chapter2-L i t er Qtt wd e

Rectifiers are the devices used to convert AC voltages intolB€se converted voltages
are trenapplied to different types of loadSome of theskads require high voltagesome require
high current and some require both. This rectification im@st cases unidirectionahn ideal
rectifier is theone thatproducesa minimum ripple in DCvoltage Most rectifiers are supplied
from a line transformer at the utility sideis vital to minimize the use of these bulky transformers
in modern power ektronics. This chapter briefly provides discussiontlmnclassification of
rectifiers, theiradvantagesand limitatiors. Towards the end othe chapter,there isa brief
discussion oprominentpower factor correctdhreephaseaectifier. Vienna rectifer. To explain

the classification some of theatifier parameters are necessary to address.

Vs(1)

_H_ V.(t) LoAD

Fig. 2.1: Basic rectifier acuitry

Fig. 2.1 shows a basic rectifier circuitry. Whese,0 is the insantaneous input voltage
andw O is the instantaneous rectified load voltager the ease of discussiomthis chapterthe
diodes andthyristors are considered &ieal i.e. there is no forward voltage drop, no reverse
recovery time antheydo rot have turn oiil off delays In addition,the load is purely resistive so
voltage and load currehave similar waveforms.

TheaverageDC voltage orload can be written as:
@ -, w000 (2-1) [6]

Wherew is the average DC voltage.



Therootmeansquare (rms) value of the load voltage can be expressed as:

© - ® 0Q0 (2-2)

Wherew is the load voltage

The currents can beritten as,
Qo — (2-3)
0o — (2-9)
0 — (2-5)

WhereO is average value of load current &0 the rms value of load current.

2.1Basic Rectifier parameters

Rectifier parameters are useful in comparitng performance of different rectifier
structures. Although there are many parameters, the parameters discussed in this sectidg are most
elementary

2.1.1Form Factor (FF):

Form Factor (FF) of a redier is the ratio of the roetneansquare value to the mean value

of voltages.

& & — (2-6)

2.1.2 RectificationRatio (RR):

Rectification ratio(Rectification efficiencyan be expressed as the ratio as,
_ = (2-7)

Where



0 w J0 (2-8)
0 w J0 (2-9)
0 'Y 00 (2-10)

Here,0 is thepowerlosses in the rectifieRp is the equivalent resistance of rectifier. In
case of ideal switcheg 1t
2.1.3Ripple Factor (RF):

Ripple Factoris a meaure of the ripple content. It denotemoothness of/oltage

waveform in the output of the rectifier or the quality of rectification.
YO — —— (2-11)

Wherew W ® isthe rms value of the ac componenth&loadvoltagew 8

2.1.4Transformer Utilization Factor (TUF):
Transformers provide isolation between the input of the rectifier and grid. TUF is the ratio
of the DC output power to theansformer votampere (VA) rating required by the secondary

winding [6].

Y'Y0O — m}% (2-12)
C

Where,w 0 andw 0 are power ratings at primary and secondareftrarsformer.

2.2 Classification of Rectifiers

Rectifiers have evolvetb amature stateTherehave beemanyrectifier topologies since
the evolution of diodes and thyristokdncontrolled or linecommutated rectifiers usualbpnsist
of diodes Most diode ectifiershave fixed frequency input A@ltagesfixed DC output voltage

Controlled rectifiersor Phasecontrol rectifiershave control on switching devices and usually



consistof thyristors where the thyristors act aswitch and have two states: ONit&t and OFF
state (i.e. achieved by providing suitable gate trigger pullséhe case of diode rectifierspad
current flows when diodes conduct andhiecase of phase rectifiers, the load current flows when

the thyristors conduckig. 2.2shows antiempt to classify the rectifiers based on their openatio

control[6].
[ [
F { Half-wave —  Diode bridge
ﬂ' Single phase - =
— L Using CT
Full wave transformer |
—
[ — Voltage doubler
—‘ Uncontrolled —
S — Half-wave —
— Threephase — Bridge
- Full wave  — —
n — Multlphase —  Star rectifier
2 E E— S .
5 ' Half controlled
& — - Half-wave -
— Smgle phase Bridge circuit
Full wave JE—
— Using CT
— ] transformer
—‘ Fully Controlled — — '
Half controlled
Half-wave  —— bridge
hFuIIy controlled
j Threephase Full wave  — bridge
PFC

Fig. 2.2: Rectifier Qassification[6]

Apart from thesdwo categoriesshovn Fig. 2.2 there are rany tybrid rectifier construdions
proposed byesearchers, whicarepopular inthe industry Traditional rectifiers ar@sually constructed
using diodesThese diode rectifiers a@sovital in the home andn industrial equipmen to feed in

between DC link to electronic circuitryo include all the constructions and the state of thefatiese



constructionganbe very prolongedAnother rectifier classificatiomyased on the direction of power flow,
regenerative rectifiers nabe found irtheliterature[10] [11]. In the following sections, few of the most
common rectifier constructiorssediscussed.

2.2.1 Uncontrolled Rectifiers:

2.2.11 Single-phaseHalf-wave Diode Rectifier:

()

oY

A %o |

Fig. 2.3: 1 - %ounidirectionalhalf-waverectifier
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Fig. 2.4: Voltage and current waveform af- %ohalf-waverectifier
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As shown in therig. 2.3, the 1- %.half-wavediode rectifierwith resistive loadjives the
fixed average outyt voltage. Theidde conductsluring thepositive half of cycle (i.e. T/2). During
the negative half cyclehe diode is reverse biased and actarespen circuit. From observation
of the voltage and curremélationship of this ciradry, peak voltagew @ . The inverse
voltage seen by the diode in its blocking state is the negative halfafyttle AC voltages o .

Using the equatioB-1,

P . A

w o w 0Qo
—. Wi Qt0Qo — (2-13

Similarly,

p ’ Ny \

() ~ w 0Qo0
— 6 OEDBOAO — (2-14)
0 — —— (2-15)
0 — - (2-16)
00 — - (2-17)
YY — ™8 Tu (2-18)
YO — —— p& p (2-19

2.2.1.2Single-phasefull -wave diode r ectifier:
Full-waveredifier using CTCenter Tapped) transformer uses both halvesadsary

AC. Diode D1 conducts durinipe first half cycle and Diode D2 conducts duritinge other half

11



cycle. The cemr tap provideshereturnpath for current to flow. The loadirentOflows throudn
the @ommon point of the diodes thrgl the resistorCombining the output of two of thebalf-
waverectifiers,1- %ofull-wave rectification in load achieved. The fulave diode rectifier using

centertapped transformer is showing Fig. 2.5.

N
-1
D1
Vs(®)
Vi
Ve(t) —__ i
R -
Vs(®)
D2
N
1

Fig. 2.5: 1 - %oFull-waverectifier using CT transformeg]

Using the equation-2,

p A
6 7 6 OAO

— 6 OEJOA O ¢— (2-20)
» - ® 0Q0o

- @ [0t 000 = (2-21)
0 — ¢— (2-22)
0 — = (2-23)
0 — —= ppp (2-24)
Y'Y — @) p (2-25)
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YO — ——— myo (2-26)

Although this rectifier performs better than tredf-wave there arsome drawbacks. When
D1 conducts, D2 see the inverse voltage of both the secondary in the blocking state.

Fig. 2.6 shows the most commonly used bridge rectifier.

D1 )S D2 /\

) V: 120
. 6 w: 2*pi*60 H R1

17T

Fig. 2.6: 1 - %full-wavediodebridge anddiode-bridgerectifier

Single-phase Diode Bridge rectifier

The bridge rectifier has the similar waveform that of CT rectifier but the construction of
this rectifier is simpleOutput waveform shown ithe Fig. 2.7 displays the wltage andcurrent
relationship of thel- %ofull-wave diode rectifier using centetapped transformesind the diode
bridge During the positive half cyclediodes D1 and>4 conduct providing® . During the
negative half cyclediodes D2 and D3 condugtrovidingw . In each cycleall the diodes
conductfor the same amount of time.

The following table adapted frof] summarizes the rectifier parameters for sifghase

rectifiers as discussed in the prior section.
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Fig. 2.7: Voltage and current waveform @f- %.full -wave rectifier

Table 2-1: Parameters for singlephase diode rectifiers

Half-waveRectifier | CT Rectifier | Diode Bridge
Form Factor 1.57 1.11 1.11
Rectification Ratio 0.405 0.81 0.81
Ripple Factor 1.21 0.482 0.482
Peak Repetitive reverseltage (0 ) 3.14Vpc 3.14Vpc 1.57Voc
rms Input voltagger transformer ley's 2.22\pc 1.11Vpc 1.11Voc
Output ripple frequencf 6 fi 12f; 12f;
Diode Average Current 1.00lpc 0.501pc 0.501pc
Transformer rating primary VA 2.69Poc 1.23Ppc 1.23Ppc
Transformer rating secondary VA 3.49Ppc 1.75Ppc 1.23Ppc

The values in the tabkrein termsof w
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2.21.3 Variations in single-phaser ectifier circuitry:
Voltage nultiplier:
Voltage miuktipliers are specified rectifier circuitry, whitcheoreticallyproduces voltage
which is an integer multiple of the AC peak val\eltage multpliers are usually employed when
very highvoltage sources are requirdide current demand is smahd regilation is not important
in the rectifiersysten]9]. The wltagedoublercircuit convertdhepeakof AC input voltagen to
direct voltageoutputc Jo by transferring charge from one capacitor to another dthiggpsitive
half cycle and recharging the first capacitor without discharging the other capacitor in the negative
half cycle[9].

Rs1

[+

/\D1 =

Cl1

Full-wave Doubling Ciruit

Rload |:| 2Vm

! Vm Sin wt

@ VAN - ™

I+

Rs2

Fig. 2.8: 1 - %oFull-waveDoubling drcuit

The operation of this circuit is as follows: Diode D1 operatekepositive half cycle
and charges the capacitor C1, Diode D2 operatésharges C2 durintpe negative half cycle.

Voltage Doubler circuit exhibits very high inrush currents with input capacitors. Resistors Rs1

15



and Rs2 restrict these inrush currehtsre,6p  60¢ and’Y Y .

2.2.1.4 Polyphase ectifier systems:

In thesingldé way structures i.e. one diode per phaseh diode conductghile, the other
diodes are ira blocking state. The operation ofthese structureBecome more suitableas the
number of phases increas€sy. 2.9 shows the representatiof asingle-way rectifier with m
phasesEach phase has samotage amplitudeand same frequency.

Va (), b1
N
LA

V52 (t)

. 2
[~

Vg3 (O )
D3 1
I CALLLD 0,
1 l/l 1
i Ve i

Vioad (t) Ry

(T Do

[

Fig. 2.9: m-phase single way rectifier

Fig. 2.10shows the waveforrof the voltageshere m = 3) and of theurrent inthe load.
There I s a phase shift Bdch dinpo de dc drett canetesn
be seen that inn@ period therarea specific numér of peaks (pulses), depending upon the number
of phases and rectifier structuresingleway structures, the number of pules (p) egtahumber

of phases (m), i.e. m = p.
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Fig. 2.10: single way rectifier waveform (m = 3)

The rectified voltage> can be written by,
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(2-27)[13]
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From the definition of Form Factor (FF),

00 — ——— (2-29)

It is seen from eq.-29thata © Hb ‘00 — O p YOO 1 (2-30)

It means that by increasing the number of phases in apbalse singlevay rectifier structures,
the rectification can be improved i.e. smoother output voltagepossible to increaske number
of pulsesusing ahighernumber of seaadary coils in the secondary transformers.

Thereis a significantamount of details and variations of these transformers and their
interconnectiongound in the literature(For moreexample, see[[6] [13]) Few basic topologies
shown belowandarefrom [6].

A basic3- « starrectifier circuit is shown irFFig. 2.11. It is three singlgphase halvave
rectifierscombined The diode inreachphase conducts during the period when the voltage on

that phase is higher than that of the other two phases.

D,
~J
11
B
Ve Vry b
h
| | R ™~
Vin
—_— R
D, -
~J
Y L1

Fig. 2.11: Threephase star rectifier
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The singlephasehalf-waverectifier andthe threephase star rectifier shown kg. 2.11
have direct currents in theecondary windings which causansformer core saturation issUués.
This core saturatin canbe avoided by haviniipezig-zag arrangement in secondary windings. The
modified circuit is shown irfFig. 2.12 In a threephase intestar rectifier each secondary phase
voltage is obtmed from two equaboltage secondary windings connected in sefiigg. currents
in the primary of thetrash or mer do not sum to zer aongeotedi t 6 s I

primary windingg6].

v

D, Ry
™~
||

Fig. 2.12: Threephase intestar or zig- zag rectifier

Connection with conventional thrgghase mains and using mgssix-phase star rectifier
can be representes shown irFig. 2.14. The dode in each phase wducts when the voltage in
that phase is higher than other phasdse dode conducts for* o conduction angleThe
disadvantage of this rectifier is that only one rectifying element conducts at a time poorly utilizing

secondary of the transformer.
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B Y
Dy
Ds
D¢

Fig. 2.13: Six-phase staconnected rectifier recreated frgfj

2.2.1.5 Three- phasediode bridge rectifier
Instead of havin@ separatevinding fora single pule for each phasé is possible to reduce
the number of windings by having twice number of pulses than phasgs, i.&d . Threephase
diode bridge rectifier shown fig. 2.15is most commonly usetireephasaliode rectifiercircuit
for low power applicationsThe conduction angle of each diode isfo. Each diode condugtn
a sequencelThe conduction sequencerfdiodesis 12, 23, 34, 45, 56 and 6Ihe voltage and

current waveforms of the thrgdhase diode bridge rectifier are shown in Fig. 2.16.
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Fig. 2.14: Threephase tde Bridge rectifier

Using the equation-2,

® 600 g Vgt | "QE 0Q 0

P L

® - 6 0Qd

-, ® [0t 0 pHuLI

The ms current from each winding can be given by,

0 w. o
o Y_ _ _ I
00 — p8iTw
YO — — 181 ¢
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Fig. 2.15: Voltage and arrent waveform of the thrgghase bridge rectifier

In Fig. 2.15, the secondary of the transformer is in Y configuratibis.possible to increase
the number of pulses of a diode rectifier without having one phase per conducting element or even
in the case of bridge connectioRrom the thregohase mains distributiofour combinations for

the connections at primary and secondary are possible for a distribution trans@itero @
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QQGQADO 0w QQaandwz @ as shown inFig. 2.17. Star and delta connected
secondary have natural phase shift @ in output voltage. By connecting star connected and
delta connected bridge rectifievgetherit is possible to achieve rectification astifs 12-pulse

rectifier.

Fig. 2.16: Threephase transformer connections

A delta primary has three main lines without neudiradl avoids excitation unbalanégch
winding is tiedto two lines. The delta primary avoids excitation unbalance as thsinosoidal
exciting currents taken from the supply cesatomplete amperturn balanceAs compared to

delta secondary witthe same turn ratio between primary amtendary, Y secondary has some

advantages. Mainly the rectified voltage/is times higher; the current in the windings is same as
in the load andt has areasily accessible common zgyoint[13]. In the case of threghasealiode
bridge rectifier, any combination of star or delta connected primary and secondary are feasible as

the currents in the secondary agenmetrical6].

2.2.1.6 Six phasediode seriesbridge rectifier

Threephasestar connected andeltaconnectedrectifiers connected in series maldee
series bridge connection of these mplilse rectifiers. The combined output will have double
ripple frequencyn dc (in this case 12 times the input frequenig). 2.17 shows siphase series

bridge rectifier Other parameters of this series bridge rectifiedaseribedn Table 2.26].
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Fig. 2.17: Six-phase sriesbridge connectiofi6]

2.2.1.7 Six phasediode parallel bridge rectifier

Another application by connecting these star and delta connected bridge rectifier is six
phase parallel bridg&ig. 2.18 shows a sighase parallel bridge rectifi€Bix-phase Series
Bridge provides a higher voltage at thetput;however, to have higher current output, the
parallel bridge can be used. Similar to thease series bridge, sphase parallel bridge has
higher ripple frequency (12 times the input frequency)
The table 22 from [6] summarizes some important rectifp@rformance parameters for six

phase rectifiers.
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Fig. 2.18 Six-phase prallelbridge connectiofi6]

Table 2-2: Parameters for sk-phase diode rectifiers

Parameter Six-phase | Six-phase serie§ Six-phase parallel
star bridge rectifier controlled bridge
rectifier rectifier (inter -phase
transformer)
Form Factor 1.0009 1.00005 1.00005
Rectification Ratio 0.998 1 1
Ripple Factor 0.042 0.01 0.01
Peak Repetitive reverse volta@ge ) 8t ww ™ ¢ ® P8t un
rms Input voltageer transfomer legVs X W T YW ™ p W
Diode Average Current ™™ P ™ 0@ ™ @0
Output ripple frequenci 0Q p CQ p €Q
Transformer rating primary VA P& b P8t @ P8t @
Transformer rating secondary VA | p& @ P8t W P8t W)




With morepulses rectifiers will havebetter utilization, less ripplend higler ripple frequency.
These Igh ripple frequency ripples arelativelyeasier tdilter. The advantages of systems with
thenumberof pulses higher than Ifas limitationof increasedomplexity of the rectifier system
[11].

It is important to vary the output of the rectifier to fit the @ehs. Diode rectifiers provide
the output voltage with fixed ratio of input AC voltages. To match the demands, the diodes in the
diode rectifiers are substituted with all or some thyristdhe following sections will provide

more information on such tojmies.

2.2.2Fully Controlled Rectifiers

Uncontrolled rectifiers do not have control on ttedtageconverted from AC to DC. This
control on converted poweragheved with the use of devices like thyristors, transisstzd-ully
controlled rectifies can be classified brogd in terms of their contro] as Ine commutated
(thyristor rectifiers) anddrce commutated rectifiers (PWM rectifiershhis section will provide
information onthecommoncommutated rectifier.
2.2.2.1Single-phaseHalf-wave Rectifier:

Singlephasehalf-wave thyristor rectifies can be constructed as shownFig. 2.19. A
single thyristor controls the load voltage. Thalg thyristor in the circuit conductsvhen the

voltage across thyristoro is 0 ‘@nd a trigger puks or gate puls€Q is applied to the gate

terminal.
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