
J. lrzdiun Itlst. Sci., Sept.-Oct. 1997, 77, 439-455. 
O Indian Institute of Science 

MANJUSHA DAWANDEtL:, V. RAJAGOPALAN:"": AND 6. K. DuBEY~:~::~ 
:bDepartment of Electrical Engineering, University of Raorkee, Roorkee, Formerly with EE Dept. Univ, of Quebec 
4:.FCPEE-Hydro-QuibeclNSERC, Industrial Research Chair, DCpartement de @lie Electrique, Universitk du Qukbec B 
Trois-RiviZres, Qukbec h Trois-Rivikes, Qubbec, GOA 5H7, Canada 
":*:!:Dept. of Electrical Engineering, IIT, Kanpur, 208016. 

Abstract 

This paper presents various single phase and three phase Switch Mode Rectifiers (SMRs). A comparative evaluation 
of SMR topologies is provided which helps the destgn engineer to select the low cost, best choice as per the applica- 
tion requirement. Several active current waveshaping techniques operating with continuous/discontinuous rnode of 
conduction and variablelconstnnt switching frequency operation have been discussed. 
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Since 1980, Switch Mode Rectifiers (SMRs), operating with close to unity power factor, have 
become the object of increasing interest. SMRs have been used extensively in power supplies, 
n h q m x e s s o r  developn~ent and cnmputcr supplies, industrial requirements like relayidigi~al 
hardwiredlprogriti11111able logic controllers performing interlocking, sequencing and nlonitoring 
operations in rcfinerics, coal mines, cen~enr/ptiper/steel mills, telecommunication equipments, 
space equipn~ents, niilitary equipments etc. These applications require ac to dc uncontrolled 
converters to htindle unidirectional power flaw. The unidirectional power conversion has been 
done using prirntirily, single phase and three phase diode rectifiers. Today, in mast cases single 
phase and three phase switch nlode rectifiers have replaced them in low and medium power 
applications. Requirements and the limits specified by the IEEE standard 519 and IEC-555 
aroused interest in active current waveshaping techniques and their use in SMRS'" . Active 
current waveshaping techniques are used for current har~nonic reduction to satisfy ITEEE stan- 
dards. They overcome the disadvantages of passive current waveshaping techniques and im- 
proved the perfbrnlancc of the conventional single phase and three phase uncontrolled rectifiers 
significantly. 

These SMRs are broadly classified as (1) single phase SMRs and (2) three phase SMRs. 
Variety of SMR circuit configurations have been developed in the past decade. These SMRs 
have employed different active current waveshaping techniques involving (i) Continuous Mode 
of Conduction (CMC) and (ii) Discontinuous Mode of Conduction (DMC). Continuous mode 
of conduction may have operation with (i) Constant Switching Frequency (CSF) or (ii) Variable 
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Switching Frequency (VSF) while discontinuous mode of conduction generally etnploys ;I CWI- 

stant switching frequency operation. . 
This paper gives a comparative evaluation of the availahle singlc phasc ;wi thrcc ph:isc 

SMR topologies and various active current waveshaping techniques used in SMRs. 

Single phase and three phase diode rectifiers with output filters (L-CI ore C O I ~ I I I O I I ~ ~  ~ c d  in 
many applications. These conventional rectifiers have the advantage of' simple design. ~ s y  in,- 
plementation and adequate reliability. However, they suffer f r ~ m  a number 01' dis:dv:int:lpcs 
such as (i) pulsed input currents rich in harmonics (ii) distortion at the source icm~inds l i i i  l l(w 
power factor (iv) ripple in the output dc voltage etc. Further. the harmonics gcncr:\tr'll at ihc 

source terminals have a number of undesired effects such as malfunction of' c.lc.ctrrmic q u i p -  
ments connected to the line, excitation of system resonailccs, overloading of capacitors, cfe- 
crease in efficiency owing to increase in losses due to harmonic current, inturfcrcnce with tc'le- 
phone lines and saturation of transformers. The low power extor has to bc coi~~pcilsared \vith 
appropriate reactive power compensation. Filters are required to rernwc i~lput ci~srcnt ~:II.IIIOII- 
ics. The output dc voltage ripple deteriorates load performance and there is a nwd fir L\ suittthlt 
L C  filter to restrict the ripple content within reasonable limits"". 

Passive current waveshaping techniques were employed in the I '  to i ny row the 
power factor of the conventional single phase bridge rectifier. The technicpcs cn~ployeil wainly 
passive filters such as (i) L-C filter (ii) sesonant filter (iii) ferroreson;tnt trzir~sfi)rrz~cr ;it thc itqml, 
An L-C input filter was commonly used with a single phase diode rcctilicr ill tlic hcginning ' s '  '. 
The power factor abviously improves with an increase in the valuc of  1,. Ilowevcr, thc lasgc 
value of L is uneconomical. The addition of capacitor C improves the power' factor rwi-giilaily 
(0.865) but does not improve efficiency and distorts the supply voltage signit'icuntly. "E'hc parul- 
lel and series resonant input filters have also been employed. The parallel sttsc~nant ir~pnt l'ilrer 
can achieve a maximum power factor of 0.957". The major clisadvitntsges 01' the serics I + C h ~ l l i i l i t  

input filter are the large size of the passive elernents and high rrns currtnt in ihc capacitor. 'X"hc 
technique, hence, is found unsuitable for the normal supply fscquency of M)/hO X3l. Eirn~rrvcr, it 
is more suitable for high supply frequencies (20 kHz) in space plntli,m~s'''. 

In case of three phase bridge rectifiers with output L-C filtcr, a good powcr I'r1r:ttrr(O.~15) can 
be obtained by maintaining the direct current constant through the inductur I,. I-lowtvcr, to Sill- 

isfy these requirements, the value of inductor L required is considerably high. hiso. h;mwnic 
analysis of the input supply current waveform shows the presence of high v;ilucs o f  tilih :lnd 
seventh harmonic components (20% and 14% of the fundamental rcspectivclg). l ' l ~ r ~  II:II.~IIOII- 
ics also cause distortion in the supply voltage. 

Passive waveshaping techniques have been suggested to i~uprovc the input stlpplp corrcnt 
distortion and power factor and to reduce input rrns current for three phase amverte1.s. A tllrce 
phase uncontrolled converter using a tuned L-C parallel tank circuit in the incoming supply 
lines has been suggested1'. The tank circuit eliminates specific ac line current htlm~ooics. thus 
improving input ac line current waveform, power factor and reducing the input supply vnl~:ipc 
distortion marginally. As such, input filters are necessary to reduce the hitrnlonics in tllc supply 
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lines. The filter size makes these rectifiers unattractive in some applications, although these are 
widely used in PWM based modern drives. 

It should be noted that the output voltage control is not possible without appropriate change 
in the input supply voltage. The L-C filter at the output also does not provide good regulation of 
the autput dc voltage. The passive current waveshaping techniques though simple, easy to im- 
plement and reliable, suffer from many disadvantages such as (i) requirement of large size of 
passive elements, (ii) improvement of power factor in narrow operating region and (iii) large 
output dc voltage ripple causing voltage control problems especially in inverter applications. 
These disadvantages are overcome by the active current waveshaping techniques. The active 
current waveshaping techniques make use of the self cornmutated switching devices such as 
MOSFETs, IIGBTs etc. Active current waveshaping techniques show remarkable improvement 
in the performance. Variety of circuit topologies have been developed for single phase and 
three phase Switch Mode Rectifiers (SMRs). SMRs employing active current waveshaping 
techniques have definite advantages over passive current waveshaping techniques. The com- 
parative study of active and passive waveshaping techniques is presented in reference16. Major 
advantages of SMRs using active current waveshaping techniques are mentioned below. 

1 .  Very small lower order harmonic components in input current, 

2. Small size of output dc voltage filter capacitor. 

3. Close to unity power factor operation in wide operating region. 

4. High efficiency. 

5. Light weight and reduced size and hence could be portable. 

6. Economical. 

However, active current waveshaping technique has the disadvantage of requiring additional 
control logic. 

A boost type ac-dc converter is shown as in fig.1, Fig1 (a) and (b) are well suited for single 
phase and three phase SMR respectively. Several authors have used this topology extensively" 
2 X using various approaches. In this converter, switching occurs at a rate substantially higher 

, . - ,  

I Netwok A i NetwrkB + I ; ! Network C 
, . , . ................................................................................................... ;,. , ...................................................................................................... 

a 1 b) 

F~G. 1 a. Boast type SMR, b) Network C for three phase SMR. 



following advantages : 

3. Single capacitor bank is required. 

However, this standard SMR has the following disadvantages. 

1. The dc side inductor has to work satisfxtorily without saturation. 'l"hi>, riuy concltrait~ tlrc 
use of an iron core inductor under certain conditions dcpcnding upcw tire ripplu rr t w.1 
the switching frequency. 

2. A separate blocking diode Db on the output side is requireti to uvoid dixcllitrgitlp of' o t ~ t j ~ i i t  

capacitor Cd during ON mode of the switch. 

3. The ON mode losses depend upon the conduction of' twcl diodes of tiic hridgc rvctificr anti 
! the switch while OFF mode losses depend upon conduction of' two diodcs of tllc Irricfjgc and 

the blocking diode Dh. Therefore, conduction losses ;ire consiclcnthle. 

Various other single phase SMR configurations havc bccn dc~c l~~p~ t .1 .  'I'llq arc h n t n  in  
fig.2 and fig. 3. These SMRs overcome one or more disadvantages of  the hfitllihtl'bj ShllZ. IJrirl' 
description of these SMRs and their comp;iralive study IW givcn hclotv. 

SMRs shown in fig.2 (a,b,c,e) 2"-23 show the not:lble chimgcs such 11% lkb hide imluilor i s  ~ i o  

longer necessary; instead an ac side inductor is required, It helps nlso in sctluciiig I ~ K  fllcctrct 
Magnetic Interference (ENII) effect. The blocking diode ISI, is also ci i~~lirlittt"cl. ' 1 ' 1 1 ~  IN' 01' i r k -  
trinsic diodes of the MOSFETs is done effectively in (a-c) and (6). SMKs shown in i' i j i! r ;i h )  
give the additional advantage that lower conduction losscs arc possil.de. hccausc thr+ current 
flows through two semiconductors (one diode, one MOSFET) only in both tlw i m d c s  d' ojrerik- 
tion. Configuration of fig.2 (c) '~ with two switches connected ;it inlwt side Irii\ licen rswipo- 
lated for three phase SMR. SMR with centre-tapped tr~\nsforn~cr" is UI  lig.2 ( i l l  :&tr has low 
conduction losses. SMR of fig 2 (e) uses only two diodes but rcquircs t \ ~  o ~ l p u t  c:tp;sitw 
banks. The banks produce higher ripple voltage comp;ircd to a single copacilor I\:ti~h. ' f i r .  rc- 
quired value of capacitor goes up for the same output power, o u t p ~ ~ i  tic volt;igc ;to4 ri~llllc voll- 
age. However, this configuration has an added advantage of direct cxtcnsiort t t )  ~hrttu t,hase, 
where a modest value of the output capacitor bank will be required. Multicl~solrcl ~wirch'hlodc 
Rectifier (MSMR)"~'~~'"~ shown i n  fig. 2 (f). It has two channels :md c;ch cl~iu~ncl can ofxritcc 
independently. Two channels help in reducing the illput current ripplc. Furtl1r.l- ripplc rcductitm 
of the current is possible by additional chantiels. 



MANJUSWA DAWANDE et al. 443 

How lo increase the efficiency o f  the SMR further has become a topic of interest. Going 
bi.tck to the discussions on conduction iind cornmutation losscs, it is true that the standard SMR 
has commutation losses which reduce the overall efficiency of the SMR. Similarly the switch 
used in sfandarc1 SMR undergoes himi commutation. The conduction losses 'are significant, as 
the current flows through three power semiconductors sirnultaneonsly. SMR in f ig2 (g) reduces 
the commutation losses of standard SMR by using auxiliary commutation  circuit^^'*'^. How- 
ever, the conduction losses continue to be high. Both conduction losses (due to only two de- 
vices in current path) and switching losses (due to soft commutation) are reduced in SMR of 



444 SWITCH MODE RECTIFIERS - A STATUS REVIEW 

fig.2 (h12'. Zero Voltage Switching (ZVS) commutation is composed of auxiliary dicrdcs TIi. D,, 
D5, Do, the resonant inductor L,., the resonant capacitors C3, CJ, on auto-tcinsfimwr i~tai ;luxil- 
iary switch S3. The intrinsic diodes and capacitors of the MOSFETs SI  and S2 also involve in 
the soft commutation process. The basic idea used for reduction of the conduction losses in the 
device is that the MOSFET that is ON will conduct the current i n  thc rcvcrsc direction (l'roln 
source to load) and the current will not flow through the intrinsic cliodc of the MOSFII1' hut 
through the MOSFET itself. Secondly, the voltage stresses for :dl power scrniconductos 
fixed under all load conditions. Therefore, a higher- efficiency is achicveci hy XVS corntnutaticm 
of the main switches and ZCS commutation of the auxiliary switch. 

The simple SMR with minimum number of components, low conduction Iosscs, high input 
power factor and higher efficiency, fig2 (a) , has been adopted casily by the industsics. Hybrid 
power developed by International Rectifier (IR) of this SMR is s11ow11 in fig. 3. Table 
1 gives a comparative list of the available SMRs in terms of numbcr of diodcs, h/IQSFE'T's, in- 
ductors and capacitor banks required. It gives the Forward Blocking Voltiige (FBV) c;qxhilitp"' 
required for the switching device in the respective SMR. 

Active current waveshaping techniques are broadly classified in two modes ol' ctrntlucrirm 

1. Continuous Mode of Conduction (CMC) 
2. Discontinuous Mode of Conduction (DMC) 

Continuous mode of conduction adopts two ways of operation n:imcly, ( i )  Constant S\jlitching 
Frequency (CSF) and (ii) Vasiable Switching Frequency (VSF), while the discontinuous mode 
of conduction operates mostly with constant switching frequency opcration. 

A. Continuous mode ofcotzductiort 

The various active current waveshaping techniques have bcen impleltlcr~tecl with stimciarct SMJI. 
The major control strategies used are mentioned below. 

1. Hysteresis Current Control (HCC) with constant hysteresis current window""."' '' 
2. Bang bang Hysteresis Current Control 17-" 

3. Constant Switching Frequency current control with error traingulation." 
4. Constant Switching Frequency with predicted current control"". 
5. Sinusoidal Pulse Width Modulation (SPWM) control" 
6. Indirect Current Control ( I C C ) ~ ' ~ ~ ~  

Control techniques 1 and 2 operate with variable switching frequency. whilc tllc otlles striitegies 
operate at constant switching frequency. 

Variable switching frequency techniques 

In case of SMR using HCC with constant hysteresis win do^"'^"'""', the input owrent drawn 
from the source is maintained within a current window + Ai. The ;tctual cunnlt, thcrefcm, fol- 
lows the reference current closely within the window ?I Ai. Obviously for sinall values of k AZ 
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FIG. 3. Hybrid power module of' SMR (courtesy International Rectifier). 
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the input current drawn is near sinusoidal. The switchin$r frequency is it, f~~nct ior l  c t f  1: .Li ;md 
increases considerably for small values of -t Ai. SMR with this control s~r.atcgy i s  f'itirlj hi~nptc,  

In case of bang bang hysteresis current contni l 7  "', the inst;m~;meous value id r .li iJrpcr,da 
upon the instantaneous value of current reference and is n fixcd pcrccntagc ot it. ' I l l i \  cor~trcrl 
strategy yields instantaneous current control which is its main ncivantagc. f frwn LY, ir hi\\ thc 
serious disadvantage that the switching frequency is vcry sensitive tct thc loat1 ctwtliiioilx. Spt%- 
cifically, the switching frequency is vcry high near the zero crossover of the cili.rcbn[. r ' i  11iglt;il 
controller (P and PI) for bang bang current control is realized with stanchi SRII.1 . 

HCC techniques are simple to implement and yield Fat dynunlic x.espotw" trtmc\'r wtll.r 
from the disadvantages of non-unifclnn gating instances, and v;iri;d4c mf I t u c l  ~ic~~crltlet~t 
switching frequency. The disadvantages of variable switching Srcqucncy c q w a t  i t  trl i l k  SICIK 
have been eliminated by constant switching frequency opcnitictns which ;ire clissttv,ctl fwlo\r. 

Constant switching freyuetzcycy techniques 

In case of constant switching frequency current control with cm)r triimguli~tik m ' '. r lai cl )I hi.- 
tween the reference and feedback currents is triangulated to get tllc n e w w r y  pilting pul\t.*s t i w  
the control of the boost switch and the error is t ' cmx i  to remain hettvcw the 1l\ilhi111\111\ i \~ld  

minimum levels of the triangular waveform. In this manner, input conrt l t  ii)llowr thu  rcfcr~~ncc 
current waveform closely. The technique, however, has a restricted current corztnd rarlge, wliiclr 
is a disadvantage. 

Constant switching frequency with predicted current control"' cvpcratcs with the inwige 
OFF duty ratio 'd' which is forsnulated by combining the ON and O W  nlodes oI'opcr*;tti<m. The 
quantity d is compared with a triangular waveform of desired switching irecllicl~cy to t h i n  111~. 

gating signals for the switching device. The value of  d varics betwect~ 0 and I and i ts  instanta- 
neous value is predicted for the next switching cycle. However, the complexiiy o f  thC contn)l 
circuitry increases and simplicity is Iost. 

Conventional SPWM t e~hn i~ue* ' .~ '~  is implemented in SMR. It does not rcquirc ;my ciaho- 
ration here. It is applied at higher carrier frequencies so that the dominant hilrrnonic ct)mponalt 
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call be easily filtered out with sinall values of filter components. SPWM being a constant 
switching frequency operation overcomes the disadvantages of HCC. 

The Indirect Current Control is obtained by proportional dc voltage feedback and consider- 
ins the L$- effect in the feedback loop for dynmic con~~ensation~'~ '~.  It indirectly controls the 

phase a id  m:lgnitude of the supply current. SMR with ICC may use two series connected con- 
verters for implcnlcntnion2!. One of the converter is a unidirectional power converter and the 
otlier a hi-directional auxiliary converter. SPWM technique is used for the control of both the 
converters. It c'1imin:ites the need of current sensing. However, the requirement of two SMRs is 
uneconomical. 

Discontinuous rnocie of conduction niostly operates with constant switching fi-equency. It is 
robust and its implementation cost is low, bccrtuse it does not require sensing of input voltage. 
During the ON ~nodc of operation of the boost switch, the input ac current flows through a 
boost i~lductor, diodes and switch. Consequently, the input current begins to increase at a rate 
proportional. to the instantitnews vdut  of supply voltage. Since the supply voltage varies sinu- 
soidally, the peaks of input current also vary sinusoidally. The rectifier input current drawn 
from thu supply is in thc ti-mn of discontinuo~~s pulses. The input current consists of fundamen- 
tal component of utility mains frcqucncy and ti band of unwanted high frequency components 
centt'~-txi ; I I ' O L I E ~ ~  the switching l'xc1uency of the boost switch. Since the switching frequency is 
in the order of swur;il kHz, filtering out of the unwanted input harmonics becomes easy with 
less bulky filter. 

It can hc noted that the input currcnt control in discontinuous mode of conduction, DMC, 
can be achievccl h y  following rnorics of opcrntion of' the boost switch: 

4. Constant t'r.t.cluc.ncy with turn-off at clock time control 

The Dh4C is discussed in detail with threo p h ; ~  SMRs in thc ncxt section. 

Tlie three phase SMR can be constructeci by replacing the network A of fi'ig.1 (a) by network C 
of fig. I fb). The remnining dc converter network semains unchanged. 

A three phase SMR wit11 HCC technique has been realized using three single phase SMRS'~. 
The circuit configurntion is shown in fig. 4. It operates with continuous mode of conduction and 
retains all the ndvmtagcs of HCC technique mentioned earlier. This configuration, however 
increases the nti~nber of components to three times as compared to a single phase SMR and also 
generates triplet1 harrnanics in thc input supply current. Full utilization of the transformer core 
and copper for the windings is not possible owing to the use of three individual single phase 
transformers. 
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BLOCK A 

FIG. 4. Three phase SMR using three single phase SMRs. 

The three phase SMR operating with DMC" is shown in fip.5 ( i l ) .  I t  uses ;I single bwst 
switch on dc side to control the load power flow. Each diadc in tflc rcctil'iur uontiucts fbr 180 
degrees. The ON time of the boost switch and its switching frcquoncy is CO~II-ollcci to give dis- 
continuous current pulses. The peaks of the current pulses show :1 sinusoicid wvcfope. I h c  to 
the high switching frequency of the boost switch, the lower order 21ar11lonic.s arc cr)irsiclcrnhly 
reduced. The number of components in this SMR are quite less :is ~<~nlpit~-cd t r r  the thrw ph;ist' 
SMR using HCC technique as mentioned earlier. This thret. phase SMIP twcscortluh ;dl rhtl cfis- 
advantages of the three phase SMR suggested in fig. 4 while rctuinitzg all the ;ttlv;t~~t;ig~'s;. H w -  
ever, it has the following disadvantages, 

1. Substantial increase in current stresses of the switching ctcvicc ;mi riiodcs c i t x  t t l  the dis- 
continuous nature of the current. 

2. High ripple content of the switching fsequency in the rectifier input. currenrls. 

3. Poor power factor at low duty cycle operation of boost switch. 

4. No linear relation between reference and actual currcnt. This poses tiil'licrrlrie~ irt cjl.)t;ti~.ri~ig 

a closed loop control scheme. 

Last two disadvantages have been eliminated by developing ;I t u u l i t ~ i q t c  wllich t1pcr;ktcs 
with DMC and uses Equai Area Criterion (EAC)'! Two techniques iire sriggcslud tilr the dis- 
continuous conduction viz. (1) Variable turn-on time (1) uonstilat t u n ~ ~ i ~  timc. lflrcc phitse 
SMR shown in figJ(a) uses constant turn on time operatioil. EAC illeitas t I u ~  it sbimld yield the 
same area for the discontinuous current pulse as that of the areit under scliwncc input current in 
every switching period. Two programmable methods have heen suggstctl r t )  ticrive ilw torn-tm 
time mathematically. This criterion gives the linear relation bctwecrl rclikx.er~c~c ant! ;ictt~i~l curk 
rents which helps to realize a simple closed loop control system. Hifill power i~m~lic;klit)~a arc 
possible, because of good performance achieved even at low switching frcc1~iencivs, which arc 
within the capabilities of GTO's and IGBTs. 

Three phase SMR with DMC, fig.5 (a), has been amlyzud by space veutt~r cdcuius which 
allows a direct mathematical description of three phase systems. This iivoids the use of a single 
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(i) 

FIG. 5. Threc phase SMR cimfiguratiorw with DMC. 

phase equivalent circuit. Space vector based analytical analysis shows the effect on the mains of 
three phase SMR by the dynamics of the output voltage control. This analysis is based on sub- 
stitution of discontinuous time shapes within a pulse period by quasi-continuous time shapes. 



S M R  shown in f ig5 (b) uses the input capacitors C3, Cb, CC c~nnected to C ; I C ' ~  ph;~sr: ;tnd 
the boost inductor is connected to the dc side of SMR". 11 o p c ~ k s  wilh IIMC. Tbc cocsgy 
transfer from input capacitor to boost inductor takes place during the ON inodc o f  hwst  
switch. Therefore,the capacitors are discharged by the resonating switch currcnt. 1)iotlc.s of 
the bridge start conducting after the discharging of the input c:lpacitrjrs, l'he cnclpy stt~rccl 
in the boost inductor is delivered to the load during the OFF tnodc of optration. Input capttci- 
tors are charged again with respective phase currents till the ON mode operation. This SkIR 
configuration gives the additional advantage of diode conduction with xen) vt Wci~rrent switch- 
ing. 

The family of SMR topologies operating with DMC have been reportcci. l 'h r~t .  phasc SM1.I 
with a single switch and inductive input with one inductor and one oap:tcitor or t\vo inrIui*ioss 
and two capacitors4" produced the variety in three pllase SMR topologies. 1'11~y arc sllu1121l iil 
fig. 5(c-d). Three phase single switch S M R  with isolated multiple output topologies x e  shrnwr 
in fig. 5(e-f). Three phase multiple (three-switch) switch SMR is shown in fig. 3 g ) .  'I'Iw cun- 
trol scheme is simple, though three switches are used, because all thc thrcc hwitcilcs arc patccl 
by the same control signal. It reduces further the current stresses on an il~dividu;d s ~ v i  t c t ~  Fig. 
5(h) uses the capacitor for internal energy starage. It  provides thc x i c l i  tioniil f'itcility of' ourput  
voltage hold up in the event of ac line voltage fi~ilure. Another thsee 1 h s c  SMK whioh t~ses  
cascaded push-pull arrangement is shown in fig. S(i). 

SMR with coi~tinuous mode of conduction is presented and shown in  f'ig. h ( a ~  'l'hc d ~ w v -  
backs of DMC are eliminated here. Moreover, the drawbacks of' SMR of' l'ig. 4 ,  opmt  ing iv i th  
CMC are also overcome by using a single three phase bridge ructific'r m.1 not tt~rcc single. pl~asc 
SMRs. This SMR requires six switching devices on thc ac sick :ind :~llotvs I SO" cc+~ntfuutioli ot' 
the rectifier diodes. HCC i s  employed for realization of the SMK'.'. 

Few more SMR configurations opernting with CMC have been scj,ortuf. 1;ig.h (h-tf) LISC 1131: 

PWM and HCC waveshaping techniques. These SMRs require six switching tlcvicus. 'l'hc s t x  

connected and delta connected bi-directional switches have been shown in SMlti in Fig. Mc) 
and (d) respectively. Two current control operating modes for the SMR arc. s~rggesteri. These 
modes are based upon a stacked dual boost converter. A dual current ctrntrul rao& ohtains wry 
low current THD~'. 

The techniques discussed above are mostly based on cu~rent wavesh;ipiog techniques, thus. 
preventing current harmonic components to be generated. Another appmich (11' dc linc current 
modulation is suggested for line current rectification. It has been shown in the 1itcratu1-c3 thiit tlx 
line current harmonics can be significantly reduced by modulating the dc side current at bar- 
monk frequency and then injecting the modulation current back in to the ac side"". To achieve 
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Fn;. 6. Three phase SMK cor~figurtltions with CMC. 

neuly sinusoidal line current rectification in three phase SMR, the harmonic injection scheme 
has been implemented'". Fig. 7(n) shows the three phase SMR with third harmonic modulated 
interface with thrtx phase supply. The reduction of the line current harmonics is obtained by 
injecting the third harmonic current. The scheme consists of two step up dc-dc boost converters 
which rnodul:ites the current in the ctc link and makes it (i,, + i3) and (it, - i3), where i3 is the 
third harmonic mcrdulation cur-rent flowing in thc dc-link inductors. The summed up current 2i3 
is injected into the ac side of the rectifier by means of a current injection network which cam- 
prises three L,  0, branches. The i~!jectcd current subtracts from the rectifier input current and 
makes the supply current n w c :  sinusoidal. Howevc~; this is achieved by the addition of one 
switch and additional crmtrol corrrplexity. 

Further, the problem due to high frequalcy operiition requires to minimize the EM1 and 
switching Ir~sscs. This n~i~limizrttion is made possible by incorporating the Zero Voltage 
Switching (ZVS) or Zero Current Switching ( K S )  techniques. Advanttages of ZVS and ZCS 
techniques indude reduction of switching losses in the semiconductor switches and operation at 
high frequencies, thereby reducing the size of magnetic storage and Filter components. A zero 
current switching in three phase rectification circuit is obtained at an additional cost of Zigzag 
tran~forrner'~ "'. SMR in Fig. 7(b) implements the Zero Current Switched Quasi Resonant 
(ZCS-QR) boost converter instead of using a hard switched boost converter as in Fig. 7(a). It is 
sefe'ened to as "Three Phase Minnesota Rectifier". The third harmonic injection is done through 
zigzag transformer , However the principle remains the same as discussed earlier4'. Table 2 
gives a comparative study of the sixteen three phase SMRs in terms of number of diodes, 
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FIG. 7. Three phase SMR configurations with harmonic il!jections. 

MOSFETs, inductors and capacitor banks etc. It also helps in finding the Forwrml Rhxking 
Voltage(FBV) capability required for the switching device in respective SMR. 

Single phase and three phase switch mode rectifiers have been wed extensive!} in t nan  y appli- 
cations. Nine single phase SMR configurations and sixteen three phase SMK crmf'iguri\tio~ls 
have been reported here. It gives the ready reference of all possible SMR topdogics, rcquircd 
number of semiconductor switches, filter components which help in firdin2 the Itrsscs in thc 
devices, device ratings, efficiency, weight, cost etc. Active currcrrt waveshaping tcclmiqucs 
operating with CMC and DMC are discussed here. Techniques suth as HCC oper;tlc with v x i -  
able switching frequency while SPWM, EAC, ICC operate with constant switching f i u l t i c ~ q .  
SMR using ZCSIZVS, space vector calculus ,harmonic injection tcchniclucs arc. also pointed 
out. It is difficult to evaluate the best active current waveshaping techrlirpc its each technique 
has its own advantages and disadvantages. Similarly, as expected no siizglc SMK configuri\tian 
is ideal for all applications. However, knowing the application requirt.~ncnts , til'fi~rrfi~hlu num- 
ber of components, desired efficiency, this paper enables the design engiwcr t u  nxtke a gwd 
choice for the required application. 

Table 2. 
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