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Abstract—New regulations impose more stringent limits to [13], [14], [15], are not regenerative and are suited for appli-
current harmonics injected by power converters, what is achieved cations where power is not fed back to the power supply.
with Pulse Width Modulated (PWM) rectifiers. In addition i,y ever, there are several applications where energy flow can

several applications demand the capability of power regeneration - ) . .
to the power supply. be reversed during the operation. Examples are: locomotives,

This paper presents the state of the art in the field of regenerative downhill conveyors, cranes, etc... In all these applications, the

rectifiers with reduced input harmonics and improved power line side converter must be able to deliver energy back to the

factor. _ ~ power supply.

Z?é’é"\‘/’v%'ﬁsthfgii ?:?r?lees ;(;‘g ditr?gr;egc;%?éslestggt\gg{ezupply are consid- This paper is dedicated to this specific type of rectifiers, shown

Special attention is given to the application ofvolltage and current W!th da.Shed line in Fig. 1, which P_F’erate in four quadrapts

source PWM rectifiers in different processes with a power range With @ high power factor. These rectifiers, also known as Active

from a few kilowatts up to several megawatts. Front End (AFE), can be classified ¥sltage Source Rectifiers

This paper shows that PWM regenerative rectifiers are a highly (VSR) andCurrent Source Rectifie@CSR).

tdaer:/cﬂopm and mature technology with a wide industrial accep- The following pages present the most important topologies and

' control schemes for single and three phase operation. Special

Index Terms— Power electronics, regeneration, rectifier, high attention is dedicated to the application of these converters.

power factor.
I. INTRODUCTION —

HE AC-DC conversion is used increasingly in a wide
diversity of applications: power supply for microelectron-

ics, household-electric appliances , electronic ballast, batte}ry Diode | | SCR | Non Regenerafive Regenerative (AFE) |
charging, DC-motor drives, power conversion, etc... [1]. | 1 1 : 1
As shown in Fig. 1 AC-DC converters can be classifiefs mutipuise » Multipulse » Boost i| » Voltage Source Rectifier

. . . . . » Others » Dual Converters » Vienna 1| » Current Source Rectifier
between topologies working with low switching frequenc » Others : :
(line commutated) and other circuits which operate with high Resemmsssseesssneeeeee !
switching frequency. Fig. 1. General classification of rectifiers.

The simplest line-commutated converters use diodes to trans-
form the electrical energy from AC to DC. The use of
:jhyriztorst aIIow:fstl;]or the ;:ontlzol of enetrgtydflow. Thte mgin . PWM VOLTAGE SOURCE RECTIFIERS
isadvantage of these naturally commutated converters is the . o
generation of harmonics and reactive power [1], [2]. K] Single-Phase PWM Voltage Source Rectifiers.
Harmonics have a negative effect in the operation of thel) Standard for Harmonics in Single-Phase Rectifiers:
electrical system and therefore, an increasing attention is paide relevance of the problems originated by harmonics in
to their generation and control [3], [4]. In particular, severdine-commutated single-phase rectifiers has motivated some
standards have introduced important and Stringent limits @gencies to introduce restrictions to these converters. The
harmonics that can be injected to the power Supp|y [5], [GlFC 61000-3-2 International Standard establishes limits to all
[7]. low-power single-phase equipment having an input current
One basic and typical method to reduce input current harmo#ith a “special wave shape” and an active input power
ics is the use of multipulse connections based on transformBrs600W. The class D equipment has an input current with
with multiple windings. An additional improvement is the us@ special wave shape contained within the envelope given
of passive power filters [3]. In the last decade active filtet§ Fig. 2-b). This class of equipment must satisfy certain
have been introduced to reduce the harmonics injected to frmonic limits. It is clear that a single-phase line-commutated
mains [8], [9], [10]. rectifier shown in Fig. 2-a) is not able to comply with the
Another conceptually different way of harmonics reductioftandard IEC 61000-3-2 Class D as shown in Fig. 3. For
is the so called Power Factor Correction (PFC). In thed@ditional rectifiers the standard can be satisfied only by
converters, power transistors are included in the power circgflding huge passive filters, which increases the size, weight
of the rectifier to Change acti\/e|y the waveform of the |npu':tnd cost of the rectifier. This standard has been the motivation
current, reducing the distortion [11]. These circuits reduder the development of active methods to improve the quality
harmonics and consequently they improve the power fact6f,the input current and, consequently, the power factor.
which is the origin of their generic name of PFC.
Several PFC topologies like Boost and Vienna rectifiers [12],
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Fig. 4. Single-phase PWM rectifier in bridge connection. a) power circuit.
Equivalent circuit with b)I; and7y ON; c) 7 andZ3 ON ; d) 7y andT3

Fig. 2. Single-phase rectifier: a) circuit; b) waveforms of the input voltagg, T, and T, ON.

and current.
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Fig. 3. Harmonics in the input current of the rectifier of Fig. 2-a)

2) The Bridge connected PWM Rectifier:
a) Power circuit and working principleFig. 4-a) shows

V. Lepof T,,T
oref Voltage sref + Current 1772 >
Controller Controller
- T 3 T 4
vV, .
0 s Ly

Fig. 5. Control scheme of bridge PWM Rectifier.

If k=-1, then the inductor voltage will be positive, so the input
currentz, will increase its value.
Finally, if k=0 the input current increase or decrease its value
depending ofvs. This allows for a complete control of the
input current.

b) Control scheme:The classical control scheme is
shown in Fig. 5. The control includes a voltage controller,
typically a Proportional-Integrative (PI) controller, which con-

the power circuit of the fully controlled single-phase PWMrols the amount of power required to maintain the DC-link
rectifier in bridge connection [16], which uses four transistosltage constant. The voltage controller delivers the amplitude
with antiparallel diodes to produce a controlled DC voltagef the input current. For this reason, the voltage controller
V,. For an appropriated operation of this rectifier, the outpoutput is multiplied by a sinusoidal signal with the same
voltage must be greater than the input voltage, at any tirpase and frequency thanm, in order to obtain the input
(Vo > Vi). This rectifier can work with two (bipolar PWM) current referenceger. The fast current controller controls the

or three (unipolar PWM) levels as shown in Fig. 4.
The possible combinations are:
i SwitchT; andT, are in ON state andy, and 73 are in
OFF statepare = V,,. (Fig. 4-b))
ii SwitchT; andT}, are in OFF state and@, and73 are in
ON state,varg = V. (Flg 4-C))
iii Switch T} andT3 are in ON state andy and T}, are in
OFF state, off; andT3 are in OFF state and, and T}
are in ON statepare= 0. (Fig. 4-d)).

The inductor voltage can be expressed as:

vy = L% = vs(t) — kV, (1)

where k=1,-1 or 0.

input current, so the high input power factor is achieved. This
controller can be a hysteresis or a linear controller with a
PWM-modulator [17].

Fig. 6 shows the behavior of the output voltage and the input
current of the PWM rectifier in response to a step change in
the load. It can be observed that the voltage is controlled by
increasing the current, which keeps its sinusoidal waveform
even during transient states.

As seen in Fig. 6, a ripple at twice of power supply frequency
(2ws) is present in the DC-link voltage. If this ripple passes
throw the voltage controller it will produce a third harmonic
component iniges. This harmonic can be reduced with a low-
pass filter at the voltage measurement reducing the controller
bandwidth.

If k=1, then the inductor voltage will be negative, so the inpufig. 7 shows the behavior of voltage and current delivered by

currenti, will decrease its value.

the source. The input current is highly sinusoidal and keeps
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Fig. 9. Single-phase PWM rectifier in voltage doubler connection: a) power

. i . . 0
Fig. 6. DC-link voltage and input current with 50% load step. circuit; b) equivalent circuit with T ON; c) equivalent circuit withil> ON.

A ’is
the peak value of; to ensure the control of the input current.
The possible combinations are:
- i. SwitchT; is in ON state= vare = V1, SO the inductor
>t voltage is:
i di
y v, = Lﬁ =ws(t) = Vo1 <0 2
asvy, is negative, the input current will decrease its value.
il. SwitchT; is in ON state= vare = — V0, SO the inductor

Fig. 7. Waveform of the input current during normal operation.

voltage is:
= Ldis = vs(t) + Vi 0 3
in phase with the voltage, reaching a very high power factor VL= T vs(t) + Vo > ©)
of PF~0.99. aswvy, is positive, the input current will increase its value.

Fig. 8 presents the waveforms of voltage and current wh
the rectifier works in the regeneration mode. Even in this ca
the input current is highly sinusoidal.

Therefore the waveform of the input current can be controlled
%%/ switching appropriately transistofls and7; in a similar
way as in the bridge connected PWM rectifier.
b) Control schemeThe control scheme for this topology
is almost the same than the control for the bridge connection as

a) Power circuit and working principle:Fig. 9 shows seen in Fig. 10. The most important difference is the necessity

:he pl)ower cireuit Ioftthe voltage df[)uhbler P\(/jV;/I recr:]t'lflre]:r. Th'%f a controller for voltage balance between both capacitors. A
OpOIogy USES only tWo power Switc € an 2, Which are %jmple P controller is used to achieve this balance [18].
switched complementary to control the DC-link voltage an

the input current, but requires two filter capacitétsandC,.
The voltage on each capacitdr;, Vo) must be higher than

3) The Voltage Doubler PWM Rectifier:
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Fig. 10. Control scheme of the voltage doubler PWM Rectifier.
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B. Three-Phase Voltage-Source Rectifiers

1) Power circuit and working principle:lt is well known
that Voltage Source Inverters (VSI), like the one shown in
Fig. 11, can work in four quadrants. In two of these quadrants,
Fig. 8. Waveform of the input current during regeneration. the VSI works as a rectifier, that means, as a Voltage Source
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Fig. 12. Operation principle of the VSR.

time [s]

Reciffer or VSR However, a stand-alone VSR requires a siie, 15, ALY P1ece 1oeocs. ) vy eater and Susac refrcres
cial DC bus able to keep a voltagg without the requirement phase-to-neutral voltage.

of a voltage supply. This is accomplished with a dc capacitor

C and a feedback control loop.

The basic operation principle of VSR consists on keeping

the load DC-link voltage at a desired reference value, usingsa called Sinusoidal Pulse Width Modulation (SPWM), which
feedback control loop as shown in Fig. 12 [19]. This refereneaeses a triangular carriep.;) to generate the PWM patron.
value V4 e, has to be high enough to keep the diodes of th&o make the rectifier work properly, the PWM pattern must
converter blocked. Once this condition is satisfied, the DC-lirdenerate a fundamenta| moq With the same frequency of the
voltage is measured and compared with the referdnce. power sourcey,. Changing the amplitude of this fundamental,
The error signal generated from this comparison is used dad its phase-shift with respect to the mains, the rectifier can
switch ON and OFF the valves of the VSR. In this waype controlled to operate in the four quadrants: leading power
power can come or return to the AC source according withctor rectifier, lagging power factor rectifier, leading power
the DC-link voltage value. factor inverter, and lagging power factor inverter. Changing
When the DC load currenf, is positive (rectifier operation), the pattern of modulation, modifies the magnitudevgf,og,

the capacitorC is being discharged, and the error signand displacing the PWM pattern changes the phase-shift.
becomes positive. Under this condition, the Control Blockhe PWM control not only can manage the active power,
takes power from the supply by generating the appropridtat reactive power also, allowing the VSR to correct power
PWM signals for the six power transistor of the VSR. Ifactor. Besides, the AC current waveforms can be maintained
this way, current flows from the AC to the DC side, and thalmost sinusoidal, reducing harmonic contamination to the
capacitor voltage is recovered. Inversely, whgEnbecomes mains supply.

negative (inverter operation), the capacit@ris overcharged, The interaction betweeny moq and v, can be seen through
and the error signal asks the control to discharge the capacaophasor diagram. This interaction permits to understand the
returning power to the AC mains. four-quadrant capability of this kind of rectifier. In Fig. 14,
The modulator switches the valves ON and OFF, followinthe following operations are displayed: a) rectifier at unity
a pre-established template. Particularly, this template coydwer factor, b) inverter at unity power factor, c) capacitor
be a sinusoidal waveform of voltage (voltage source, voltageero power factor), and d) inductor (zero power factor).
controlled PWM rectifier) or current (voltage source, currenCurrentl, in Fig. 14 is therms value of the source current
controlled PWM rectifier). For example, for a voltage coné,. This current flows through the semiconductors in the way
trolled rectifier, the modulation could be as the one showahown in Fig. 15. During the positive half cycle, transistor
in Fig. 13, which has a fundamental calledoq (See Fig. Ty, connected at the negative side of the DC-link is switched
35), proportional to the amplitude of the template. There a@N, and currenti, begins to flow throughli’y (i7,). The
many methods of modulation [22], being the most popular theeirrent returns to the mains and comes back to the valves,
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rectifier in two different ways: 1) as a voltage source current
Fig. 14. Four-quadrant operation of the VSR. a) the PWM force commutatgdntrolled PWM rectifier, or 2) as a voltage source voltage
rectifier, b) rectifier operation at unity power factor, c) inverter operation at g . .
unity power factor, d) capacitor operation at zero power factor, and e) inducfgPntrolled PWM rectifier. The first method CjoerIS the input
operation at zero power factor. current, and the second controls the magnitude and phase of
the voltagevy mo¢ The current controlled method is simpler
. . _ and more stable than the voltage-controlled method, and for
closing a loop with another phase, and passing throughttse reasons it will be explained first.
diode connected at the same negative terminal of the DC-link. b) Voltage source current controlled PWM rectifier:
The current can also go to the dc load (inversion) and retumhis method of control is shown in the rectifier of Fig. 16.
through another transistor located at the positive termirmghe control is achieved by measuring the instantaneous phase
of the DC-link. When transistoffy is switched OFF, the currents and forcing them to follow a sinusoidal current
current path is interrupted, and the current begins to flowference templatd,er. The amplitude of the current reference
through diodeDp, connected at the positive terminal of theemplate,’, is evaluated using the following equation:
DC-link. This current, calledp, in Fig. 15, goes directly to ~
the DC-link, helping in the generation of curreigt, which I'=Gee=Ge(Voret = V5) )
charges capacito€” and permits the rectifier to produce doyhere G.. is shown in Fig. 16, and represents a controller
power. Inductanced.; are very important in this process.such as PI, P, Fuzzy or other. The sinusoidal waveform of the
because they generate an induced voltage which allows fgmplate is obtained by multiplying with a sine function,
the conduction of diodep. Similar operation occurs during with the same frequency of the mains, and with the desired
the negative half cycle, but witlil> and D . Under inverter phase-shift angle, as shown in Fig. 16.
operation, the current paths are different because the curremgwever, one problem arises with the rectifier, because the
flowing through the transistors come mainly from the D&edback control loop on the voltagé can produce instability
CapacitorC. Under rectifier operation, the circuit works |Ike[20] Then, it is necessary to ana|yze this prob|em during
a Boost converter, and under inverter it works as a Bugke design of the rectifier. According to stability criteria, and

— DC
™ C load

converter. assuming a PI controller, the following relations are obtained:
2) Control Scheme: oV
a) Control of the DC-link voltage:The control of the I, < - )]
. : : 3K, L,
DC-link voltage requires a feedback control loop. As it was KV
already explained in section 1I-B, the DC voltagé is I, < pr (6)

compared with a referenc®, s, and the error signal “e” " 7 2RK, + LK;
obtained from this comparison is used to generate a templa@teese two relations are useful for the design of the current
waveform. The template should be a sinusoidal waveform witlontrolled VSR. They relate the values of DC-link capacitor,
the same frequency of the mains supply. This template B£C-link voltage, rms voltage supply, input resistance and
used to produce the PWM pattern, and allows controlling theductance, and input power factor, with thas value of the
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integral gains K, and K;, can be calculated to ensure stability

of the rectifier. These relations only establish limitations for

inequalities. syl W

With these two stability limits satisfied, the rectifier will keep

for all load conditions by moving power from the AC to theig- 18. Implementation of the voltage controlled rectifier for unity power
. . ! . . . factor operation.

DC side. Under inverter operation, the power will move in the

Once the stability problems have been solved, and the E'c'huations (7), (8), and.,(¢) allow to get a function of time

method will be required to produce the PWM pattern fotjﬁake the rectifier work at fixed power factor. Combining these

the power valves. The PWM pattern will switch the poweg . : . )
. : uations withv, (%), yields:

valves to force the input currents,, to follow the desired g ).y
current templatd ;. There are many modulation methods in R R R dl
the literature, but three methods for voltage source currentxmod= |XsIsinp+ ( V — RI — LSE cos ¢ | sinwt
controlled rectifiers are the most widely useleriodical R
Sampling(PS),Hysteresis Ban@HB), andTriangular Carrier -~ -~ dl =
(TC).p 9aPS).Hy dHB) g — [Xslcosgo—i— (RI—i—Lsdt — V) sinw] coswt

c) Voltage Source voltage controlled PWM rectifier: )
Fig. 17 shows a single-phase diagram from which the control ' ' '
system for a voltage source voltage controlled rectifier &S equation can also be written for unity power factor
derived [21]. This diagram represents an equivalent circ@peration. In such a cases y = 1, andsin ¢ = 0:
of the fundamentals, i.e, pure sinusoidal at the mains side, ~
and pure DC at the _DC-Iink side. The control is .ach_ieved Vxmod= | V — RT — Lsdi sinwt — Xl coswt  (10)
by creating a sinusoidal voltage templatgnog Which is dt
modified in amplitude and angle to interact with the mai . . . .
voltage v,. In this way the input currents are controller(;l?he implementation of the voltage controlled rectifier for unity

without measuring them. Voltage meq is generated using the power factqr operation is shown in Fig. 18. It can be observed
differential equations that govern the rectifier. that there is no need to sense the input currents. However,

From Fig. 17 the following differential equation can béo ensure stab.il?ty Iimits_ as good as the limits of the current
derived: _cont_rolled rectifier of Fig. 16, blocks-R — sLy and — X
di in Fig. 18, have to emulate and reproduce exactly the real
v, (t) = Lsd—: + Riy + Ux mod(t) (7) values ofR, X, and L, of the power circuit. However, these
parameters do not remain constant, and this fact affects the
Assuming thatv,.(t) = V sin(wt + ¢), then the solution for Stability of this system, making it less stable than the system
i»(t), to get a voltagey moq able to make the rectifier work shown in Fig. 16.

at constant power factor should be of the form:
R d) Space-Vector Control:Another point of view is to

iz (t) = I(t) sin(wt + ¢) (8) control the three-phase VSR hq vector space. The input



R . L Vmod a

and aSpace Vector Modulatio(SVM) scheme, or applying
the complete inverse transformation:

2 Umoda 11 \(/)g [ cos —sind ] [ Umod d ‘|
Umodb = —3 5 .
Vmode % _@ sinf  cos@ Umodg
(13)
B P 7 gt ~ and using &SPWMas shown in Fig. 13.
b Vs Is S 4 9 ; Lo i Rf; 0
’_' 7& 7, > I1l. PWM CURRENT SOURCERECTIFIERS

Current source rectifiers (CSRs) are the dual of voltage
gburce rectifiers (VSRs). In fact, they can produce identical
normalized electrical variables for which equivalent gating
patterns have been found. This task is performed by the

Fig. 19. Power circuit a) before transformation; b) after transformation. c)d
space vector quantities.

) T
Voret + Varer + / Voodd _’Ti modl_JIating technigues that must ensure that all the special
"%}' 4’%}’ 7 requirements of the topology are met. A general power topol-
v Voltage i i, Controller Modmator?j’ ogy and. the c.ontr.ol strategy and modulating technique blocks
° Controlleri d v > are depicted in Fig. 21.
o d .
qref + / modq TGP
_ >
i i, Controller A. Power circuit and working principle

The main objective of these static power converters is to
Fig. 20. Space-Vector control scheme. produce a controllable DC current waveform from the AC
power supply (see Fig. 21). Due to the fact that the resulting
AC line currentsi, = [ira i irc] feature highdi/dt and the
currentsi,, i, andi. can be represented by a unique complexnavoidable inductive nature of the AC mains, a capacitive

vector i s =iq + j iq, defined by: filter should be placed in between. Thus, nearly sinusoidal
) ) . supply currents, = [isaish is]’ are generated that justifies the

iq 2 cosf)  sind I —5 -3 ta use of such topologies in medium-voltage adjustable speed

iq 3 _sinf cosf 0 § _@ zl: drives (ASDs), where high-quality waveforms are required.

Due to the fact that the CSR can be modelled as a controllable
DC current source, the natural load is a current source inverter
(CSl) as in ASDs [23]. Additionally, the positive nature of
the DC currentiz. and the bipolarity of the DC voltag¥,
Vmoda constrains the type of power valves to unidirectional switches
Vmod = | Umodsb with reverse voltage block capability as in GTOs and the
recently introduced IGCT [24].
In order to properly gate the power switches of a three-phase
fundamental Component of the VSR PWM VOltageS dEf|n®SR t0p0|ogy, two main constraints must a|WayS be met: (a)
in 11-B.1, and tov, = [v, vy v ]', where can be demonstratedhe AC side is mainly capacitive, thus, it must not be short-
that the voltage vector obtainedis, = v, and that the angle circuited; this implies that, at most one top switc (Ss, or
betweeni , and @', correspond to the shift between the iNpus;) and one bottom switchS(, Sg, or S») should be closed

(11)
wheref = w,t.
This transformation can be applied to

Umod ¢

current and the input voltage of each phase. at any time; and (b) the DC bus is of the current-source type
The power circuit obtained with this transformation and thgnd thus it cannot be opened; therefore, there must be at least
control scheme are presented in Figs. 19 and 20. one top switch and one bottom switch closed at all times,

The DC-link voltageV;, is controlled by a PI regulator, which Fig. 21. Both constraints can be summarized by stating that at
provides the value ofy ref, While iq re is fixed to zero in order any time, only one top switch and one bottom switch must be
to obtain power factor 1. These references are compared Withsed [25]. The constraints are reduced to nine valid states in
the input currents which are in d-q coordinates according feree-phase CSRs, where states 7, 8, and 9 (Table I) produce
(11). Two controllers, typically PI, give the valuegodqs and zero AC line currents;,. In this case, the DC-link current
Ymodq O be generated by the VSR. freewheels through either the switchgsand Sy, Ss and S,
The gate drive pulses for the transistdfs... 75, can be or S5 and Ss.
obtained in two ways: transformingnods andvmoed, t0 a-3 There are several modulating techniques that deal with the
vector space according to: special requirements of the gating patterns of CSRs and can
) be implemented online. Among them are: (a) the carrier-
Umoda | _ cosf —sing Umodd (12) based; (b) the selective harmonic elimination; (c) the selective
harmonic equalization, and (d) the space-vector technique.

Umod 3 sinf  cos@ Umod g



TABLE |
VALID SWITCH STATES FOR ATHREE-PHASECSR.

State State  irq irp irc
S1,S2 ON; S3, S4, S5, S¢ OFF 1 ipC 0 —ipc
S2,S3 ON; S4, S5, 56,51 OFF 2 0 iDC —ipC
S3,54 ON; Ss, Sg, 51,52 OFF 3 —ipC ipc 0
S4,S5 ON; 567S17527S3 OFF 4 —ipC 0 iDC
S5, 56 ON; S1, S2,S53,54 OFF 5 0 —iDpC ipC b) <€«——on
S6,S1 ON; S, S3,S54, S5 OFF 6 iDC —ipC 0
S1,S54 ON; Sa, S3,S5,S¢ OFF 7 0 0 0
S3,S6 ON; S1,S2,S54, S5 OFF 8 0 0 0
S5, S2 ON; Sg, S1,S53,S54 OFF 9 0 0 0 o 9% 180 270 360I > Wt

Ira i
ac input current source dc c)
filter  l0ad

supply : filter : rectifier

Ira 4

d) <—0.8:0.866 iy

...ﬂ.ﬂ.."".qn Do, "

LIL!
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Fig. 22. The three-phase CSR ideal waveforms for the SPWM: a) carrier
and modulating signals; b) switch; state; c) AC current; d) AC current
spectrum.

ldcs |sq

control modulating
=  grategy = technique

identical to the obtained in three-phase VSls, where a SPWM
ﬂstatevariablts technique is used. This brings up the duality issue between
both topologies when similar modulation approaches are used.
Fig. 21. Three-phase CSR topology, modulation, and control. Therefore, for odd multiple of 3 values of the normalized

carrier frequencyn , the harmonics in the AC current appear
at normalized frequencieg, centered aroundn; and its

B. Control Scheme multiples, specifically, at

1) Modulating TechniquesThe modulating techniques use h=1-ms+k [=1,2,... (14)
a set of AC normalized current references= [ica icb icc|’
that should be sinusoidal in order to obtain nearly sinusoiddhere! = 1,3,5,... for k = 2,4,6,... andl = 2,4,...
supply AC currentsi(), as shown in Fig. 21. To simplify for ¥ = 1,5,7,... such thath is not a multiple of 3. For

the analysis, a constant DC-link current source is consider@@@rly sinusoidal AC voltages., the harmonics in the DC-link
(ioc = Inc). voltage ,V,, are at normalized frequencies given by

_a) Carrier-based Techniques.tt has be_e_n_ shown that h=1-my+k+1 1=1,2,... (15)
carrier-based PWM techniques that were initially developed
for three-phase voltage source inverters (VSIs) can be extenadwere! = 0,2,4,... for k = 1,5,7,... andl = 1,3,5,...
to three-phase CSRs. In fact, the circuit detailed in [25] obtaifer k£ = 2,4, 6, ... such thath = Im; + k is positive and not
the gating pattern for a CSR from the gating pattern developadnultiple of 3. This analysis shows that for low switching
for a VSI. As a result, the normalized line current is identicdtequencies very low unwanted harmonics will appear. This is
to the normalized line voltage in a VSI for similar carriel very undesired effect as in CSR there is a second order input
and modulating signals. Examples of such modulating signdiléer and resonances could be obtained. This is why selective
are the standard sinusoidal, sinusoidal with zero sequeri@@monic elimination is the preferred alternative as it allows
injection, trapezoidal, and deadband waveforms. to specify the resulting spectra.
Fig. 22 shows the relevant waveforms if a triangular carijer b) Selective Harmonic Elimination (SHE)This tech-
and sinusoidal modulating signals are used in combination nique deals directly with the gating patterns of the CSR. It
with the gating pattern generator introduced in [25]. It cadefines the gating signals in order to eliminate some predefined
be observed that the line current waveform (Fig. 22-¢) larmonics and control the fundamental amplitud of input



currenti,.. Under balanced conditions, the chopping angles

are calculated to eliminate only the harmonics at frequenci?a
h = 5,7,11,13,... In [26] is proposed a direct method to ~&!
obtain the angles to eliminate a given number of harmonic&)
However, just an even number of harmonics can be eliminated. | [*1 92 a3
On the other hand, [27] proposes to use single phase CSRs / \
to form three-phase structures. This alternative alleviates the |
resulting non-linear equations to be solved; however, the © 90 180 270 360
number of power switches increases up to twice as compar&d 4
to the standard six-switches configuration. Also [28] proposes)
a method to eliminate an arbitrary number of harmonics, while

controlling the fundamental AC current component, by using

the results obtained in VSIs [29]. Specifically, the general

expressions to eliminat&” — 1 (N —1=2,4,6,..., even 0 90 180 270 | 360
harmonics are given by the following equations,

I~

> Wt

M €—on

» ot

|ra A

_ ki(l)k cos(nay) = 2 +4m7T c) ﬂﬂ T_'I HHH/';ZZ l: <:|:)ct
(=1)* cos(nay) = % for n=57...3N -2 HMUUHH -

(16) ira 4
d) | g<osic

I
—
o

-

>
Il
—

where a1, ao,..., ay should satisfya; < as < -+ <
ay < /2. Fig. 23-a shows the distribution of, a3, and as
to eliminate the5™ and 7" and Fig. 24 the values as [I " " .
a function of the desired fundamental AC current compo- = T '.1 e e e 7
nent. Similarly, the general expressions to eliminAte- 1 13 5 7 91113151719 21 23 25 27 29 31 )
(N—-1=3,5,7,..., 0dd harmonics are,

Fig. 23. Waveforms for the SHE technique in CSRs8rand 7" harmonic
9 mm elimination: a) VSI gating pattern; b) CSR gating pattern; c) line curigpnt

N
- Z(—l)k cos(nay) = 1 d) spectrum of (c).
k

Il
—

1
(—=1)* cos(nay) = 3 for n=5,7...3N-1

-

i
I

17)

whereay, as, ..., ay should satisfya; < s < -+ < ay <
/3. T ——
Fig. 23 shows that the line current does not containifie 80° o
and the7™ harmonics as expected. /
The series/parallel connection of CSRs is used to improve —
the quality of the waveforms by creating n-pulse converters 1 0y
[23],[30]. In fact, a delta-wye transformer naturally eliminates 60°
the 51" and 7" harmonics and, therefore, the first unwanted
harmonics are tha2™" at the DC side and theé1™ and the
13" at the AC side. The series/parallel connection increase thgy
degrees of freedom of the system, so modified SHE algorithms
like selective harmonic equalization presented in [31], can be
used.

c) Space vector modulation (SVM)fhe objective is
to generate PWM AC line currents. that are on average —
equal to the given references. This is done digitally in ____9__1____,_;—'—-"""‘— ral/|dc
each sampling period by properly selecting the switch states0’ 0—""'"02 0a 06 08 10
from the valid ones of the CSR (Table I) and the proper ' ' ' ' '
calculation of the period of times they are used. The selection
and time calculations are based upon the space-vector (
transformation [32]. The vector of line-modulating signals
can be represented by the complex ved@or= [i.q i.3]" by

100°

20°

24. Chopping angles fos™ and 7" harmonic elimination and
amental current control in three-phase CSRs.
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modulating B N Ica icp

4 a
vector I, | | sector ) /\></\
i+1 -
~ ) 7 ! ! ! > ot
/ 180 270

<«—o0n

» Wt
0 90 180 270 360

|ra A | ra1

Fig. 25. The space-vector representation in CSls.

f
means of, B e e e e e N -
5 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 N
ica - = [ica - 05('ch + icc)] (18)
3 Fig. 26. Ideal waveforms for SV modulation: a) modulating signals; b)
. . . switch Sy state; c) AC current; d) AC current spectrum.
lep = 7(lcb - ch) (19)
V3

Similarly, the SV transformation is applied to the nine states ﬂ‘ﬁe relevant waveforms of a CSR SVM. It can be seen that
the CSR normallged with respe_ctzt@_c, which generates nine the first set of relevant unwanted harmonics in the AC line
space vectorsI{, i = 1,2,...,9 in Fig. 25). As expected, currents are af.

s

to Ia_are nonnull line current vectors adg, Is, andI, are 2) Closed and/or open Loop Operatiothe main objective
null line current vectors. . . of the CSR is to generate a controllable DC-link current.
If the modulating signal vectol. is bet\_Neen t_he arbitrary However, the modulating techniques provide three modulating
vectorsl; andliy, thenl; andl;,, combined with one zero signals that add up to zero; therefore, there are two degrees
SV (I = I7 or Is or I) should be _used to gene_ralg. T(.) of freedom. This rises the issue of being possible to control
ensure that the generated cu.rrent in one sampling p(m()dindependently two electrical quantities. Several papers have
(made up OT the.currents provided bY the vecyrd;q, and proposed different control strategies; for instance, synchronous
I, used during timed;, .Ti“’ andel) is on average equal to compensation [33], [34], power factor correction [35], [36],
the vectorl,, the following expressions should hold, active filtering [37], [38], and more importantly, as part of

T = T.7, sin ([ _ 9) (20) an ASD [23], [39]. All of which control the DC link current
\ (which could also be the active AC current component) and
Tiv1 = Tsicsin(0) (21) the second is the reactive AC current component. If the control
T.=T, — T, — Ty11 (22) system is synchronized with the AC mains and the setting of

R the desired reactive AC current component is adjusted to a
where0 < i, < 1 is the length of the vectok.. Although, given: (a) DC value, synchronous compensation is obtained,
the SVM technique selects the vectors to be used and th@gy AC waveform, active filtering is obtained, (c) DC value
respective on-times, the sequence in which they are used, ¢lg@ial to zero, unity displacement power factor is obtained.
selection of the zero space vector, and the normalized sampled
frequency remain undetermined. The sequence establish€s A ppicaATIONS OFREGENERATIVE PWM RECTIEIERS
the symmetry of the resulting gating pulses and thus the . .
distribution of the current throughout the power switched" Single-phase PWM Voltage Source Rectifiers
More importantly, the normalized sampling frequengy, 1) The PWM Rectifier in Bridge Connection :
should be an integer multiple of 6 to minimize uncharacteristic a) Single-phase UPSThe distortion of the input current
harmonics by using evenly the active states of the converter,the line commutated rectifiers with capacitive filtering is
an important issue at low switching frequencies. Fig. 26 shoatrticularly critical in uninterruptible power supplies (UPS)
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Fig. 28. Typical power circuit of an AC drive for locomotive. S O THYRISTOR

fed from motor-generator sets. In effect, due to the highE\g- 29. Main circuit diagram of 300 series Shinkansen locomotives.
value of the generator impedance, the current distortion can
originate an unacceptable distortion on the AC voltage, which ¢

T T
affects the behavior of the whole system. For this reason, in _“: c _(|: _{SK
this application, it is very attractive to use rectifiers with low e

distortion in the input current. .
Fig. 27 shows the power circuit of a single-phase UPS, whi¢h
has a PWM rectifier in bridge connection at the input side.
This rectifier generates a sinusoidal input current and controls

T T
the charge of the battery [43], [44]. _|2|: c. = _| [i
b) AC drive for locomotive:One of the most typical T

and widely accepted areas of application of high power factor
single-phase rectifiers is in locomotive drives [40]. In effect,
an essential prerequisite for proper operation of voltage soufdg 30. Low-cost induction motor drive.

three-phase inverter drives in modern locomotives is the use

of four quadrant line-side converters, which ensures motoring

and braking of the drive, with reduced harmonics in the inpnfiguration a three-phase induction motor is fed through
current. Fig. 28 shows a simplified power circuit of a typicdh® converter from a single-phase power supply. Transistors

drive for a locomotive connected to a single-phase powér. 12 and capacitors’;, C; constitute the voltage-doubler

supply [41], which includes a high power factor rectifier agingle-phase rectifier, which controls the DC-link voltage and
the input. generates sinusoidal input current, working with close-to-unity

Fig. 29 shows the main circuit diagram of the 300 serigPWer factor [44]. On the other hand, transist@gsTy, T and
Shinkansen train [42]. In this application, AC power fronfs and capacitors’; and C; constitute the power circuit of
the overhead catenary is transmitted through a transformer@fb @Symmetric inverter that supplies the motor. An important
single-phase PWM rectifiers, which provide the DC voltageharacteristic of the power circuit shown in Fig. 30 is the
for the inverters. The rectifiers are capable of controlling@Pability to regenerate power to the single-phase mains.
the input AC current in an approximate sine wave form and ) UPS: Another common application for doubler-
in phase with the voltage, achieving power factor close ¥pltage rectifier is in low cost _UPS system as described in
unity on powering and on regenerative braking. Regeneratif®]: The number of power switches can be decreased from
braking produces energy savings and an important operatiofi@ht to four, as shown in Fig. 31.
flexibility.

2) The Voltage Doubler PWM Rectifier: B. Three-phase PWM Voltage Source Rectifiers
a) Low-cost induction motor driveThe development of One of the most important applications of VSR is in
low-cost compact motor drive systems is a very relevant topimachine drives. Fig. 32 shows a typical frequency converter
particularly in the low-power range. Fig. 30 shows a lowvith a force-commutated rectifier-inverter link. The rectifier
cost converter for low power induction motor drives. In thiside controls the input current and the DC-link, and the inverter

0

T

<
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_{ ™ Fig. 34. Variable-speed constant-frequency wind generator.

Rectifier Inverter

HHH-

Input Out u't . .
100 V 100pv problems. Using frequency-link force-commutated converters,

. . - variable-speed constant-frequency generation becomes pos-
Fig. 31. UPS with doubler-voltage rectifier. sible, even with induction generators. The power plant of

Fig. 34 shows a wind generator implemented with an induction
K3 K3

K} a3 Jﬁ} machine, and a rectifier-inverter frequency link connected to
s &
r HA} K3

the utility. The DC-link voltage is kept constant with the
(S K

converter located at the mains side. The converter connected at
CONTROL vﬁélj' CONTROL

+

the machine side controls the slip of the generator and adjusts
it according with the speed of wind or power requirements.
The utility is not affected by the power factor of the generator,
because the two converters keep the ¢ of the machine
independent of the mains supply. The last one can even
be adjusted to operate at leading power factor. The same
figuration also works with synchronous machines.

Fig. 32. Frequency converter with force commutated rectifier.

side controls the machine. The machine can be a synchron { the VSR ab q ibed s be imol d with
brushless DC, or induction machine. The reversal of spe the above described, can also be implemented wit

and reversal of power are possible with this topology. At tH ree-level converters [46], being the most popular the topol-

rectifier side, the power factor can be controlled, and even wit§Y called diode clamped conyerter, which is shown in Fig. ,35'
an inductive load such as an induction machine, the sourkae control strategy is essentially the same already described.

can “see” the load as capacitive or resistive. The inverty1iS _back to pack three-pha_se topology_/ is tod_ay the standard
will become a rectifier during regenerative braking, which i olution for high power laminators, Wh!Ch typllcally d_emand
possible making slip negative in an induction machine, our quadrants operation [47]. In addition, this solution has

making torque angle negative in synchronous and brushl n rec;ently introduced in high power ,dOW”h'” conveyor
DC machines. elts which operate almost permanently in the regeneration
A variation of the drive of Fig. 32 is found in electricmode [48].

traction applications. Battery powered vehicles use the inverter

as rectifier during regenerative braking, and sometimes t@e Three-phase PWM Current Source Rectifiers

inverter is also used as battery charger. In this case, the rectifiefy commercial ASDs as the one shown in Fig. 36, the CSR
can be fed by a single-phase or by a three-phase systgs the role of keeping the DC-link current equal to a reference
Fig. 33 shows a battery powered electric bus system. Thigile keeping unity displacement power factor. Normally, an
system uses the power inverter of the traction motor as rectifigfiernal control loop, based on the speed of the drive, sets
for two purposes: regenerative braking, and battery charger fgd>3) [39]. The commercial units for medium voltage and
by a three-phase power source. _ MW applications use a high performance front end rectifier
Another application of VSR is in power generation. Powg§ased on two series connected CSRs, as shown in Fig. 37.
generation at 50 or 60 Hz normally requires constant spefe yse of a delta/way transformer naturally eliminates the
synchronous machines. Besides, induction machines are gotth 7th 1gth 6(2¢ + 1) + 1 current harmonics at the

currently used in power plants because of magnetizatigc mains. This allows the overall topology to comply with

the harmonic standards in electrical facilities, an important
issue in medium voltage applications. To control the DC-link

TRACTION LEJL T [ eom smer |51 current, the gating pattern is modulated preferable by means of
DRWING CHARGING ol 1¢| [rumesao| | BATERY | the SHE technique. Thus, the pattern could eliminatel g
SELECTOR @ SENSORS [ 13", ... and control the fundamental current component which
{(}H {()H H in turns controls the DC-link current. Additional advantages
LT 1 of this ASD is the natural regeneration capability as the
POWER  POWER CONTROL CSRs can reverse the DC-link voltage allowing the sustained
S (KQ/VEVREEQOF{“‘EVCETFTFTIEEF;) power flow f_r(_)m t_he load into the A_C mains. Finally, due
o to the capacitive filter at the motor side, the motor voltages

and consequently the currents become nearly sinusoidal. This
Fig. 33. Electric bus system with regenerative braking and battery chargeaduces the pulsating torques and the currents trough the
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Fig. 35. Three-level Voltage Source Rectifier feeding a three-level Voltage Source Inverter.
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Fig. 36. ASD based on a current source DC-link.
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Fig. 37. High power CSI with two series connected SCR.

neutral. These are two important considerations in mediypossible and with few applications in DC motor drives. The
voltage electrical machines. main field of application of this topology is the line side
converter of medium voltage current source inverters.
V. CONCLUSIONS Especially relevant is to mention that single-phase PWM re-

This paper has reviewed the most important topologigenerative rectifiers are today the standard solution in modern
and control schemes used to obtain AC-DC conversion wiff{C locomotives.
bidirectional power flow and very high power factor. The control methods developed for this application allow for
Voltage source PWM regenerative rectifiers have shownaa effective control of input and output voltage and currents,
tremendous development from single-phase low power supinimizing the size of energy storage elements.
plies up to high power multilevel units. This technology has approximately three decades of sustained
Current source PWM regenerative rectifiers are conceptuaiheoretical and technological development and it can be con-



cluded that these high performance rectifiers comply witk2]

modern standards and have been widely accepted in industry.
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