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Abstract—New regulations impose more stringent limits on
current harmonics injected by power converters that are achieved
with pulsewidth-modulated (PWM) rectifiers. In addition, several
applications demand the capability of power regeneration to the
power supply.

This paper presents the state of the art in the field of regenera-
tive rectifiers with reduced input harmonics and improved power
factor. Regenerative rectifiers are able to deliver energy back from
the dc side to the ac power supply.

Topologies for single- and three-phase power supplies are con-
sidered with their corresponding control strategies.

Special attention is given to the application of voltage- and cur-
rent-source PWM rectifiers in different processes with a power
range from a few kilowatts up to several megawatts.

This paper shows that PWM regenerative rectifiers are a highly
developed and mature technology with a wide industrial accep-
tance.

Index Terms—High power factor, power electronics, rectifier, re-
generation.

1. INTRODUCTION

HE ac—dc conversion is used increasingly in a wide diver-

sity of applications: power supplies for microelectronics,
household electric appliances, electronic ballasts, battery
charging, dc motor drives, power conversion, etc. [2], [3].

As shown in Fig. 1 ac—dc converters can be classified between
topologies working with low switching frequency (line commu-
tated) and other circuits which operate with high switching fre-
quency.

The simplest line-commutated converters use diodes to trans-
form the electrical energy from ac to dc. The use of thyristors
allows for the control of energy flow. The main disadvantage of
these naturally commutated converters is the generation of har-
monics and reactive power [2], [4].

Harmonics have a negative effect on the operation of the elec-
trical system and, therefore, increasing attention is paid to their
generation and control [5], [6]. In particular, several standards
have introduced important and stringent limits on harmonics
that can be injected into the power supply [7]-[9].

One basic and typical method to reduce input current har-
monics is the use of multipulse connections based on trans-
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formers with multiple windings. An additional improvement is
the use of passive power filters [5]. In the last decade, active fil-
ters have been introduced to reduce the harmonics injected to
the mains [10]-[12].

Another conceptually different way of harmonics reduction is
the so-called power-factor correction (PFC). In these converters,
controlled power switches like insulated gate bipolar transis-
tors (IGBTs), gate-turn-off thyristors (GTOs), or integrated gate
controlled thyristors (IGCTs) are included in the power circuit
of the rectifier to change actively the waveform of the input
current, reducing the distortion [13]. These circuits reduce har-
monics and consequently they improve the power factor, which
is the origin of their generic name of PFC.

Several PFC topologies like boost and Vienna rectifiers
[14]-[17], are suited for applications where power is trans-
mitted only from the ac source to the dc load.

However, there are several applications where energy flow
can be reversed during the operation. Examples are: locomo-
tives, downhill conveyors, cranes, etc. In all these applications,
the line-side converter must be able to deliver energy back to the
power supply, what is known as power regeneration. A regener-
ative rectifier is a rectifier capable of power regeneration.

This paper is dedicated to this specific type of rectifier, shown
with a dashed line in Fig. 1, which can operate with a high power
factor or any active—reactive power combination. These recti-
fiers, also known as active front end (AFE), can be classified
as voltage-source rectifiers (VSRs) and current-source rectifiers
(CSRs).

A PWM regenerative rectifier is nothing more than an inverter
working with reverse power flow controlling the dc voltage (or
current). This fact was recognized for a VSR two decades ago
[1].

The following presents the most important topologies and
control schemes for single- and three-phase operation. Special
attention is dedicated to the application of these converters.

II. PWM VSRs
A. Single-Phase PWM VSRs

1) Standard for Harmonics in Single-Phase Rectifiers: The
relevance of the problems originated by harmonics in line-com-
mutated single-phase rectifiers has motivated some agencies to
introduce restrictions to these converters. The IEC 61000-3-2
International Standard establishes limits to all low-power
single-phase equipment having an input current with a “special
wave shape” and an active input power P < 600 W. The class
D equipment has an input current with a special wave shape
contained within the envelope given in Fig. 2(b). This class of
equipment must satisfy certain harmonic limits. It is clear that
a single-phase line-commutated rectifier shown in Fig. 2(a) is

0278-0046/$20.00 © 2005 IEEE
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Fig. 2. Single-phase rectifier. (a) Circuit. (b) Waveforms of the input voltage
and current.
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Fig. 3. Harmonics in the input current of the rectifier of Fig. 2(a).
not able to comply with the standard IEC 61000-3-2 Class D
as shown in Fig. 3. For traditional rectifiers the standard can be
satisfied only by adding huge passive filters, which increases
the size, weight and cost of the rectifier. This standard has
been the motivation for the development of active methods to
improve the quality of the input current and, consequently, the
power factor.
2) Bridge-Connected PWM Rectifier:

a) Power Circuit and Working Principle: Fig. 4(a) shows

the power circuit of the fully controlled single-phase PWM

<
1
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O
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Fig. 4. Single-phase PWM rectifier in bridge connection. (a) Power circuit.
Equivalent circuit with (b) T and T); ON. (c) T and T3 ON. (d) T} and T3 or
T5 and T, ON.

rectifier in bridge connection [18], which uses four controlled
power switches with antiparallel diodes to produce a controlled
dc voltage V,. For appropriate operation of this rectifier, the
output voltage must be greater than the input voltage, at any
time (V, > V). This rectifier can work with two (bipolar
PWM) or three (unipolar PWM) levels as shown in Fig. 4.

The possible combinations are as follows.

1) Switch T and T} are in ON state and 75 and 1 are in OFF
state, varg = V, [Fig. 4(b)].
2) Switch T and T are in OFF state and 15 and T3 are in ON
state, varg = —V, [Fig. 4(c)].
3) Switch T} and T3 are in ON state and 15 and T} are in OFF
state, or 11 and 713 are in OFF state and 15 and 71 are in
ON state, varpg = 0 [Fig. 4(d)].
The inductor voltage can be expressed as
vy, = L% = vs(t) — kV, (1
where k = 1, —1 or 0.
If k = 1, then the inductor voltage will be negative, so the
input current ¢, will decrease its value.
If k = —1, then the inductor voltage will be positive, so the
input current ¢, will increase its value.
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Fig. 6. DC-link voltage and input current with 50% load step.

Finally, if k = O the input current increase or decrease its
value depending of vs. This allows for a complete control of the
input current.

If condition V, > V, is not satisfied, for example during
startup, the input current cannot be controlled and the capac-
itor will be charged through the diodes to the peak value of the
source voltage (VS) as a typical noncontrolled rectifier. After
that, the converter will start working in controlled mode in-
creasing the output voltage V, to the reference value.

b) Control Scheme: The classical control scheme is
shown in Fig. 5. The control includes a voltage controller, typi-
cally a proportional—integrative (PI) controller, which controls
the amount of power required to maintain the dc-link voltage
constant. The voltage controller delivers the amplitude of the
input current. For this reason, the voltage controller output
is multiplied by a sinusoidal signal with the same phase and
frequency than vy, in order to obtain the input current reference,
isref. Lhe fast current controller controls the input current, so
the high input power factor is achieved. Note that for PWM
operation the VSR must have a capacitive filter at the dc side
and an inductive filter at the ac side.

This controller can be a hysteresis or a linear controller with
a PWM modulator [19].

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 in-
creasing the current, which keeps its sinusoidal waveform even
during transient states.

As seen in Fig. 6, aripple at twice of power supply frequency
(2w) is present in the dc-link voltage. If this ripple passes throw
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Fig. 7.  Waveform of the input current in normal and regeneration mode.
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Fig. 8. Single-phase PWM rectifier in voltage-doubler connection. (a) Power
circuit. (b) Equivalent circuit with T ON. (c) Equivalent circuit with 7% ON.

the voltage controller it will produce a third harmonic compo-
nent in ¢g,.¢. This harmonic can be reduced with a low-pass filter
at the voltage measurement reducing the controller bandwidth.
Some applications do not accept second order harmonics in the
dc-link and they use a notch filter connected in parallel with the
main capacitor.

Fig. 7 shows the behavior of voltage and current delivered
by the source. The input current is highly sinusoidal and keeps
in phase with the voltage, reaching a very high power factor of
PF =~ 0.99, even in the regeneration mode.

3) Voltage-Doubler PWM Rectifier:

a) Power Circuit and Working Principle: Fig. 8 shows
the power circuit of the voltage doubler PWM rectifier. This
topology uses only two power switches 77 and 75, which are
switched complementary to control the dc-link voltage and the
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input current, but requires two filter capacitors C; and C5. The
voltage on each capacitor (Vi1, Vo) must be higher than the
peak value of v, to ensure the control of the input current.

The possible combinations are as folllows.

1) Switch T is in the ON state =vapg = V1, so the in-
ductor voltage is
dis
vL :LE :’Us(t)—VC]_ <0 (2)
as vy, is negative, the input current will decrease its value.
2) Switch 75 is in the ON state =vapg = — Vo, so the
inductor voltage is

v = L— = ’Us(t) +Vea >0 3)

as vy, is positive, the input current will increase its value.

Therefore, the waveform of the input current can be con-
trolled by switching appropriately the power switches 77 and
T5 in a similar way as in the bridge-connected PWM rectifier.

b) Control Scheme: The control scheme for this topology
is almost the same than the control for the bridge connection as
seen in Fig. 9. The most important difference is the necessity
of a controller for voltage balance between both capacitors. A
simple P controller is used to achieve this balance [20].

B. Three-Phase VSRs

1) Power Circuit and Working Principle: It is well known
that voltage-source inverters (VSIs), can reverse the power flow
from the load to the dc link, as a rectifier, that means, as a VSR.
However, a stand-alone VSR requires a special dc bus able to
keep a voltage V,, without the requirement of a voltage supply.
This is accomplished with a dc capacitor C' and a feedback con-
trol loop.

The basic operation principle of VSR consists on keeping
the load dc-link voltage at a desired reference value, using a
feedback control loop as shown in Fig. 10 [21]. This reference
value V, o, has to be high enough to keep the diodes of the
converter blocked. Once this condition is satisfied, the dc-link
voltage is measured and compared with the reference V,, ,ot. The
error signal generated from this comparison is used to switch ON
and OFF the valves of the VSR. In this way, power can come or
return to the ac source according with the dc-link voltage value.

When the dc load current [, is positive (rectifier operation),
the capacitor C' is being discharged, and the error signal be-
comes positive. Under this condition, the Control Block takes

Inversion .
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o
[
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—
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AC SIDE

CONTROL 5

Rectification

Fig. 10. Operation principle of the VSR.

power from the supply by generating the appropriate PWM sig-
nals for the six power transistor switches of the VSR. In this way,
current flows from the ac to the dc side, and the capacitor voltage
is recovered. Inversely, when I, becomes negative (inverter op-
eration), the capacitor C' is overcharged, and the error signal
asks the control to discharge the capacitor returning power to
the ac mains.

The modulator switches the valves ON and OFF, following
a pre-established template. Particularly, this template could be
a sinusoidal waveform of voltage (voltage-source voltage-con-
trolled PWM rectifier) or current (voltage-source current-con-
trolled PWM rectifier). For example, for a voltage-controlled
rectifier, the modulation could be as the one shown in Fig. 11,
which has a fundamental called v, n0q (see Fig. 12), propor-
tional to the amplitude of the template. There are many methods
of modulation [25], the most popular being the so-called sinu-
soidal PWM (SPWM), which uses a triangular carrier (vt,;) to
generate the PWM pattern.

To make the rectifier work properly, the PWM pattern must
generate a fundamental v, ,,0q4 With the same frequency of the
power source v,.. Changing the amplitude of this fundamental,
and its phase shift with respect to the mains, the rectifier can be
controlled to operate in four modes: leading power factor recti-
fier, lagging power factor rectifier, leading power factor inverter,
and lagging power factor inverter. Changing the pattern of mod-
ulation, modifies the magnitude of v, 1,04, and displacing the
PWM pattern changes the phase shift.

PWM rectifiers cannot operate in overmodulation mode
without generating low-frequency harmonics at the input and
at the output.

The PWM control can not only manage the active power, but
reactive power, also, allowing the VSR to correct power factor.
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Fig. 11. PWM phase voltages. (a) Triangular carrier and sinusoidal reference.
(b) PWM phase modulation. (c) PWM phase-to-phase voltage. (d) PWM
phase-to-neutral voltage.

In addition, the ac current waveforms can be maintained al-
most sinusoidal, reducing harmonic contamination to the mains
supply.

The interaction between v, 04 and v, can be seen through a
phasor diagram. This interaction permits us to understand the
four modes of operation of this kind of rectifier. In Fig. 12,
the following operations are displayed: Fig. 12(a) rectifier at
unity power factor; Fig. 12(b) inverter at unity power factor;
Fig. 12(c) capacitor (zero power factor); and Fig. 12(d) inductor
(zero power factor).

Current I'g in Fig. 12 is the rms value of the source current i g
and V04 the rms value of v, 0q- This current flows through
the semiconductors in the way shown in Fig. 13. During the
positive half cycle, power switch Ty, connected at the nega-
tive side of the dc link is switched ON, and current 75 begins
to flow through Ty (i1, ). The current returns to the mains and
comes back to the valves, closing a loop with another phase, and
passing through a diode connected at the same negative terminal
of the dc link. The current can also go to the dc load (inversion)
and return through another power switch located at the posi-
tive terminal of the dc link. When power switch T’y is switched
OFF, the current path is interrupted, and the current begins to
flow through diode D p, connected at the positive terminal of the
dc link. This current, called 7 p, in Fig. 13, goes directly to the
dc link, helping in the generation of current z4., which charges
capacitor C' and permits the rectifier to produce dc power. In-
ductances L are very important in this process, because they
generate an induced voltage which allows for the conduction
of diode D p. Similar operation occurs during the negative half

cycle, but with Tp and D . Under inverter operation, the cur-
rent paths are different because the currents flowing through the
power switches come mainly from the dc capacitor C'. Under
rectifier operation, the circuit works like a boost converter, and
under inverter operation it works as a buck converter.

2) Control Scheme:

a) Control of the DC-Link Voltage: The control of the
dc-link voltage requires a feedback control loop. As was already
explained in Section II-B, the dc voltage V,, is compared with a
reference V,, .o, and the error signal “e” obtained from this com-
parison is used to generate a template waveform. The template
should be a sinusoidal waveform with the same frequency of the
mains supply. This template is used to produce the PWM pat-
tern, and allows controlling the rectifier in two different ways:
1) as a voltage-source current-controlled PWM rectifier or 2)
as a voltage-source voltage-controlled PWM rectifier. The first
method controls the input current, and the second controls the
magnitude and phase of the voltage v, mod. The current con-
trolled method is simpler and more stable than the voltage-con-
trolled method, and for these reasons it will be explained first.

b) Voltage-Source Current-Controlled PWM  Recti-
fier: This method of control is shown in the rectifier of Fig. 14.
The control is achieved by measuring the instantaneous phase
currents and forcing them to follow a sinusoidal current ref-
erence template, I;.;. The amplitude of the current reference
template, I, is evaluated using the following equation:

A

I= Gce = GC(V:)ref - I/vo) (4)
where G is shown in Fig. 14, and represents a controller such as
PI, P, fuzzy, or other. The sinusoidal waveform of the template
is obtained by multiplying I with a sine function, with the same
frequency of the mains, and with the desired phase-shift angle,
as shown in Fig. 14.

However, one problem arises with the rectifier, because the
feedback control loop on the voltage V,, can produce instability
[22]. Then, it is necessary to analyze this problem during the de-
sign of the rectifier. According to stability criteria, and assuming
a PI controller, the following relations are obtained [23]:

cv,
I, <
= 3K, L, 3)
K,V
I, < ___rr . 6
* S ORK, + LK, ¢ ©)

These two relations are useful for the design of the current-
controlled VSR. They relate the values of dc-link capacitor (C'),
dc-link voltage (V,), rms voltage supply (V,.), input resistance
and inductance (R and L), and input power factor (cos ), with
the rms value of the input current, I,.. With these relations the
proportional and integral gains, K, and K, can be calculated
to ensure stability of the rectifier. These relations only establish
limitations for rectifier operation, because negative currents al-
ways satisfy the inequalities.

With these two stability limits satisfied, the rectifier will keep
the dc capacitor voltage at the value of V,, o (PI controller), for
all load conditions, by moving power from the ac to the dc side.
Under inverter operation, the power will move in the opposite
direction.
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Once the stability problems have been solved, and the si-
nusoidal current template has been generated, a modulation
method will be required to produce the PWM pattern for the
power valves. The PWM pattern will switch the power valves
to force the input currents I, to follow the desired current
template I,or. There are many modulation methods in the liter-
ature, but three methods for voltage-source current-controlled
rectifiers are the most widely used: periodical sampling (PS),
hysteresis band (HB), and triangular carrier (TC).

c) Voltage-Source  Voltage-Controlled PWM  Recti-
fier: Fig. 15 shows a single-phase diagram from which the
control system for a voltage-source voltage-controlled rectifier
is derived [24]. This diagram represents an equivalent circuit
of the fundamentals, i.e., pure sinusoidal at the mains side, and
pure dc at the dc-link side. The control is achieved by creating
a sinusoidal voltage template v, 04, Which is modified in am-
plitude and angle to interact with the mains voltage v,. In this

way the input currents are controlled without measuring them.
Voltage v, mod 1S generated using the differential equations that
govern the rectifier.

From Fig. 15 the following differential equation can be de-
rived:
Lsdz_Zr + RLz + Uz mod

va(?) dt

(). ©

Assuming that v, () = V sin(wt + ), then the solution for
1, (t), to get a voltage v,, moa able to make the rectifier work at
constant power factor should be of the form

ix(t) = I(t) sin(wt + ). (8)

Equations (7), (8), and v, (t) allow us to get a function of
time able to modify v, noq in amplitude and phase, which will
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Fig. 13. Current waveforms through the mains, the valves, and the dc link.

make the rectifier work at fixed power factor. Combining these
equations with v, (t) yields

- - N di
Uz mod = lXSIsinnp + (V — RI - LSE) cos cp] sin wt

. . dr -
— [XJCOS(,O + <RI—|— LSE — V) sin @] coswt. (9)

This equation can also be written for unity power-factor op-
eration. In such a case cos¢p = 1, and sinp = 0

o di .
Vz mod = <V —RI - an) sin wt — XSICOS(A)t. (10)

The implementation of the voltage-controlled rectifier for
unity power-factor operation is shown in Fig. 16. It can be
observed that there is no need to sense the input currents.
However, to ensure stability limits as good as the limits of the
current controlled rectifier of Fig. 14, blocks —R — sL and
— X in Fig. 16, have to emulate and reproduce exactly the real
values of R, X, and L of the power circuit. However, these
parameters do not remain constant, and this fact affects the
stability of this system, making it less stable than the system
shown in Fig. 14.

d) Space-Vector Control: Another point of view is to con-
trol the three-phase VSR in d—g-vector space. The input currents

Va, Vsinat Ls I, R JG JG J

~ AN =2 .
VbN T l'b Vo = ]— LOAD
Ve i

~ N==r—

IJG‘ <lrs;
la
ia,b,c PWM generation

oref

Fig. 14.  Voltage-source current-controlled PWM rectifier.

a4, 1y, and 7. can be represented by a unique complex vector
15 = iq + Jjiq, defined by

ig| _ 2] cosf sinf][1 -z -1 ,L.a
ig| 3| —sinf cosf| |0 @ @ %
(11)

where 0 = wt.
This transformation can be applied to

Umod a
Umod b
Umod ¢

Vmod =
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Vimod a

Fig. 17. Power circuit (a) before transformation and (b) after transformation.
(c) d—q space-vector quantities.

fundamental component of the VSR PWM voltages defined in
Section II-B.1, and to vg = [v, vy v.]T, where it can be demon-
strated that the voltage vector obtained is s = wgq, and that
the angle between is and 7, correspond to the shift between the
input current and the input voltage of each phase.

The power circuit obtained with this transformation and the
control scheme are presented in Figs. 17 and 18.

i
dref + mod d T
L2,
K—Q* | :
i

Voltage iq Controller Modulator| T
Controller _

/ Vinod q .?:)

Lyrer +(P
[ iq Controller

1
q

Fig. 18. Space-vector control scheme.

The dc-link voltage V, is controlled by a PI regulator, which
provides the value of 44 rcf, While 74 ref is fixed to zero in order to
obtain power factor 1. These references are compared with the
input currents which are in d—q coordinates according to (11).
Two controllers, typically PI, give the values v04 4 and vmod ¢
to be generated by the VSR.

The gate drive pulses for the controlled power switches
Ty ...T%, can be obtained in two ways: transforming vp,eq 4
and Ypmed ¢ to a—f3 vector space according to

Umoda | _ cosfl —sinéb Vmod d
|:’Umodﬁ:| o [Sinﬁ cos } |:’Umodq:| (12)
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and a space-vector modulation (SVM) scheme, or applying the
complete inverse transformation

v — sl 0
’Umod a 1 \/_3 COS 9 Sin VUmod d
mod b 2 2 S]'I] 9 0S 9 mod ¢
1 \/3 ¢ v
Umod ¢ 2 2

13)

and using a SPWM as shown in Fig. 11.

III. PWM CSRs

CSRs are the dual of VSRs. In fact, they can produce iden-
tical normalized electrical variables for which equivalent gating
patterns have been found. This task is performed by the mod-
ulating techniques that must ensure that all the special require-
ments of the topology are met. A general power topology, con-
trol strategy, and modulating technique blocks are depicted in
Fig. 19. This CSR needs an inductance at the dc side and filters
capacitors at the ac side for proper function.

A. Power Circuit and Working Principle

The main objective of these static power converters is to pro-
duce a controllable dc current waveform from the ac power
supply (see Fig. 19). Due to the fact that the resulting ac line
currents i, = [iya %1 irc|l feature high di/dt and the un-
avoidable inductive nature of the ac mains, a capacitive filter
should be placed in between. Thus, nearly sinusoidal supply
currents is = [isa isp isc]’ are generated that justifies the use
of such topologies in medium-voltage adjustable-speed drives
(ASDs), where high-quality waveforms are required. The cutoff
frequency of the filter is set high enough so as to avoid low
switching frequency resonances but low enough so as to filter
out the current harmonics injected by the PWM operation of the
CSR. This combination also assure a little phase shift of the re-
sulting supply current; which is cancelled by the operation of the
current closed loop. Due to the fact that the CSR can be mod-
eled as a controllable dc current source, the natural load is a

13

TABLE 1
VALID SWITCH STATES FOR A THREE-PHASE CSR

State State i, irp ire
S1, 52 ON; S3, 54, 55,56 OFF 1 ide 0 —ide
Sa, 83 ON; Sy, Ss, Se, 51 OFF 2 0 ide  —lde
Ss, 84 ON; S5, 56, 51,52 OFF 3 —ide  lde 0
S4, S5 ON; Se, S1, 52,53 OFF 4 —ide 0 Tde
Ss,S¢ ON; S1, .52, 53,54 OFF 5 0 —ide  lde
Se,S1 ON; S2, S3, S84, S5 OFF 6 ide  —lde 0
51,54 ON; S3, 53,85, 86 OFF 7 0 0 0
53,86 ON; S1,52,84, 55 OFF 8 0 0 0
Ss,S2 ON; Sg, S1, 53,54 OFF 9 0 0 0

current-source inverter (CSI) as in ASDs [26]. Additionally, the
positive nature of the dc current ¢4. and the bipolarity of the dc
voltage v,, constrains the type of power valves to unidirectional
switches with reverse voltage block capability as in GTOs and
the recently introduced IGCT [27].

In order to properly gate the power switches of a three-phase
CSR topology, two main constraints must always be met: 1) the
ac side is mainly capacitive, thus, it must not be short circuited;
this implies that, at most one top switch (S, S3, or S5) and one
bottom switch (S, Sg, or S3) should be closed at any time and
2) the dc bus is of the current-source type and, thus, it cannot be
opened; therefore, there must be at least one top switch and one
bottom switch closed at all times (Fig. 19). Both constraints can
be summarized by stating that at any time, only one top switch
and one bottom switch must be closed [28]. The constraints are
reduced to nine valid states in three-phase CSRs, where states
7-9 (Table I) produce zero ac line currents, i,.. In this case, the
dc-link current freewheels through either the switches S7 and
S4, S3, and Sg, or S5 and Ss.

There are several modulating techniques that deal with the
special requirements of the gating patterns of CSRs and can be
implemented online. Among them are: 1) the carrier-based; 2)
the selective harmonic elimination; 3) the selective harmonic
equalization; and 4) the space-vector technique.

B. Control Scheme

1) Modulating Techniques: The modulating techniques use
a set of ac normalized current references ic = [ica ch iCC]T that
should be sinusoidal in order to obtain nearly sinusoidal supply
ac currents (is), as shown in Fig. 19. To simplify the analysis, a
constant dc-link current source is considered (iq. = ITqc)-

a) Carrier-Based Techniques: It has been shown that car-
rier-based PWM techniques that were initially developed for
three-phase VSIs can be extended to three-phase CSRs. In fact,
the circuit detailed in [28] obtains the gating pattern for a CSR
from the gating pattern developed for a VSI. As a result, the nor-
malized line current is identical to the normalized line voltage
in a VSI for similar carrier and modulating signals. Examples of
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Fig. 20. Three-phase CSR ideal waveforms for the SPWM. (a) Carrier and
modulating signals. (b) Switch S state. (c) AC current. (d) ac current spectrum.

such modulating signals are the standard sinusoidal, sinusoidal
with zero sequence injection, trapezoidal, and deadband wave-
forms.

Fig. 20 shows the relevant waveforms if a triangular carrier
ity; and sinusoidal modulating signals i. are used in combi-
nation with the gating pattern generator introduced in [28]. It
can be observed that the line current waveform (Fig. 20(c)) is
identical to the obtained in three-phase VSIs, where an SPWM
technique is used. This brings up the duality issue between
both topologies when similar modulation approaches are used.
Therefore, for odd multiples of 3 values of the normalized
carrier frequency m, the harmonics in the ac current appear
at normalized frequencies f; centered around m; and its
multiples, specifically, at

h=1-msxk, l=12,... (14)
where [ = 1,3,5,...for k = 2,4,6,...and | = 2,4,... for
k = 1,5,7,... such that h is not a multiple of 3. For nearly
sinusoidal ac voltages v, the harmonics in the dc-link voltage,

v,, are at normalized frequencies given by

h=1-myxk+1, 1=1,2,... (15)
where ] = 0,2,4,... for k = 1,5,7,...and ] = 1,3,5,...
for k = 2,4,6,... such that h = [ - my % k is positive and
not a multiple of 3. This analysis shows that for low switching
frequencies very low unwanted harmonics will appear. This is a

very undesired effect as in a CSR there is a second-order input
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Fig. 21. Chopping angles for Sth and 7th harmonic elimination on VSI. (a)

Chopping angles definition. (b) Chopping angles as a function of the modulation
index.

filter and resonances could be obtained. This is why selective
harmonic elimination is the preferred alternative as it allows one
to specify the resulting spectra.

b) Selective Harmonic Elimination (SHE): This tech-
nique deals directly with the gating patterns of the CSR. It
defines the gating signals in order to eliminate some predefined
harmonics and control the fundamental amplitude of input
current i,.. Under balanced conditions, the chopping angles
are calculated to eliminate only the harmonics at frequencies
h = 5,7,11,13,... In [29] is proposed a direct method to
obtain the angles to eliminate a given number of harmonics.
However, just an even number of harmonics can be eliminated.
On the other hand, [30] proposes using single-phase CSRs
to form three-phase structures. This alternative alleviates the
resulting nonlinear equations to be solved; however, the number
of power switches increases up to twice as compared to the
standard six-switches configuration. Also, [31] proposes a
method to eliminate an arbitrary number of harmonics, while
controlling the fundamental ac current component, by using
the results obtained in VSIs [32]. Specifically, the general
expressions to eliminate N — 1 (N — 1 = 2,4,6,...,even)
harmonics are given by the following equations:

N
=S (= 1)k cos(nay) = 24?#
k=1
N
- Z(—l)k cos(nay) = %,

~
Il
-

forn =5,7,...3N =2 (16)
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where a1, g, ..., ayn should satisfy i < ag < - < ay <
7 /2. Fig. 21(a) shows the distribution of «q , o, and «vz to elimi-
nate the 5th and 7th and Fig. 21(b) the values as a function of the
desired fundamental ac current component. Similarly, the gen-
eral expressions to eliminate N —1 (N —1=3,5,7,...,0dd)
harmonics are

N 9 _
=3 (= 1)k cos(nay) = #
k=1
ol 1
—Z(—l)k cos(nag) = 3
k=1
forn =5,7,...3N -1 (17)
where a1, ag, ..., an should satisfy @y < as < -+ < ay <

/3.

Fig. 22(a) shows the resulting gating pattern to be used in a
PWM-CSR obtained from the results shown in Fig. 21 by means
of the circuit proposed in [32]. As expected, Fig. 22(c) shows
that the resulting line current, Fig. 22(b), does not contain the
5th and the 7th harmonics as expected.

The series/parallel connection of CSRs is used to improve the
quality of the waveforms by creating n-pulse converters [26],
[33]. In fact, a delta-wye transformer naturally eliminates the
5th and 7th harmonics and, therefore, the first unwanted har-
monics are the 12th at the dc side and the 11th and the 13th at
the ac side. The series/parallel connection increase the degrees
of freedom of the system, so modified SHE algorithms like se-
lective harmonic equalization presented in [34] can be used.

¢) Space-Vector Modulation: The objective is to generate
PWM ac line currents %, that are on average equal to the given
references 4.. This is done digitally in each sampling period by
properly selecting the switch states 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
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upon the space-vector (SV) transformation [35]. The vector of
line-modulating signals 7. can be represented by the complex
vector I = [icq ics)T by means of

2
ica = g[ica - 05(2011 + icc)] (18)
. 1. .
lep = E(Zcb - ch)~ (19)

Similarly, the space-vector transformation is applied to the
nine states of the CSR normalized with respect to ipc, which
generates nine space vectors (I;, ¢ = 1,2,...,9 in Fig. 23. As
expected, Iy to Ig are nonnull line current vectors and I, Ig,
and Ig are null line current vectors.

If the modulating signal vector I. is between the arbitrary
vectors I; and I;;1, then I; and I; ;1 combined with one zero
space vector (I, = Iy or Ig or Ig) should be used to generate
I... To ensure that the generated current in one sampling period
Ts (made up of the currents provided by the vectors I, Ii1q,
and I, used during times 75, T;1, and 77,) is on average equal
to the vector 1., the following expressions should hold:

T, = T.1. sin(g - 9) (20)
Tipr = Tl sin(6) (21)
T.=T,-T; - E-{—l (22)

where 0 < fc < 1 is the length of the vector I.. Although,
the SVM technique selects the vectors to be used and their re-
spective on-times, the sequence in which they are used, the se-
lection of the zero space vector, and the normalized sampled
frequency remain undetermined. The sequence establishes the
symmetry of the resulting gating pulses and, thus, the distribu-
tion of the current throughout the power switches. More impor-
tantly, the normalized sampling frequency f, should be an in-
teger multiple of 6 to minimize uncharacteristic harmonics by
using evenly the active states of the converter, an important issue
at low switching frequencies. Fig. 24 shows the relevant wave-
forms of a CSR SVM. It can be seen that the first set of relevant
unwanted harmonics in the ac line currents are at f; = 18.
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As expected, the modulating techniques try to achieve near
sinusoidal waveforms; however, during transient conditions
and/or special requirements, the technique can operate in over-
modulation. Under these conditions, the converter will inject
low-order harmonics (particularly 5th and 7th) but no further
limitation is reached.

2) Closed- and/or Open-Loop Operation: The main objec-
tive of the CSR is to generate a controllable dc-link current.
However, the modulating techniques provide three modulating
signals that add up to zero; therefore, there are two degrees
of freedom. This rises the issue of being possible to control
independently two electrical quantities. Several papers have
proposed different control strategies; for instance, synchronous
compensation [36], [37], power factor correction [38], [39],
active filtering [40], [41], and more importantly, as part of an
ASD [26], [42], all of which control the dc link current (which
could also be the active ac current component) and the second
is the reactive ac current component. If the control system is
synchronized with the ac mains and the setting of the desired
reactive ac current component is adjusted to a given: 1) dc
value, synchronous compensation is obtained; 2) ac waveform,
active filtering is obtained; and 3) dc value equal to zero, unity
displacement power factor is obtained.

IV. APPLICATIONS OF REGENERATIVE PWM RECTIFIERS
A. Single-Phase PWM VSRs

1) PWM Rectifier in Bridge Connection:
a) Single-Phase UPS: The distortion of the input current
in the line-commutated rectifiers with capacitive filtering is par-

ticularly critical in uninterruptible power supplies (UPSs) fed
from motor—generator sets. In effect, due to the higher value of
the generator impedance, the current distortion can originate an
unacceptable distortion on the ac voltage, which affects the be-
havior of the whole system. Although usually the critical load
do not regenerate energy, this topology is used to improve the
quality of the input current.

Fig. 25 shows the power circuit of a single-phase UPS, which
has a PWM rectifier in bridge connection at the input side. This
rectifier generates a sinusoidal input current and controls the
charge of the battery [46], [47].

b) AC Drive for Locomotive: One of the most typical
and widely accepted areas of application of high-power-factor
single-phase rectifiers is in locomotive drives [43]. In effect,
an essential prerequisite for proper operation of voltage-source
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 input
current. Fig. 26 shows a simplified power circuit of a typical
drive for a locomotive connected to a single-phase power
supply [44], which includes a high-power-factor rectifier at the
input.

Fig. 27 shows the main circuit diagram of the 300 series
Shinkansen train [45]. In this application, ac power from the
overhead catenary is transmitted through a transformer to
single-phase PWM rectifiers, which provide the dc voltage for
the inverters. The rectifiers are capable of controlling the input
ac current in an approximate sine wave form and in phase with
the voltage, achieving power factor close to unity on powering
and on regenerative braking. Regenerative braking produces
energy savings and an important operational flexibility.

2) Voltage-Doubler PWM Rectifier:

a) Low-Cost Induction Motor Drive: The development of
low-cost compact motor drive systems is a very relevant topic,
particularly in the low-power range. Fig. 28 shows a low-cost
converter for low-power induction motor drives. In this configu-
ration a three-phase induction motor is fed through the converter
from a single-phase power supply. Power switches T4, T5 and
capacitors C7, Cy constitute the voltage-doubler single-phase
rectifier, which controls the dc-link voltage and generates sinu-
soidal input current, working with close-to-unity power factor
[47]. On the other hand, power switches T3, Ty, T5, and Ty and
capacitors Cy and C'y constitute the power circuit of an asym-
metric inverter that supplies the motor. An important character-
istic of the power circuit shown in Fig. 28 is the capability to
regenerate power to the single-phase mains.

b) UPS: Another common application for a dou-
bler-voltage rectifier is in low-cost UPS system as described
in [48]. The number of power switches can be decreased from
eight to four, as shown in Fig. 29.

B. Three-Phase PWM VSRs

One of the most important applications of the VSR is in ma-
chine drives. Fig. 30 shows a typical frequency converter with
a self-commutated rectifier—inverter link. The rectifier side con-
trols the input current and the dc link, and the inverter side con-
trols the machine. The machine can be a synchronous, brushless
dc, or induction machine. The reversal of speed and reversal of
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power are possible with this topology. At the rectifier side, the
power factor can be controlled, and even with an inductive load
such as an induction machine, the source can ‘“see” the load
as capacitive or resistive. The inverter will become a rectifier
during regenerative braking, which is possible making slip neg-
ative in an induction machine, or making torque angle negative
in synchronous and brushless dc machines.

A variation of the drive of Fig. 30 is found in electric traction
applications. Battery-powered vehicles use the inverter as a rec-
tifier during regenerative braking, and sometimes the inverter is
also used as a battery charger. In this case, the rectifier can be fed
by a single-phase or by a three-phase system. Fig. 31 shows a
battery-powered electric bus system. This system uses the power
inverter of the traction motor as rectifier for two purposes: regen-
erative braking, and battery charger fed by a three-phase power
source.

Another application of a VSR is in power generation. Power
generation at 50 or 60 Hz normally requires constant-speed syn-
chronous machines. Also, induction machines are not currently
used in power plants because of magnetization problems. Using
frequency-link self-commutated converters, variable-speed
constant-frequency generation becomes possible, even with
induction generators. The power plant of Fig. 32 shows a
wind generator implemented with an induction machine, and
a rectifier—inverter frequency link connected to the utility. The
dc-link voltage is kept constant with the converter located at
the mains side. The converter connected at 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 cos ¢ of the machine independent of the
mains supply. The last one can even be adjusted to operate at
leading power factor. The same configuration also works with
synchronous machines.

All the VSRs described above can also be implemented with
three-level converters [49], the most popular being the topology
called the diode-clamped converter, which is shown in Fig. 33.
The control strategy is essentially the same as already described.
This back-to-back three-phase topology is today the standard
solution for high-power steel rolling mills, which typically de-
mand regenerative and normal operation [50]. In addition, this
solution has been recently introduced in high-power downhill
conveyor belts which operate almost permanently in the regen-
eration mode [51].

C. Three-Phase PWM CSRs

In commercial ASDs such as the one shown in Fig. 34, the
CSR has the role of keeping the dc-link current equal to a refer-
ence while keeping unity displacement power factor. Normally,
an external control loop, based on the speed of the drive, sets
it [26], [42]. The commercial units for medium-voltage and
megawatt applications use a high-performance front-end recti-
fier based on two series-connected CSRs, as shown in Fig. 35.
The use of a delta/way transformer naturally eliminates the
5th, 7th, 17th, 19th,...,6(2¢+ 1) £ 1 current harmonics at the
ac 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 current,
the gating pattern is modulated preferable by means of the SHE
technique. Thus, the pattern could eliminate the 11th, 13th, ...
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and control the fundamental current component which in turns
controls the dc-link current. Additional advantages of this ASD
is the natural regeneration capability as the CSRs can reverse
the dc-link voltage allowing the sustained power flow from the
load into the ac mains. Finally, due to the capacitive filter at the
motor side, the motor voltages and, consequently, the currents
become nearly sinusoidal. This reduces the pulsating torques
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Fig. 29. UPS with voltage-doubler rectifier.

and the currents through the neutral. These are two important
considerations in medium-voltage electrical machines.

V. CONCLUSION

This paper has reviewed the most important topologies and
control schemes used to obtain ac—dc conversion with bidirec-
tional power flow and very high power factor; each topology has
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TABLE 1II
ASSESSMENT OF PWM METHODS
Advantages Disadvantages
SHE Low switching | Higher THD.
frequency. Extremely complex al-
Allows to climinate | gorithm so, a large

specific harmonics.

amount of data must be

stored in a table.

Space Vector | Low THD.
Easy to implement in

digital systems.

High switching
frequency.

Complex control sys-
tem.

Somehow awkward in

multi-level topologies.

PWM classic | Low THD.

Easy to implement in
analog circuits.
Straight forward im-
plementation in multi-

level topologies.

High switching

frequency.

advantages and disadvantages which are listed in Tables II and

III, respectively.

TABLE III

ASSESSMENT OF PWM RECTIFIERS

Advantages Disadvantages

PWM-VSR 1¢ | Simple control. 2w ripple in the DC-
Less power switches | link voltage.
required.

PWM-VSR 3¢ | No DC-link harmonics. | Complex and more ex-
Ride-through capabil- | pensive control loop.
ity. EMI presence.
It can operate as a | High DC-link voltage
diode rectifier under no | operation.
gating signals. It cannot operate with a
It can operate with an | shorted load.
open load.

PWM-CSR 3¢ | No DC-link capacitor | Capacitive input filter

required.

Reduced EML

Low DC-link voltage
operation.

It can operate with a

shorted load.

is prone to resonate.
The gating signal must
be presented.

It cannot operate with

an open load.

Voltage-source PWM regenerative rectifiers have shown a

tremendous development from single-phase low-power supplies

up to high-power multilevel units.

Current-source PWM regenerative rectifiers are conceptually
possible and with few applications in dc motor drives. The main
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field of application of this topology is the line-side converter of
medium-voltage CSIs.

Especially relevant is mentioning that single-phase PWM re-
generative rectifiers are today the standard solution in modern
ac locomotives.

The control methods developed for this application allow for
an effective control of input and output voltage and currents,
minimizing the size of energy storage elements.

This technology has approximately three decades of sus-
tained theoretical and technological development and it can be
concluded that these high-performance rectifiers comply with
modern standards and have been widely accepted in industry.
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