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Abstract—AC-DC three-phase converters are very well impedance with that of the filter can cause resonances that
known for having enhanced power quality with unity might affect the behavior of the rectifier or the supply.
displacement power factor, low total harmonic pollution on Active filters supply either current or voltage harmonics

the AC side, and controllable DC output with unidirectional or the AC sid hich f | litud d it
bidirectional power flow. The first part of this paper presents 0N (€ AL Sideé which are of equal amplitude and opposite

a review of several three-phase AC-DC converters with passt Phase to these generated by the non-linear load of the
current injection circuits, detailing their respective topologies rectifier. It is widely used in industrial power systems and

and characteristics. requires measurements of voltage and current waveforms.

. o Suitable isolation should be provided.
Resumen— Los convertidores trifasicos CA-CC son Hvbrid filt dt binati f acti
muy conocidos por tener una calidad de potencia mejorada ybrid power hiiters correspond to combinations ot active

con factor de desplazamiento unitario del factor de potena, and pa;sive filters. They were de\{eloped ‘o overcome the
baja distorsion armonica total en el lado de CA y salida CC above disadvantages and make active filtering methods more
controlada con flujo de potencia unidireccional o bidirecoonal.  attractive from an economical and viability point of view.
La primera parte de este articulo presenta una revidin de oy rent control injection techniques involve the injentio

varios convertidores trifasicos CA-CC con circuitos de f tant patt iabl litud t the AC
inyeccion de corriente pasiva, detallando sus respectivasO a constant pattern variable amplituae current on the

topologias y caracteristicas. side of standard line commutated rectifiers to reduce tlee lin
current harmonics generated by the rectifiers.
. INTRODUCTION AC-DC systems with improved source current quality

Three-phase AC-DC diode converter are extendedly useauld be developed as high-switching-frequency rectifiers
because they are very simple and affordable, but at thgstems or as passive multi-pulse rectifiers allowing an
expenses of input currents highly distorted and low digffective control of the output voltage and input side [2].
placement power factor. In order to solve these issues,One solution is to include an extra converter (boost, buck,
different topologies have been proposed [1]. Passivedilteand buck-boost) which handle all the energy circulating
active filters and current controlled injection are commathrough the converter, showing a good performance in
techniques to externally attenuate the current harmonitiéferent operation points (Fig. 1). The main problem of
generated by rectifiers. this alternative is that a costly controller is needed, and i

Passive filters are connected between the rectifier aaddition, the efficiency is reduced because all the power is
supply terminals (in series or shunt) to block or direct thandled by the extra converter.
ground the current harmonics generated by the rectifier.Another alternative is to replace the extra converter by a
Series filters cause high impedance at the current harmopassive network as depicted in Fig. 1. This configuration
frequencies. They may cause distortion to the rectifiertinpdoes not process all the energy circulating through the
voltage harmonics, at the cost of physical size and compmnverter but at the cost of huge passive elements reducing
nents. Shunt filters are parallel connected at the conmectits efficiency. Additionally, the components of the passive
point of the supply and rectifier, creating a low impedanaeetwork are adapted for a sole operation point, thus the
at the current frequencies and the harmonics tend to flaecomplishment of the converter is not good enough under
towards the supply neutral through the shunt filter rathan thdifferent load variations. To improve the source current, a
through the supply. This filter only takes a small percentageecial transformer is required in the injection network. A
of the full line current and the combination of the supplyt will be shown later, it is possible to find different three-



six-pulse rectifier. With this adjustment the rectifier désd
operate with a displacement of 12@er cycle, naturally
a mitigating the 5th and 7th harmonics from the source
Extra . . . .
Converter, T currents. The same current sharing is obtained with the
’ Jpasawe T " autotransformer array, which conducts to equal leakage
Network ‘ reactance in series with each line of the rectifier bridges.
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Fig. 1. Three-phase rectifier with extra converter, passivective network
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phase rectifiers using these passive networks with differen
transformer configurations.

Recently an active network (which requires an inductor erpriace
operating at high switching frequency) has been proposed to _ o
replace the passive network (Fig. 1), allowing for improved Fig. 3. 12-pulse rectifier with an autotransformer

efficiency and fast dynamic response to different operation
points. Similarly to the passive network, in this architget - 12_pyise Rectifier Using a Transformer Primary in Se-
the power processing is reduced. The injection netwofkg
consists of three bi-directional switches to select théhpat _ . L )
of the inductor current to be added to the correspondin This converter connects the transformer primaries in serie
phase. V\%th the bottom rectifier [3]. The secondary delta windings
Finally, it is possible to find also some hybrid comfeed the top rectifier. The transformer is rated at approxi-
binations of active networks where an injection net\NorWately. h‘?lf of t_he total power but fche circuit does not have
is formed for a special transformer. In this paper, the@Ivamc isolation. The topology is a current-fed/voltage
different topologies will be presented source multi-pulse rectifier. The output side of the bridge
' rectifiers are linked to a single DC capacitor, obtaining a
Il. THREE-PHASE RECTIFIER WITH PassIVE NETWORK ~ 12-pulse voltage waveform at the rectifier inputs (Fig. 4).
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Fig. 4. 12-pulse rectifier using a transformer primary ineser
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Fig. 2. 12-pulse rectifier using a double-wound transformer

The converter consists of two six-pulse rectifiers cor- 18-Pulse Diode Rectifier Using an Autotransformer and
nected by means of Y and Y-Y isolation transformers, Winding Configuration of Interphase Reactor

obtaining a 30 phase shift [3] (Fig. 2). This connection 6-Pulse
naturally mitigates the 5th and 7th harmonics in the source oy e
currents. The outputs are connected to the load using an b | *

interphase reactor. The use of a double-wound transformeR“ o "L
constitutes the main disadvantage of the power converte :
which normally is large and heavy. be ’;'— *
B. 12-Pulse Rectifier Using an Autotransformer

The topology shown in Fig. 3, is a current source con- = *

verter which is utilized in aircrafts to add AC-DC conversio

[4]-[6]. This configuration allows to reduce the magnetiﬁig. 5. 18-pulse diode rectifier using an autotransformed ainding
component and rectifier weights at the cost of eliminatingnfiguration of interphase reactor

the galvanic isolation obtaining a converter with less cost

and higher efficiency. In this converter two interphase re- There are different 18-pulse converter circuits to be em-
actors are needed to have autonomous operation of epttyed in future aircraft. The power circuit is a current

Interphase
Reactor




. . . Ry [ 6-Pulse
source and the basic topology does not require an interphase Convertef, T~ Tnjection
R

transformer (Fig. 5). At any time, one rectifier keeps inacti b 2] *‘
because the bridges do not share load current. Therefere, th | B |
diodes need to support the full load current and they must
be designed to accomplish this requirement [4], [5].

The concept of the 12-pulse rectifier with an autotrans- by |2 *‘
former is extended to an 18-pulse configuration using three - | B |
six-pulse diode rectifier. With this new arrangement, the 5t
7th, 11th and 13th harmonics are completely mitigated in ﬂll(lag 7. 24-pulse current-source-converter using a cunigple injector
source current. in series with the load
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E. 24-Pulse Rectifier with Passive Ripple Injection

In this circuit (Fig. 6) the injection diode-bridge is conto modify the current ripple waveform through the injection
sidered in a series connection with the main rectifiers atdnsformer, which is connected between the mid-point of
the injection transformer is situated between the split DG@he rectifiers, two DC blocking capacitors and a single-phas
link and the injection diode-bridge [7]. Because of theeeri converter bridge.
connection, the same current is mandatory in each rectifier,
and due to the series inductance in the principal circuits¢gh G. 24-Pulse Diode Rectifier with a Tapped Interphase
currents are treated as current-fed. The rectifier inpuagel Transformer

waveforms are similar to those produced by a 24-pulsetne converter (Fig. 8) is almost the same as the classical
rectifier. But, the |nJect|0n. diodes are exposed_ t_o the fL_JiIZ_pmse topology but with an adjusted transformer stmectu
load current due to the series connection of t_he injectdn Wit - 4 the two diodes linked to a distinctively tapped integgha
the rectifiers. The converter uses only passive componenfsnstormer (Fig. 9), which is used as part of the injector
In addition, this topology operat_es with fewer conjponen}ﬁrcuit [11]-[13]. The secondary windings of the input
than other AC-DC converters with analogous achievemegl,nsformer are designed in spread delta. This configuratio
The injection circuit is based on a single-phase transformgows palanced sets of three-phase voltages withpBase-
with a single-phase full bridge rectifier, used to producgspiacement for the diode rectifiers, providing the same
a square wave voltage at six times the source frequenghiage reactance in series with the rectifiers. The diodes
providing an extra voltage level. In aerospace applicationy e switched in a natural mode by the inherent six-pulse
a converter with reduced weight and size is mandatoRyiage ripple of the rectifiers, producing 24-pulse curren
Therefore, just one of the rectifiers is directly filled by thg,ayeforms at both rectifier input and output. The configura-
principal transformer. Among the input and output sides @b, exhibits a power characteristic with 5th, 7th, 11ththl 3

the converter there is no active isolation and thus the |°§9th, and 19th harmonic deleted from the source currents.
voltage cannot be controlled by the transformer turnsrati e

[8], [9] Reapctor R_ipple
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Fig. 6. 24-pulse rectifier with passive ripple injection
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Fig. 8. 24-pulse diode rectifier with a tapped interphasesfi@amer
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F. 24-Pulse Current-Source-Converter Using a Current Rip-
ple Injector in Series with the Load @

The current-source 24-pulse circuit (Fig. 7) is formed by
a 12-pulse converter and a ripple injection circuit in serie
with a high inductance load, producing an almost constant b
load current [10].

Ripple injection circuits typically include four switches
and a small injection transformer to the 12-pulse rectifier.
This additional circuit modifies the behavior by either cur- Fig- 9. Coupling transformer network of the 24-pulse diodeifier
rent or voltage injection at six times the supply frequency
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Fig. 10. 24-pulse rectifier with zero sequence blockingsfamer (ZSBT)
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. ) ) Fig. 13. Three-phase rectifier with a passive 28-step ctslkeaper
H. 24-Pulse Rectifier with Zero Sequence Blocking Trans- .
Coupling Transformer

former (ZSBT) (Fig. 10) Network

The configuration requires one Zero Sequence Blocking N
Transformer (ZSBT) to have autonomous action of the two b
6-pulse diode rectifiers [14]-[17]. It shows high impedance
to zero sequence currents, rising in 12€nduction for
each diode and the same current distribution in the load
side. An interphase reactor tapped appropriately to realiz
pulse doubling is associated at the output of the ZSBT.

The two load voltages of the rectifier are equal but with a
phase displacement of 3(¢necessary for 12-pulse action)Fig. 14. Coupling transformer network of the three-phasifier with a
containing ripple of six times the line frequency. passive 28-step current shaper

. Harmonic Reducing 24-Pulse Rectifier J. Three-Phase Rectifier with a Passive 28-Step Current

The rectifier consists of the conventional series connectef2Per

12-pulse diode rectifier with a simple additional circuit The converter shown in Fig. 13, is formed by a phase-
which is formed by 4 diodes, 2 auto-transformers and shifting transformer, 3 six-pulse diode rectifiers, and 6
capacitors [18], as shown in Fig. 11. This topology allowmterphase transformers [19]. The phase-shifting transéo

for an efficient, economical and reliable alternative to agrenerates in addition 2 sets of three-phase voltage sources
complish uncontrolled high DC power and high voltage frorfrom the original three-phase input. On the primary side, a
the network without harmonic distortion. three-phase transformer is linked in delta with three-phas

input voltages and three 9phase-displacement voltages are

- induced on the secondary side. Two interphase transformers
b are used to obtain a 28-step sinusoidal waveform (Fig. 14).
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w  Phase Reactor as Part of the Ripple Injector

L Lw ‘ The converter shown in Fig. 15, is a parallel 12-pulse con-
’ . * figuration including two six-pulse converters and a thyrist
] tapped interphase reactor, which is used as part of the
injection circuit [20], [21]. The tapping thyristors opéga
Fig. 11. 24-pulse rectifier with auxiliary circuit (harmenieducing) at six-times the source frequency obtaining input and dutpu
waveforms comparable to those of a 24-pulse converter,
Coupling Transformer ob_taining minimal curre_nt THD. The potential of the circu_-
Network lating ripple frequency is filled back to the DC scheme via
the interphase reactor which works as an autotransformer.

by 6-Pulse

Rectifier

E}T K. 24-Pulse Current-Source-Converter Using an Inter-

Coupling Transformer

o

L. 36-Pulse Voltage-Source-Converter Using the Voltage
Ripple Injection Method Applied to the 12-Pulse Converter
in Parallel

This is a 36-pulse circuit (Fig. 16) that is formed by
a double-bridge self-switched voltage source converter, a
o justed with an interphase reactor (used as the injectiorsira

former) and a GTO-diode single-phase bridge to produce
Fig. 12.  Coupling transformer network of the 24-pulse fastiwith ~a multilevel waveform [22]. This ripple injection scheme
auxiliary circuit (harmonic reducing) includes less switches, smaller capacitor size and no unbal
anced problems in the capacitors.
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Fig. 15. 24-pulse current-source-converter using an-plase reactor as . .
part of the ripple injector Fig. 19. Coupling transformer network of the 36-pulse cotare
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The converter shown in Fig. 18, works with 36-pulses and
can operate as a rectifier for a DC load or as an intermediate
stage for an inverter [25]—[28]. A highly sinusoidal currah
both ends of the system (rectifier input and inverter output)

is obtained. In addition, a notable reduction of the transfe
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( éé —t of abnormal harmonics is achieved by the reduction of DC-
! B2 o e link harmonics due to the 36-pulse configuration. Finally,
- this higher pulsation deletes the necessity of filteringhat t
. i} rectifier end as well as mitigating problems at the inverter
“T o end.

Fig. 16.  36-pulse voltage-source-converter using theageltripple O- Multi-Pulse Self-Commutated Current Source Rectifier

injection method applied to the 12-pulse converter in felral The converter shown in Fig. 20, is based on the re-
injection of multilevel DC current pulses via a GTO or
IGCT switched multi-tapped interphase reactor. The inter-
Y&ce transformer (Fig. 21) turns ratios are formedias 1
?[)rimary to secondary) for the Y connection ahgl : v/3

for the A connection. There is no need for passive filtering
This circuit has an injection transformer which is conin order to obtain practically sinusoidal currents [2910]3

M. 36-Pulse Voltage-Source-Converter Using the Volta
Ripple Injection Method Applied to the 12-Pulse Convert
in Series

nected between the split DC-link and the mid-point of the Interphase
converter (Fig. 17). The transformer turns-ratio is desiyn Ry [GPURE] P, e RPPIE
in such a way that a minimum line current is produced [23], . convertel™ g 6. Sys i
[24]. A e
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N. 36-Pulse Converter with Coupling Transformer Network
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P. General Configuration for Pulse Multiplication in Series
Connected Converters

This general configuration is obtained by including an
Fig. 18. 36-pulse converter with coupling transformer retw additional circuitry to a classic power converter conreatti

Q2




Coupling Transformer
[31], [32]. Itis basically a traditional converter struotwith Nework
a re-injection circuit which handles the pulse multiplioat
In this multiplication circuitry a factor of 2 involves a ldige,
a factor of 3 involves one bridge and a thyristor, a factor
of 4 involves 2 bridges (also another secondary winding

in transformer), a factor of 5 involves two bridges and gig. 26. Coupling transformer network of the 6 to 12-pulse &nto

ay

o by

thyristor, and so on (Fig. 22 to Fig. 26). 24-pulse converter
— o [oPwE ol i [Il. CONCLUSION
2 Converte

m In the first part of this paper, the most popular and well
T known three-phase AC-DC power converters with passive
g |, currentinjection circuits have been presented. As it hasibe
‘ " shown, six-pulse diode converters are highly inexpensive
but at the expenses of high harmonic pollution in the
source currents. In order to improve these currents, passiv
networks use transformers which also add size and weight
to the converter.
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Fig. 22. Circuit configuration of the 6 to 12-pulse converter ACKNOWLEDGMENT
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