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Abstract—Three-phase rectifiers are widely used in several
applications. The main feature desired in these power converters
is a satisfying regulation of dc output voltage/current, but this
ought to be achieved with high quality ac currents and unitary
power factor. The most conventional schemes have unidirec-
tional power flow and a compensation of the ac-side current
should be implemented in high-performance systems. A small
part of the power converted can be employed to enhance the
characteristics in the mains side by using additional passive,
active or hybrid circuits. This paper is the first of two parts,
where the technology of ac-dc three-phase power converters
with compensation techniques to attain ac currents with ohmic
behaviour is reviewed. This part reports the passive networks
used for this aim, describing the most popular topologies and
features.

Index Terms—Ac-dc power converters, pasive current compen-
sation

I. INTRODUCTION

The conventional three-phase diode bridge rectifiers are still
one of the most used ac-dc power converters, because they are
the most affordable and straightforward topology. Neverthe-
less, its operation is characterised by undesired features such
as high ac current distortion that imply also a conversion with
poor power factor. Passive and active filters are commonly
connected in the ac-side of these rectifiers to overcome these
issues. However, current injection schemes were established as
the proposal to attain the highest efficiency with widespread
employment in aerospace applications [1]. The compensator
can comprise either passive, active or hybrid circuits. This
paper deals with the first method, and different developments
are reviewed describing their main characteristics.

Passive filters are the conventional solution to mitigate
the low-order current harmonics generated with rectifiers.
They are in essence tuned banks of LC filters that could be
connected in series or shunt configurations to damp or drive
to ground the undesired current harmonics [2]. Series filters
present a high impedance path at the current harmonics and

might cause input voltage distortion to the rectifier [3]. This
topology is characterised by large size components, reducing
its potential for compact applications. On the other hand, the
shunt connection works as a current sink to the harmonic
components through a low impedance circuit to ground. This
configuration provides a promising potential, but the design
is more complex considering that the association with the
inaccurate and variable power source impedance affects its
performance and could cause damages due to resonance [4].

Active filters are based on power converters that inject
current harmonics to the grid with the same and opposite phase
than those generated by the rectifier [5]. These are a broad
spread solution within the industry and the modern develop-
ments present high-performance, small size and flexibility to
the detriment of more complex architecture and control [6].
A current control is mandatory in this proposal. This usually
injects a reference current harmonic in the mains side with
a constant pattern, while the amplitude depends on the non-
linear rectifier’s load.

An advancement in the filter’s architecture is the combina-
tion of the two previous topologies to maintain the ac power
source reliability. This is known as hybrid power filters that
comprise passive and hybrid stages [7]. The passive part is
used to mitigate specific current harmonic components, while
the active component controls the wide range of remaining
frequencies. This combination reduces the size and weight of
the passive filter as well as the cost of the active one.

Three-phase rectifiers with low ac current distortion have
been classified as line-commutated (passive control) and self-
commutated (active control), while the hybrid methods can be
considered as one sub-classification between these two groups
[8]. The passive schemes employ multi-pulse rectifiers. They
are preferred for high-power systems with low dynamic and
where the quality of the current is not a priority [8]. An
additional dc-dc stage (boost, buck or buck-boost) is usually
implemented at the dc-side to provide the capability to operate
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Fig. 1. 12-pulse rectifier using a double-wound transformer.

in a wide range and control the power flow.
The drawbacks of the lastly described rectifier are the

complex control strategy and the reduction of the efficiency
due to the power limits of the dc-dc stage. An alternative
to avoid the use of an extra power converter are passive ac
current injection topologies [8]. This circuit uses only a small
portion of the energy processed by the rectifier. The banks of
passive elements cover only specific operation points, while
the design of high-order functions is highly complex [9]. The
use of large components and the narrow operation range can
be some of the issues evidenced in this proposal. TThe active
network mitigates this shortcoming at the expense of far more
expensive and involved schemes. Again, these disadvantages
can be lessened with the hybrid technology.

This work surveys three-phase power rectifiers with ac
current compensation focused in aerospace applications. The
report has been organized in two parts. This paper reviews the
passive injection methods, whereas the active and the hybrids
current injection are explored in the second part [10].

II. THREE-PHASE RECTIFIER WITH PASSIVE NETWORK

The most popular and promoted topologies of multi-pulse
power rectifier with passive injection network are presented as
follows.

A. 12-Pulse Rectifier with Double-Wound Transformer

This development employs two conventional six-pulse rec-
tifiers supplied by a Y-Δ-Y double secondary wound trans-
former to attain two three-phase ac sources electrically shifted
by 30∘ [11], as depicted in Fig. 1. Notice that the load ought
to be supplied using an interphase reactor and the connection
lessens the 5th and 7th current harmonics in the mains side.
The transformer isolates the systems but this is large and heavy
for high-power applications.

B. 12-Pulse Rectifier Fed by Autotransformer

This reported topology uses a dc current source converter
in aerospace applications [12-14]. The configuration is shown
in Fig. 2, and is capable of reducing the galvanic component
of the previous scheme. This allows lower weight and price
along with higher efficiency. On the other hand, two interphase
inductors are required for the autonomous operation of the
six-pulse rectifiers. The 5th and 7th order current harmonics
are mitigated due to the autotransformer connection and the
120∘ of conduction of the diodes, respectively. The array of
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Fig. 2. 12-pulse rectifier with autotransformer.
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Fig. 3. 12-pulse rectifier using a transformer primary in series
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Fig. 4. 18-pulse diode rectifier using an autotransformer and winding
configuration of interphase reactor

the autotransformer provides same current sharing, conducting
through equal leakage reactance in series within the line of the
rectifier’s bridge.

C. 12-Pulse Rectifier with Transformer Primary in Series

This ac-dc scheme is compounded by a single-wound Y-Δ
transformer and two six-pulse rectifiers [11]. The secondary
windings feed the first bridge, while the second is connected
to the ac power source in series with the primary windings
(see Fig. 3). The transformer can be dimensioned at half of
the total power by using this arrangement, but the system is
not isolated from the ac-side. This configuration can operate
either as a current or on a voltage source multi-pulse rectifier.
The output load is fed by using a storage capacitor and the
12-pulse current pattern is achieved in the ac-side.

D. 18-Pulse Rectifier Using an Autotransformer and Winding
Configuration of Interphase Reactor

This proposal is an extension of the 12-pulse ac-dc converter
with autotransformer, previously described in subsection B, by



appending an additional three-phase rectifier (see Fig. 4).
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Fig. 5. 24-pulse rectifier with passive ripple injection

The three six-pulse rectifiers are arranged as depicted in
Fig 4. This is in essence a current source rectifier, which
does not need the interphase transformer. The set of six-pulse
rectifiers operate in discontinuous conduction mode. Then, at
every time only two bridges are activated, because they do not
share the load current. Consequently, the diodes must support
the full load current [12, 13]. This arrangement allows the
mitigation of the 5th, 7th, 11th and 13th order harmonics to
attain a clean response in the main side.

E. 24-Pulse Rectifier with Passive Ripple Injection

This topology applies modifications to the 12-pulse archi-
tecture with a primary transformer in series to achieve low
ac harmonic current and similar input voltage levels to a 24-
pulse rectifier [15]. The three-phase rectifiers are connected in
series (current-fed rectifiers) through the passive network as is
depicted in Fig. 5. The transformer turn ratio warranties same
current magnitude for both six-pulse bridges but electrically
shifted by 30∘. The injection circuit is a single-phase full-wave
rectifier exposed to the full current and connected to a small
transformer which is linked to the mid-point of the dc-bus
and operates at six times the supply frequency (ripple main
component). Since the primary winding of the transformer is
connected in series with one six-pulse rectifier, the converter is
not isolated from the power source neither the output voltage
is controlled with the primary-secondary turn ratio [16, 17].

The scheme employs only passive components with lower
number of components, along with a simpler and lighter
transformer compared to other designs capable of achieving
24-pulse pattern. This feature makes the proposal suitable for
aerospace applications.

F. 24-Pulse Current-Source Rectifier using DC Ripple Injec-
tion Techniques

This ac-dc power converter is an adaptation of the standard
double-wound 12-pulse rectifier (subsection A) to achieve a
24-pulse operation by using an extension of the DC ripple
re-injection technique [18]. This topology is summarised in
Fig. 6. The passive injection network is composed by two
capacitors to block the DC voltage components of the three-
phase rectifiers, two injection transformers that operate at the
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Fig. 6. 24-pulse current-source-converter using a current ripple injector in
series with the load
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Fig. 7. 24-pulse rectifier with ZSBT

ripple frequency (six times the fundamental) and a single-
phase controlled full-wave bridge.

The ripple voltage of the three-phase bridges is the al-
ternating input of the injection transformers. The six-pulse
rectifiers inject this component into their respective primary
auxiliary windings to re-inject two square current waveform
at six times the fundamental frequency and shifted by 30∘.
Thus, the secondary output voltage is a 12-pulse waveform,
that in combination with an appropriate transformer turn ratio
value and firing angle control generates a 24-pulse waveform
in the output of the ac-dc converter.

G. 24-Pulse Rectifier with Zero-Sequence Blocking Trans-
former (ZSBT)

The scheme seen in Fig. 7 was introduced in [19, 20]. The
architecture of the 12-pulse topology with an autotransformer
is modified adding a ZSBT, and the pulse multiplier current
injector technique described in the previous subsection is the
passive network. The ZSBT ensures independent operation of
the six-pulse diode rectifiers and provides a high impedance
path to the zero-sequence current. This allows 120∘ conduction
and equal current sharing by the two three-phase rectifiers in a
more accurate manner than the one attained by using extended
delta transformers. The current injector circuit operates with
the same principles previously explained to achieve the char-
acteristics of a 24-pulse pattern in the ac power source lines.

H. Harmonic Reducing 24-Pulse Rectifier

This proposal adapts the conventional series connected 12-
pulse rectifier to attain a similar structure to the 24-pulse
with passive ripple injection scheme. The shifted three-phase
voltages are generated by using a Y-Y-Δ transformer (see
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Fig. 9. 24-pulse rectifier with auxiliary circuit (harmonic reducing)

Fig. 8) to supply the diode bridges connected in series as
indicated in Fig 9.

The passive network is divided in two parts: an auxiliary
rectifier and a dc splitting circuit. The single-phase bridge (in
series with three-phase rectifiers) injects current into the P and
Q rails of the dc-link increasing to 24-pulse the output voltage
behaviour. The ac input of this auxiliary bridge is fed by the
left-side of one autotransformer built with an appropriate turn
ratio, while the right-side is linked to the tap of a second
autotransformer located in the splitting circuit. The latter,
halves the output voltage (being M the mid-point) and the
current injected between the P and Q rails to balance the
sharing currents of the two six-pulse rectifiers.

I. 24-Pulse Current-Source-Converter Using an Inter-Phase
Reactor as Part of the Ripple Injector

This architecture is a parallel 12-pulse rectifier, while the
passive circuit is configured with a tapped transformer and
two controlled rectifiers [21], see Fig. 10. The same principles
are applied and the 12-pulse voltage ripple is employed to
generate a pulsating current that is fed back to the dc-side
using the interphase transformer. The 24-pulse operation is
achieved injecting appropriately six times frequency currents
(by controlling the firing angles of the thyristors).

J. 36-Pulse Voltage Rectifier With Self-Switched Double-
Bridge and Parallel 12-Pulse Converter

The parallel connection of 12-pulse rectifier improves its
performance by injecting the voltage ripple in the dc load,
and it could achieve 24-pulse performance as indicated in
subsection G. Further enhancements are attained with the use
of self-switched double-bridge schemes, which have multilevel
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Fig. 10. 24-pulse current-source-converter using an inter-phase reactor as part
of the ripple injector
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Fig. 11. 36-pulse voltage-source-converter using multilevel double-bridge.

operations [22]. One proposal that follows this principle is
analysed in Fig. 11. The conventional six-phase rectifier is
replaced by double bridges and an interphase transformer
along with a GTO-diode single-phase bridge in the injection
circuit. This topology produces multilevel waveforms and 36-
pulse characteristic on the ac-side.

K. 36-Pulse Voltage Rectifier With Self-Switched Double-
Bridge and Series 12-Pulse Converter

This rectifier is a variant of the previous proposal, connect-
ing the 12-pulse configuration in series as depicts Fig. 12. The
passive circuits injects current using a transformer linked to
the mid-point of the dc-bus to exploit the 12-pulse voltage
ripple and generate a 36-pulse operation with low ac current
distortion. The complete design of the galvanic components
and the firing angle strategy is reported in [23].
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Fig. 12. 36-pulse voltage-source-converter using the voltage ripple injection
method applied to the 12-pulse converter in series



L. 36-Pulse Converter with Coupling Transformer Network

A 36-pulse design with a simple circuity was proposed in
[24]. Figure 13 presents this scheme. Notice that the use of
three thyristors in the injection circuit is the main difference
with respect to the conventional double-wound transformer
12-pulse configuration of subsection A. The design of the
interphase autotransformer in combination of the firing angle
strategy of the thyristors make possible the 36-pulse operation.

M. Multi-Pulse Self-Commutated Current Source Rectifier

The architecture of this power rectifier is drawn in Fig. 14.
It is based on the multilevel parallel 12-pulse configuration of
subsection L. The coupling transformer network is al double-
wounded Y-Y-Δ (Fig. 15) with primary-to-secondary turns
ratios of 1 and 1:

√
3, respectively. The multilevel DC current

injection uses a GTO or IGCT switched multi-tap interphase
reactor. Significantly low polluted ac currents are achieved
with this topology and the passive input filter can be avoided.

N. Generalised Pulse Multiplication for Series Connected
Converters

The concept of series connected rectifier with 𝑛-pulse
using straightforward circuits has been generalised in [25].
The scheme considered for the pulse re-injection circuit are
multiple single-phase full-wave bridges as well as thyristors
that injects a pulsating current in the dc-side using the voltage
ripple to improve the ac current characteristics. For instance,
the single-phase full-wave bridge generates a current which
doubles the voltage ripple frequency. Then, this configuration
obtains 2𝑘-pulse operation if the series rectifiers are of 𝑘-pulse.
This can be complemented by adding a thyristor to multiply
the frequency by three, while two bridges attain a factor of
four (two secondary windings are also needed in the interphase
transformer for this purpose). Again, by adding a thyristor to
the last design, the pulsating current is injected at five times
the series association ripple frequency, and so on.

Some examples of this proposal are presented as follows.
The simplest case is the development of a 12-pulse rectifier
without double-wound transformer. A six-pulse can be adapted
with the passive network of this approach to operates as 12-
pulse configuration, see Fig. 16. The secondary windings of
the transformer ought to be configured in Y connection to
inject the ripple voltage with respect to the common-point. The
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Fig. 13. 36-pulse converter with coupling transformer network
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Fig. 14. Multi-pulse self-commutated current-source-rectifier
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Fig. 15. Coupling transformer network for the multi-pulse re-injection
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Fig. 16. Six- to Twelve-pulse converter.

operation can be extended to 24-pulse by using a two single-
phase rectifier and a two-secondary transformer as indicated
in Fig. 17. The subsequent scheme is the 12- to 36-pulse
presented in Fig. 18. The power source is coupled with a Δ-Y-
Δ transformer, while the 12-pulse voltage ripple generates the
pulsating current with a factor of three. The auxiliary circuit
is composed by a single-phase bridge and a thyristor.

III. CONCLUSIONS

In this paper, the first part of the review of a high-power
rectifier with low harmonic energy concentration in the ac-
side was presented. The main schemes developed with passive
injection circuit have been surveyed. The configurations are
based on conventional six-pulse diode bridges simplifying the
control requirements and providing competitive price to the
different proposals. However, the coupling transformer and
passive elements imply bulky and heavy power converters.
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Fig. 17. Circuit configuration of six- to 24-pulse converter

𝑅𝑠

𝑌𝑠

𝐵𝑠

𝑅1

𝑌1

𝐵1

𝑅2

𝑌2

𝐵2

𝑅3

𝑌3

𝐵3

𝐿𝑠

𝐿𝑠

𝐿𝑠

𝑎1

𝑎2

𝑎3

𝑏1

𝑏2

𝑏3𝑐1

𝑐2

𝑐3

L
oa

d
𝑣𝑜

𝐶

𝐶

𝑁
6-Pulse

Converter

6-Pulse
Converter

C
ou

pl
in

g
T

ra
ns

fo
rm

er
N

et
w

or
k

Fig. 18. Twelve- to 36-pulse converter
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