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Optimized 12-Pulse Rectifier With Generalized Delta
Connection Autotransformer and Isolated SEPIC
Converters for Sinusoidal Input Line
Current Imposition

Antonio de Oliveira Costa Neto “’, Ana Lucia Soares
Ernane Antonio Alves Coelho

Abstract—This paper discusses an alternative to reduce har-
monic current distortion in a 12-pulse rectifier. The circuit is based
on a generalized autotransformer connection with low power-to-
core that feeds two isolated SEPIC converters. Compared to other
passive devices operating as conventional 12-pulse rectifiers, be-
sides a tight dc bus, the use of static converters can, by means of
an active current imposition, provide very low harmonic distor-
tion of current. This paper presents a theoretical analysis which
is corroborated by computational and experimental results. The
results show that the performance of the proposed converter is
similar to the performance provided by three-phase unity power
factor PWM rectifiers, however, only two active switches are
deployed.

Index Terms—AC/DC converter, autotransformer, harmonic,
multipulse rectifiers, power factor correction, 12-pulse rectifiers.

I. INTRODUCTION

S THE use of uninterruptible power supply systems and

diverse sources of energy increases across a variety of
different applications, the use of high power converters becomes
ever more necessary. These in turn need to possess features of
low weight and volume, as well as operate within the limits
imposed by international standards [1], [2]. In order to decrease
the harmful effects of nonlinear loads on these systems, different
techniques are employed for correcting the power factor and
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eliminate harmonic distortions that are present in the currents
injected onto the power grid.

One of the simplest and more robust forms of improving
the waveform quality in these currents is through using mul-
tipulse rectifiers (MPC - multipulse converter) operating in
conjunction with auxiliary passive circuits (interphase reac-
tor (IPR), interphase transformer (IPT), etc.) and actives (static
converters).

In [3], 18-pulse rectifiers with differential autotransformers
are used together with special transformers (transformers and
interphase reactors), and these provide a high-power factor and
a low total harmonic current distortion. These are usually em-
ployed with the aim of absorbing the different instances between
the voltages of each rectifier group, and as such maintain the
natural cancelation between low-order harmonics [5], [6]. Due
to the size, cost, and the complexity of design, mainly in terms
of systems with significant voltage harmonic distortion, the use
of such equipment may not produce the desired results [3], [7],
[8].

The substitution of the IPT’s and IPR’s by static convert-
ers in [6], [7], and [9] is shown to be a good alternative, due
to ease of design, decrease in weight, volume and cost of the
structure, and dc voltage regulation on the bus. However, de-
pending on the connection in relation to the output of each
converter, the use of only one closed loop voltage makes the
system more sensitive to what is referred to as the symmetrical
current between each rectifier group. Based on the control tech-
nique implemented, discontinuity can be achieved more easily
due to the input current ripple of the three-phase rectifier, which
compromises the quality of the currents drained from the energy
grid. In those applications where electric insulation is necessary,
the use of static converters with high frequency insulation con-
tribute toward structure compaction, thus, maintaining system
robustness [5]-[9].

With regard to 12-pulse rectifiers with autotransformers, em-
phasis should be given to the studies presented in [10]-[12],
where static converters are used that operate with an input con-
trol loop or in modulation by constant hysteresis. In such, use is
made of the active imposition technique of triangular currents,
as a means to decrease the harmonic components of residual
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current. In these studies, noninsulated topologies are used [10]
along with insulated [12], however, with a large quantity of
semiconductor devices.

Recent studies that have used MPC structures with IPR’s
operating with static converters can be seen in [11], [14]-[18],
where one has a current imposition that flows through the IPR’s.
This imposition results in sinusoidal currents on the electric
energy grid. However, there does not exist any voltage regulation
on the dc bus.

In light of the aforementioned, this study presents a 12-pulse
rectifier with an autotransformer with a generalized connection
and a differential delta topology supplied by two isolated SEPIC
converters, as illustrated in Fig. 1. The main contributions of this
study are highlighted through the following operational aspects.

1) In terms of the autotransformer used:

a) The galvanic insulation generated by SEPIC con-
verter allows autotransformer applications in the in-
put stage, thus the most part of power flow occurs by
electrical conduction, with low power flow through
the magnetic core. The connection, and the trans-
formation ratio allow for low power processing in
relation to the core of the autotransformer. In view
of these features, a compact structure was obtained,
with a reduced cost and weight.

2) In terms of the static converters used:

a) A reduced number of semiconductors, since only
two SEPIC converters are used, as galvanic insula-
tion eliminates the need for additional semiconduc-
tors that aid parallel connection at the output stage,
as noted in [5], [9], and [10].

b) Dispenses the use of interphase transformers/
reactors as a means of correcting instantaneous volt-
age differences between each rectifier group caused
by lag between the transformer secondary voltages,
thus reducing cost and increasing reliability.

3) In terms of the implemented control technique:

a) Output voltage regulation, which can be used in a
number of applications, as for example in telecom-
munication sources, battery chargers and dc motor
trigger systems.

b) High power factor and low total harmonic distor-
tion of the input currents, in agreement with norm
IEC 61000 3-2. Producing a better performance than
conventional PWM rectifiers [13], [14], as with the
18 and 24-pulse rectifiers, however, with a lower
cost autotransformer and a lower number of static
converters and/or semiconductors.

c) As presented in [10] and [12], the use of the look-
up-table as an alternative for generating triangular
waveforms makes the system more susceptible to
frequency variation on the ac grid, thus, compro-
mising its performance when it comes to reducing
current harmonic content. Through the control tech-
nique proposed in this study, these problems are
solved by using digitally generated triangular refer-
ences of the current that are in synchronism with the
line voltage of each rectifier group.
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II. OPERATION PRINCIPLES OF THE PROPOSED CONVERTER

A. Autotransformer With a Generalized Differential
Delta Connection

The proposed rectifier consists of a structure with an au-
totransformer with a generalized differential delta connection,
since one can easily alter the transformation ratio [3], [4]. Anal-
ogously to the conventional 12-pulse rectifier, the proposed rec-
tifier possesses three primary windings and twelve auxiliary
windings, as well as supplying, at its output, two systems that
are out of three phase by 30° one from the other.

As noted on Fig. 1, the input currents are formed by the sum
of the currents that circulate on the auxiliary windings of the
respective phases and the current that flows through the delta
windings, where ky, and k. are the transformation ratios between
the primary and auxiliary windings

. ez — %1 | b1 — Up2
fap = + (D
kb k(:
. ip2 —dc1 | fal — a2
ihe = + 2
kb k(:
. la2 — U1 | Gel — le2
o = + 2 3)
ki k.
Being that
Z'aprim - Z.ca - Z.ab (4)
Z.bp'rim - Z‘br: - ica (5)
Z.cprim = Z'ab - ibc- (6)

Substituting (1) and (3) into (4)

iaprim _ 1g2 — %1 — L2 + g1 Tel — Geg — p1 + T2
kb kc

A W2 — el — a2 F U1 Tal — g2 — el +le2
kb kc

feprim = tea — a1l — W2 + 21 W1 — W2 — g1 + ia2'

k k.

B. Composition of the Input Currents

The adopted control technique is based on the imposition of
triangular currents on the input inductors of each SEPIC con-
verter. This should be in phase with the Vac line voltage of each
group rectifier, as illustrated in Fig. 2. Thus, resulting in phase A
from each rectifier group, for example, the waveform illustrated
in Fig. 3 (currents i, and i,9). Through the employment of the
transformer, one has on the windings of phases AB and CA, the
currents that contain the current drained from phase A of the ac
supply grid, as illustrated in Fig. 3. Therefore, the conclusion
is reached that the imposition of currents with triangular wave-
form and a frequency of 360 Hz on the input inductors of each
SEPIC converter, opens the possibility for obtaining perfectly
sinusoidal currents on the supply grid.

The control was implemented through algorithms in C lan-
guage, using the digital controller TMS320F28335 from Texas
Instruments. The methodology is divided into three main
routines.
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Fig. 2. Line voltage waveforms from the secondary of the autotransformer
and the currents imposed at the input of each converter dc—dc.

Fig. 3. Composition of theoretical waveforms—sinusoidal input current.
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1) Phase Locked Loop: 1t is imperative that one of the line
voltages on the ac side of each rectifier group is in phase with the
current imposed on the input inductor of each SEPIC converter
(see Fig. 3), to the contrary, one obtains current waveforms
that are highly distorted. In order to solve this problem, a PLL
algorithm (phase locked loop) is used.

2) Zero Crossing Detector: The output signal from the PLL
passes through a zero crossing detector (ZCD), whose objective
is to synchronize the PLL output in phase with the 360 Hz
triangular waveforms generated through an equation, which is
a function of the frequency variation read from the PLL output
signal. The 360 Hz frequency is used keeping in mind that the
currents drained from the ac grid are obtained through (7)—(9).
Therefore, as a consequence, one obtains the ideal composition
for the phase currents sinusoidal waveform and THD; less than
5%. The signal from the ZCD (f(x)), is multiplied by the control
voltage from the voltage compensator PI, thus generating the
reference for the current imposed on each SEPIC converter

Tg = iq1 + %02 + lab — lea (7)
Z.b =ip1 + ib2 + Z'bc - iab (8)
Te = el + 2 + lea — The- (9)

3) Average State-Space Model for Determining the Trans-
fer Functions of the Plant and Voltage Controller: The transfer
function from SEPIC converter can be obtained through an anal-
ysis of average state space. With the data presented in Table I,
the transfer function Gy ., is given by (10). Therefore, the
SISOTOOL from the software MATLAB was used to obtain the
output voltage compensator and to analyze the performance of
the internal voltage loop control. From the Tustin method, the
discrete transference function is obtained in (11) and straight
after, the different compensator equations is shown in (13). The
Simulink tool from the software MATLAB was used to simulate
the complete system in closed loop, as portrayed in Fig. 4, where
one notes from the step response an overshot around 10% and it
comes into steady state at about 60 ms, which demonstrates that
the voltage controller has a quick enough response to control
the output voltage, as desired. It is important to emphasize that,
in order to mitigate the output voltage oscillation, the voltage
compensator was designed with an additional pole at 360 Hz
and a sample rate frequency was established at 100 kHz. Fig. 5
presents the respective Root locus of the internal voltage loop
proving the stability os the system (Gain Margin: 26 dB and
Phase Margin: 69.6°)

a2 -2+ a0
b3 83 +02-52+bl-s+b0

GV conil = (10)

where

a2 = Oin ' Loul ' Rnut - Cin -D - Lnut ' Rout
CLO = D . Rout - D2 N Roul
b3 = Cvin : Cout . Lout : Rout
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TABLE I
PROJECT SPECIFICATIONS
Input Line Voltage 220Vrms
DC bus voltage 315Vee
Efficiency 92%
THD in accordance with IEC 61000 3-2
Autotransformer
Input voltage 220V/60Hz — Three-phase
Rectified output voltage 2 x300 Vce
Power output 2.5kW
Primaries: Las, Lsc, Lca 19 AWG/977 coils
Auxiliaries 1 and 2: Lagi, Las2, Lsci, Lsc2, 22 AWG/134 coils
Lcat, Lea2
Auxiliaries 3 and 4: Lags, Las4, Lacs, Laca, 22 AWG/23 coils
Lcas, Leas
Core type E-1M25-27GO
Maximum Magnetic Flux Density 0.94T
Blade Thickness 0.27 mm
Core area 202.5 cm?
Window area 22.5cm
Stack height 3cm
Tongue width 3cm
Rectifying bridges SKD35/12
SEPIC Converters
Power output for each converter 500W
Maximum switching frequency 50kHz
Input indutance Linl, Lin2 10mH
Magnetizing inductance Lout, Lout2 1mH
Input capacitance Cinl, Cin2 4.4uF
Output capacitance Cout 470uF
Average duty cycle 0.44
Switches S1 and S2 MOSFET C2M0080120D

(36A/1200V)

Output Diode D1 and D2 RHRG30120 (30A / 1200V)

Step Response
T

Amplitude

- T
0.02 0.04 0.06
Time (seconds)

Fig. 4. Step response of the internal voltage loop.

0.1

Open-Loop Bode Editor for Open Loop 1(OL1)

¢ Root Locus Editor for Open Loop 1(OL1)

" Real Axis x10°
Fig. 5. Root locus of the internal voltage loop.

b2 = Cin : Lout

b1 :C'in‘-Roul_Z'CYin'D‘}zoul"f'ctout'D2 'Rout

b0 = D?

10 0" K
Frequency (rad/s)
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Fig. 6.

Experimental setup over view.

gs((j)) =005 5557 50?33 5(;5344 1) an
Kuv(z) _ 0.001724 - 2 +5.74 - 1077 —0.0017 - 271 (12)
Ev(z) z—1.931040.9310 - 2!
Kvlk] =21+ 22+ 23+ 24 4 25 (13)
where
x1 =1.9310 - Kv[k — 1]
22 = —0.9310 - Kv[k — 2]
x3 = 0.0017 - Ev[k]
x4 =5.74-10"" - Ev[k — 1]
x5 = —0.0017 - Ev[k — 2]
Kv  Transference functions of the voltage compensators.

Error signal between the reference and the signal cap-
tured by the sensors.

k Present sample.

Previous sample.

Previous sample.

In order to control the input current for each SEPIC con-
verter, the Hysteresis controller was employed, due to its speed
and excellent dynamic performance for the wide range of load
variation. In the current hysteresis loops, the same voltage com-
pensator signal guarantees the balance between the currents with
the aim of assuring the correct composition of the input currents.
In the comparison of the feedback signal with the current refer-
ence signal, one obtains the command signals for the switches
of the SEPIC converters. The switching frequency is therefore
variable, arriving at a maximum of 50 kHz.

III. EXPERIMENTAL RESULTS

In pursuance of validating the strategy of the proposed con-
trol, computer simulations were performed using the software
PSIM. To corroborate the obtained theoretical results, a proto-
type of 1 kW was developed and analyzed in the laboratory, as
illustrated in Fig. 6. In Table I, the specifications of the imple-
mented rectifier are presented.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 4, APRIL 2019

Figs. 7-9 show the signals for the obtained input currents
and their respective frequency spectrums for the nominal power
condition. The individual harmonic components are compared
to the limits imposed by norm IEC 61000 3-2, thus, demon-
strating that the structure operates with a harmonic distortion
of 2.81% on each phase. In Figs. 10 and 11, the experimen-
tal results are shown, these show the dynamic response of the
output voltage controllers and input currents, when subjected to
steps of 50%, thus, demonstrating a satisfactory behavior with
respect to the output voltage, considering the variation of only
30 Volts during the transient period. In Fig. 12, the input current
waveforms obtained with ordinary control strategy (12-pulse
operation) is presented.

Fig. 13 shows the relationship between the voltage and current
for the obtained phase, which prove that an almost unitary power
factor was obtained. In Fig. 14, the secondary reference voltage
is shown together with the input current for the same rectifier
module, demonstrating PLL synchronization.

Finally, in Figs. 15-17, the THD; graphs are presented for
the input currents, concerning power factor and yield obtained
in accordance with the power delivered to the load. Note there
exists a clear improvement to the quality of the input currents
and the power factor as the power output increases, which is
due to the fact that the converter distances itself from the critical
region of discontinuity. However, the global yield gradually
decreases, while keeping in mind that the prototypes of the
switching converters were designed for only 500 W each.

In conclusion, in Table II, a synthesis of the results is pre-
sented through a comparative study performed between the pro-
posed structure and other important correlated works, which
are of recent publication in specialized literature concerning the
subject under study. The following criteria were taken into con-
sideration: type of connection of the autotransformer used; kVA
rate of the autotransformer; output voltage control; input current
control; galvanic insulation; number of semiconductors; yield;
THD;; and FP. Among the selected studies, the following are
highlighted:

1) In [3]-[9], 18-pulse rectifiers are analyzed with different
types of topology, from among those which provide a
THD; range of the order of 7%—13%.

2) In [10]-[18], 12-pulse structures are analyzed that op-
erate through the injection of triangular currents on the
output of each rectifier. Noted here is that the proposed
technique, operating together with a 12-pulse autotrans-
former, was capable of reducing considerably the har-
monic distortions from the input currents. This technique
obtained better results than those obtained in 30-pulse rec-
tifiers [13], [14], where a much higher quantity of rectifier
groups are used. Noteworthy however, is that many of
these structures make use of special transformers (IPT’s,
IPR’s) and do not supply regulated voltage on the dc bus.

In light of the aforementioned, it should be noted that the
proposed rectifier counts on an autotransformer designed with
a kVA rate (nominal power of the autotransformer in relation
to total output power) of 20.5%. If used as a 12-pulse recti-
fier, where the currents imposed on the switching converters are
constant, this can be designed for 18.5%. By operating with
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Fig. 10.  Dynamic response during a load step-up from 1 to 2 kW (100 V/div,
5 A/div, and 40 ms/div).

triangular currents imposed on the input inductors of each
switching converter, a THD; of 3% was reached.

The delta-differential autotransformer with a generalized con-
nection, although presenting a higher number of secondary
windings—when compared to other autotransformer topologies
presented in [3] and [4]—made the structure more compact in
terms of the others, as it possesses a unitary transformation ra-
tio. Highlighted also is that the voltage level adjustment on the

(b)

(a) Input current of line C (2 A/div and 2 ms/div). (b) Harmonic spectrum of the input current in comparison with the harmonic content restrictions

Fig. 11. Dynamic response during a load step-down from 1 to 2 kW
(100 V/div, 5 A/div, and 40 ms/div).

dc bus can be reached through the high frequency transformer
of the switching converter, without affecting the increase of the
kVA rate of the autotransformer. In addition, it promotes the
galvanic insulation between the load and the ac grid.

The level of efficiency reached was similar to the other studies
analyzed—around 92%—Ileaving only to highlight the reduced
number of semiconductors used, which stimulates a reduction
in costs and increases reliability.
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TABLE II
COMPARISON BETWEEN RECTIFYING STRUCTURES OF MULTIPLE PULSES INCLUDING THE PROPOSED STRUCTURE
Power Processing| q Number of Power '
Developed Studies | Connection | in relation to the reV‘:lllt:tgizn (é';;l;:::lt ngllls:l:m e&]{:l:ncy Semiconductors | Output Fu‘l;ielic;ad T];D' PF
core kVA (%) |8 (Switches/Diodes)| (kW) °
Autotransformer 18- Delta
pulse — IPT's [3] | Differential 18 No No No 0 (0/0) 2.5 0.97 13 0.985
Autotransformer 18- Star
pulse — BOOST [5] | Differential 22 Yes Yes No 9 (3/6) 12 0.94 8.8 0.99
Autotransformer 18- Star
pulse Differential 22 Yes No Yes 24 (12/12) 12 0.94 10.7 | 0.994
— Full Bridge [6]
Autotransformer 18- Star
pulse Differential 22 Yes No Yes 24 (12/12) 12 0.9 8.6 0.99
— Full Bridge [7]
Autotransformer 18- Delta
pulse — BOOST [8] | Differential 28 No Yes No 9 (3/6) 6 0.93 7.8 | 0.992
Autotransformer 18- Delta
pulse — Sepic [9] | Differential 18 Yes No No 9 (3/6) 2.4 0.92 8.4 | 0.994
Autotransformer 18- Delta
pulse Differential 18 Yes No Yes 6 (3/3) 2.4 0.9 72 0.994
— Sepic Isolated [9]
Autotransformer 12- Delta % « ¥
pulse — BOOST [10]| Differential 24 Yes Yes No 62M) - - 27| -
PROPOSED
RECTIFIER Delta
Autotransformer 12- Differential 20.5 Yes Yes Yes 4(2/2) 1 0.92 2.81 | 0.985
pulse — SEPIC
Isolated
Autotransformer 12- Delta « * Less ®
pulse— PR [11] | Differential 18 No Yes No 4 (4/0) - - than1| °
Autotransformer 12- Delta
pulse Differential 24 Yes Yes Yes 12 (8/4) 1.5 - * 2.7 - *
— Full Bridge [12]
Autotransformer 12-
pulse — PFC Polygonal 38 No No No 8 (4/4) 55 - ¥ 42 - ¥
Converter [13]
Autotransformer 12- Delta
pulse Di ffe‘;emial 20 No Yes No 4 (4/0) * - 28 | -*
IPR- Full Bridge [14]
Autotransformer 12- Delt
pulse IPR- BOOST | . -2 20 No Yes No 2(1/1) * - 4.9 -k
Differential
[14]
Autotransformer 12-
pulse Zig Zag - Zig Zag 30 No Yes No - * 6.25 -k 0.9 10.9995
IPR [15]
Autotransformer 12-
pulse Polygonal - Polygonal 18 No Yes No - * 1.5 - * 34 - *
IPT [16]
Autotransformer 12- % %
pulse - IPR [17] Star 30 No No No 0(0/0) 2 - 39 | -
Autotransformer 12- « « « * ®
pulse — IPR [18] Delta - No Yes No - - - 2.1 -

* - Not mentioned by author/s.

currents imposed on the input inductors of switched converters
and line voltage of the grid ensures correct composition of input
currents, i.e., with THD; less than 5%, as those obtained in
conventional PWM converters.

IV. CONCLUSION

This paper provides an alternative for the improvement of har-
monic distortions in 12-pulse rectifiers that use isolated SEPIC
converters. A description of the autotransformer operation and
the control strategy are presented. The study was validated
through a computer and experimental analysis of a 1 kW proto-
type with results that conform to norm IEC 61000 3-2.

An important and insightful comparative analysis was pre-
sented taking into account the following consideration: Type
of connection of the autotransformer used; kVA rate of the
autotransformer; output voltage control; input current control;
galvanic insulation; number of semiconductors; yield; THD;;
and PF. Among the selected studies, one can conclude that the
proposed converter presents better results when compared to
18-pulses rectifiers and its performance is similar to the per-
formance provided by three-phase unity power factor PWM
rectifiers, however, only two active switches are deployed. Con-
cerning the application range of the proposed structure, the au-
thors highlight that in [13] a similar topology was tested on
a 230 V, 75 hp motor drive system so reaching power levels
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around 50 kW. One must also note that increasing the number
of pulses of the autotransformer and hence increasing the num-
ber of SEPIC converters, despite splitting the rated power among
three switched converters, would lead to the increase of the KVA
rating of the autotransformer and of the costs, consequently.

In the light of these facts, the authors believe that only a care-
ful efficiency and reliability analysis should be able to determine
if the increase of costs can be justified. Concerning multipulse
rectifiers, it is important to emphasize that the delta-differential
autotransformer with a generalized connection, although pre-
senting a higher number of secondary windings—when com-
pared to other autotransformer topologies—made the structure
more compact in terms of the others, as it possesses a unitary
transformation ratio. Highlighted also is that the voltage level
adjustment on the dc bus can be reached through the high fre-
quency transformer of the SEPIC converter, without affecting
the increase of the kVA rate of the low-frequency autotrans-
former. These in turn can be used in telecommunications, bat-
tery chargers, and in a wide range of industrial applications,
as in the drive concepts of electric machines and applications
involving MEA, where dc system are deployed for power dis-
tribution in order to reduce the weight, the size, and the losses,
while increasing the levels of the transmitted power. To con-
clude, one must note that due to the ease of the control to adjust
to frequency variations, there will be no problem to deploy the
proposed structure in embedded systems, where they can oper-
ate together with permanent magnet generators.
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