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ABSTRACT This paper presents the design and analysis of a special Rectifier Unit (RU) composed of a
Delta-Differential Symmetric 18-pulse Autotransformer and cascade Boost converters for applications in
More Electric Aircraft (MEA), which is denominated as RU-DDS18PATR+Boost. The cascaded Boost
converters provide dc-link regulation, while eliminating the need to use interphase transformers (IPTs),
interphase rectors (IPRs), and zero-sequence blocking transformers (ZSBTs), thus contributing toward
decreasing the complexity and at the same time increasing reliability. The proposed RU-DDS 18PATR-+Boost
operates with an active current shaping strategy in order to meet the harmonic content restrictions imposed
by the DO-160F standard, while allowing for the design of a DDS18PATR with a notable kVA rating of
21.03%. The performance of the RU-DDS18PATR-+Boost was analyzed operating in a system with a supply
voltage of 115VAC and variable frequency in the range of 360Hz to 800Hz, which is converted to 540VDC.
Experimental results are presented corroborating the theory put forward herein, especially with regard to

meeting the limits imposed by the DO-160F standard.

INDEX TERMS Aircraft, autotransformer, dc distribution, harmonic distortion, rectifier.

I. INTRODUCTION

With the aim of arriving at more efficient and sustainable
transport, over recent decades there has been a greater elec-
trification of both civil and military aircraft, giving rise to the
concept of More Electric Aircraft (MEA). This has resulted in
the replacement of pneumatic, mechanical and hydraulic sys-
tems with electrical systems, which in itself brings benefits
in terms of environmental impact, cost savings, maintenance,
noise pollution, reliability, as well as aiding in power manage-
ment and increasing the efficiency of the power distribution
system [1], [2].

Howeyver, this led to an increase in the demand for electrical
energy on board, as well as in the complexity of the Electric
Power System (EPS) in aircraft [3]. This EPS is a hybrid
system that is made up of distribution systems in alternating
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current (AC) and direct current (DC) with different voltage
levels. These are connected by static converters that must
comply with the MIL-STD-704 standard, and with stan-
dards that limit voltage and current total harmonic distortion
(THD), such as DO-160F and ISO-1540 [4]-[6].

In terms of the AC generation and distribution used in EPSs
of military and civil aircrafts, it is worth noting that, in the
AC bus, voltage levels are used at 115VAC (or 230VA) with
a fixed frequency equal to 400Hz, while the predominant
frequency in most modern aircraft is variable, in the range of
360Hz to 800Hz. The use of AC bus with a fixed frequency
(400Hz) is also seen, as found in the two best-known civil
aircraft that incorporate MEA technology, the Airbus A380
and the Boeing 787, where the AC systems are converted to
+135VDC and £270VDC, respectively [1], [3].

In order to further reduce the weight of the aircraft and,
consequently, reduce fuel consumption, while improving per-
formance, higher voltage levels on the DC power distribution
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bus are necessary in order to reduce the weight of cables and
equipment. Therefore, for future applications, the trend in
the construction of civil aircraft that incorporate MEA tech-
nology has been to use DC buses with higher voltage levels
(HVDC) [3], these can be a symmetrical bus at +270VDC or
single bus at 540V [8]-[12].

In this context, in [13] the authors proposed a multilevel
converter consisting of four single-phase H-Bridge cells cou-
pled to four Dual Active Bridge (DAB) DC-DC converters for
each phase of the EPS. The association of several two-stage
static converters (AC-DC + DC-DC) is carried out with series
connection on the AC side (to constitute the current waveform
with reduced THDi) and parallel connection on the DC side
(to achieve the desired power at 270Vdc). Hence, the THDi
achieved is excellent (3.5%), however, the chief disadvantage
is the high number of semiconductors (24 static converters
with 144 IGBTs), which goes on to reduce the reliability and
robustness of the structure, as well as increasing switching
losses and contributing to reduced efficiency. In [14], a three-
phase coupled inductor-based bipolar-output active rectifier
is incorporated (TCIBAR) to achieve a balanced 270V
power supply for MEA. The THDi achieved was less than 5%
and the efficiency was around 95.1%. However, as also noted
in [13] and in [15]-[18], the Rectifier Units (RU) are fully
active and must be designed for rated power, so the structure’s
robustness and reliability can be compromised in designs that
require higher power levels.

In light of the aforementioned, through the prioritizing
of the robustness and reliability of and AC-DC convertion
systems, Multipulse Rectifiers (MPR) have become more
widely used [1], [7], [19]-[33]. These are powered by special
transformers units which can be divided into two groups,
Transformer Rectifier Unity (TRUs) and Autotransformer
Rectifier Unity (ATRUs). In order to guarantee the best
performance of the MPR with transformers (MPTRU) and
with autotransformers (MPATRU), Interphase Transform-
ers (IPTs) and Interphase Reactors (IPRs) are used to absorb
the instantaneous voltage differences of each rectifier group.

The TRUs provide electrical isolation between the gener-
ator and the loads and process all required energy. There-
fore, their weight and volume are higher when compared to
ATRUs, which are not galvanically isolated. Both devices
are robust, promote reduced voltage and current harmonic
distortion, while ensuring high efficiency and a high power
factor. However, ATRUs stand out in terms of the reduced
portion of power for which they are designed. Such an oper-
ational characteristic is known as kVA rating, which is a
preponderant factor in the choice of multipulse rectifiers used
in MEA.

In [19], the authors proposed a 24-pulse diode rectifier
which consists of a conventional four-star 12-pulse diode
rectifier and an auxiliary single-phase low power full wave
rectifier (ASFR - kVA rating: 3.4%) installed on the dc side.
It is a robust device with reduced THDi (5.25%), however,
the main transformer is designed to process all the power
required by the load (kVA rating of 100%). It is also important
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to outline that IPTs are necessary to guarantee the desired
performance. Therefore, weight and volume are the main
disadvantages of this structure.

In [20], the authors presented a novel parallel configured
48-pulse rectifier with ATRU, which is made up of two
24-pulse rectifiers connected in parallel through a tapped and
coupled interphase reactor. The 48-pulse ATRU kVA rating
is 21.82% and the achieved THDi is 3.13%, however, there
is a need to employ IPRs (kVA rating: 2.185%) and Zero-
Sequence Blocking Transformers (ZSBTs) with a kVA rating
of 7.57%. Furthermore, the good performance of the structure
depends on the correct functioning of the IPRs and ZSBTs,
which are designed to prevent zero-sequence components
and ensure that the diode-bridge rectifiers (DBRs) operate
independently with a 120° conduction interval on each diode.
On the other hand, it should be noted that the two 24-pulse
ATRU operate independently, so the damage of one unit will
not result in catastrophic system failure, but only a degrada-
tion in power quality and power rating delivered to the loads.

In [21], two 20-pulse ATRUs using a 10-Phase Auto-
transformer are presented. Both require the use of IPTs and
ZSBTs. The second differs from the first by employing a Pas-
sive Harmonic Reduction Circuit (PHRC). Excellent results
were achieved (THDi less than 5% and average efficiency
of 97%) and the power rating of the magnetic elements is
29.69% (without PHRC) and 30.8% (with PHRC). In [22],
a 20-pulse Multiphase Staggering Autoconfigured Trans-
former (MSAT) is presented. This is a result of a combination
of autotransformers with delta and zig-zag configuration.
As also noted in [21], THDi lower than 5% and average
efficiency of 97% were achieved, however, the kVA rating
was around 40% of the power required by the load. In [23],
the authors presented a novel 20-pulse ATRU based on a
T-connected autotransformer with a kVA rating of 44.48%.

In the light of the aforementioned, one notes that many
efforts are directed towards achieving remarkable improve-
ment in power quality - low THD of voltage and current even
while under variable frequency - with high efficiency and
reduced weight and size. In this context, in [25], the authors
analyzed 47 papers including articles, standards, books, and
presented an important comparative study concerning the
magnetic power ratings of different MPATRUE . In their study,
these authors demonstrated that an increase in the number of
pulses leads to an increase in the overall kVA rating (ATRU,
IPT, ZSBT), cost, and complexity of the MPATRU, while the
main power quality issues remain practically unchanged.

In this scenario, many 18-pulse ATRUs schemes prove to
be a preferable option in applications involving MPATRUs
[7], [24]-[31], since the power quality indicators are better
than those provided by the 12-pulses ATRUs. In addition,
the complexity is lower, and the efficiency is higher when
compared to ATRUs of 20-pulse [23], 24-pulse [19], and
48-pulse [20] since less DBRUs are needed.

The study first presented in [28], and then confirmed in
[7], [23], [25], demonstrated that the Delta-Polygon Asym-
metric 18-pulse ATRU scheme is one of the best choices
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TABLE 1. Comparison between the main multipulse rectifier units analyzed including the proposed RU-DDS18PATRU+Boost.

Passive
S s s Active . ariable umber o iciency ilter for Complexity
ATRU IPTs/IPRs ZSBT: i omplianc Variabl Number of  Effici Filter for C lexi
Ref ; ATRU kVA KVA KVA  DC-link P 0 Y Frequency Semiconductors at Rated THDi  Power of
elerence /year Scheme Rating Rating  Rating Voltage Dg-l 60F Operation (Switches/ Load (%) Quality ATRU
(%) (%) (%) Control (400-800Hz) Diodes) (%) Requireme Project
nt
Proposed MPRU Delta-
RU-DDS18PATR+Boost Differential 21.03 - - Yes Yes Yes 27 (3/24) 96.0 3.66 No Low
(2022) Symmetric
18-pulse ATRU [7 Delta-
P 20) 7 polygon 275 - - No Yes Yes 18 (0/18) 985 655 Yes Low
Asymmetric
Interleaved DCM Buck-
Boost Derived [16] _ - - - Yes Yes Yes 20 (8/12) 96.3 2.52 Yes -
(2021)
DCM Cu(‘éogfg)ived [17] - Yes Yes Yes 9 (3/6) 94.11 391 No -
20-pulse ATRU [23 ;
P 2021) (23] T-connected ~ 42-98 1.5 - No Yes Yes 20 (0/20) 97.75 3.62 No High
20-pulse ATRU [21 ;
P oo P omected 271 2.59 : No Yes Yes 22(0/22) 985 475 No High
20-pulse ATRU )
+PHRC [21] T-connected 27.1 - 3.7*% No Yes Yes 20 (0/20) 98.46 2.67 No Medium
(2021)
18-pulse ATRU [25] Delta-
P! 27.6 - - No Yes Yes 24 (6/18) 98.5 6.74 Yes Low
(2019) Polygon
Asymmetric
Delta-
18-pulse ATRU [29] Polyeon 315 - - No Yes Yes 27 (2/25) 96.9 6.7 Yes Low
(2019) A e -
symmetric

OBS: *-3.7(2.45-ZSBT AND 1.25-PHRC)

for MEA application, as it considers power quality issues,
along with the fact that asymmetric schemes allow for the
elimination of IPTs/IPRs and ZSBTs.

On the hand, in [32] and [33] the authors have demon-
strated the huge potential of Delta-Differential Symmetric
12-Pulse and 18-Pulse ATRU for MEA application. This is
because for the unitary transformation ratio, the kVA rating
is significantly smaller when compared to Delta-Polygon
Asymmetric 18-Pulse ATRU schemes.

Therefore, in light of the important contributions pre-
sented in [7] (published in 2020) and in [3] (published
in 2021), where the authors analyzed more than two hun-
dred (200) important papers published over the last decade,
the main contribution of the article proposed herein is to
present a special Rectifier Unit (RU) composed of Delta-
Differential Symmetric 18-pulse ATRU (DDS-18PATRU)
with cascade Boost converters, which is denominated as
RU-DDS18PATR+Boost.

By filling a research gap regarding the application of
the DDS-18PATRU in the MEA context, the proposed
RU-DDS18PATRU-+Boost is designed to operate with a spe-
cific control strategy that makes it possible to meet the har-
monic content restrictions of the input currents imposed by
the standard DO-160F. This is also achieved with a suit-
able load power share among the rectifier units, without
using IPTs, IPRs, and ZSBTs nor complex ATRU schemes
or complex PWM rectifiers. Additionally, it also operates
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with adjustable and regulated dc-link voltage. To conclude
the state-of-the-art analysis, a summary of the main works
analyzed is presented in Table 1. The focus is to present their
main constructive characteristics and performance indicators,
in comparison with the proposed RU-DDS18PATRU+-Boost.

To present the results obtained and to prove the
effectiveness of the proposed RU-DDS18PATRU+Boost, the
remainder of this article is structured as follows, Section II
outlines the system through a detailed description and a
design overview of the DDS18PATRU. Section III describes
the proposed control strategy and the design of the voltage
and current controllers. Section IV presents the experimen-
tal results obtained in the laboratory, as well as insightful
discussions. Finally, the concluding remarks are elucidated
in Section V.

Il. DDS-18PATRU: PRINCIPLE OF OPERATION
AND DESIGN GUIDELINE
A schematic diagram of the proposed Delta-Differential
Symmetric 18-pulse ATRU (DDS-18PATRU) is portrayed
in Fig. 1. Three sets of voltages are produced by the
DDS-18PATRU to supply three diode-bridges rectifier units
(DBRUSs). The dc output of each DBRU is connected as an
input voltage source for a DC-DC Boost converter.

In Fig. 2, one notes the coil configuration of the DDS-
18PATRU. The primary winding is connected in delta con-
figuration across the mains supply voltages va, vb, and vc.
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FIGURE 1. Schematic diagram of delta-differential 18-pulse ATRU and BOOST converters.

The voltages va0, vb0 and vcO correspond to the secondary
voltages, which are in phase with the mains supplies voltages
va, vb, and vc. It allows the magnitude of secondary voltages
to be the same as the original primary voltage. The auxiliary
windings (marked as Nxxy beingx =a,b,c;andy=1,2,3,4)
are used to generate the required two voltage sets val, vbl,
vel, with a phase shift equal to +20°, and va2, vb2, vc2, with
a phase shift equal to —20°, both in relation to the secondary
voltages va0, vb0, and vcO.

In this context, through the analysis of voltage phasor
diagram depicted in Fig. 2(b), one reaches the conclusion
that the phasor Va is equal to Val + Vab2 + Vbc4, and the
phasor Vaux represents the voltage between a neutral point
and the auxiliary windings. Therefore, one can conclude that
the auxiliary windings are responsible for assuring the desired
magnitude and phase shift of phasors Val and Va2 in relation
to phasor Va. Analogous, phasors Vb1, Vb2, Vcl and Vc2 can
be obtained.

The windings representation on a three-limb core is shown
in Fig. 3. Each limb has five windings, as for example,
primary winding Nab and the auxiliary windings Nabl, Nab2,
Nab3 and Nab4. Those marked as Nxx/ (being x = a, b, ¢) are
equal to those marked as Nxx3, and those marked as Nxx2 are
equal to those marked as Nxx4.

A. DDS18PATRU: INPUT LINE CURRENT COMPOSITION
For the subsequent theoretical analysis and calculations, the
following assumptions are given: 1) the leakage inductance
of the DDS-18PATRU is neglected. 2) the diodes deployed
in each DBRU are ideal, and 3) the average input current of
each DC-DC Boost converter is equal to 1o/3 (33% of the load
current).

Therefore, in Fig. 3, based on the law of equal ampere-
turns, one has:

Nab - iab(t)+Naby - iab1(t)+Naby - iabs(t) =A11
Nbc - ibc(t)+Nbc - ibc1(t)+Nbcy - ibca(t)=A12 €))
Nca - ica(t)+Ncay - icai(t)+Ncay - icas(t)=A13
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FIGURE 2. DDS-18PATRU (a) configuration scheme (b) voltage phasor
diagram for phase A.

where:

A1l = Nab; - iaby(t) + Nabs - iabs(t)

A12 = Nbc) - ibco(t) + Nbcs - ibes(t) 2)

A13 = Ncayp - icax(t) + Ncas - icas(t)
Considering that the auxiliary windings are series con-

nected and the secondary currents are flowing through it,
(3) one obtains:

iay(t) = ibca(t) = iaby(t)
iay(t) = icay(t) = ibcs(t)
ib1(t) = icas(t) = ibcy(t)
iby(t) = iab(t) = icas(t)
ic1(t) = iaby(t) = icay(t) 3)
icy(t) = ibc(t) = iabs(t)

Substituting (1) and (2) in (3) yields:

Nab - iab(t)+Nab - iby(t)+Naby - ic1(t)=A14
Nbc - ibc(t)+Nbcy - ica(t)+Nbcy - ia1(t)=A15 4
Nca - ica(t)+Ncay - iay(t)+Ncay - ib1(t)=Aje

VOLUME 10, 2022
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FIGURE 3. lllustration of the windings on a three-limb core.

where:
A4 = Nab; - ia|(t) + Nabs - ico(t)
A15 = Nbc) - ib((t) + Nbcs - iay(t)
A6 = Ncay - ic1(t) + Ncaj - iby(t)

Therefore, iab(t), ibc(t), and ica(t) can be given by (6):

iab(t) = Ay — At

A19Nflz420

ibc(t) = T

ica(t) = A—21 — Az

Nca
being that:

A17 = Nab, - iai(t) + Nabs - icy(t)
A1g = Nab - iby(t) — Naby - ic1(t)
A19 = Nbcj - ib1(t) + Nbcs - iax(t)
Apo = Nbc - icy(t) — Nbcy - iay (1)
Ar1 = Ncay - ic1(t) + Ncaj - iby(t)
Aoy = Ncay - iay(t) — Ncay - ib1(t)

With the understanding that:
Nab = Nbc = Nca
Nab| = Naby = Nbcy = Nbcy = Ncay = Ncay
Nabsy = Nabs = Nbcy = Nbcy = Ncaz = Ncay

&)

(6)

)

®)

Thus, the voltage gains concerning the auxiliary windings

are given by:
Nab Nbc Nca

K = = =
b Nab, Nbc Nca,
Nab Nbc Nca

©= Nab; - Nbcs - Ncas
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DDS18PATRU

DDS18PATRU with Active Shaping

FIGURE 4. Input line current composition, line A for example (a) 18-pulse

operation (b) active current shaping operation.

Substituting (8) and (9) in (6) yields

iay(t) —iby(t)  ico(t) — ic1(?)

1 b, . c,
ibc(t) = i (1) — ic2(t) n laz(t); iay(t)
. ic1() ian(t)  iba(t) < iby (1)
ica(t) = 5 _

(10)

From Kirchhoff’s current law, the primary input line cur-

rents are given by (11).

ia(t)=iai(t)+iax(t)+iao(t)+iab(t) — ica(t)

ib(t) = iby (1)~ iba(t)+ibo(1) +ibe(r) — iab(t)  (11)
ic(t)y=ici(t)+icy(t)+ico(t)+ica(t) — ibc(t)
Substituting (10) in (11) yields
ia(t) = iay(t) + iax(t) + iaop(t) + Az + Axs
ib(t) = iby(t) + iba(1) + ibo(1) + Azs + Aze (12)
ic(t) = ic1(t) + ico(t) + ico(t) + Ax7 + Ang
being that:
iay(t) + iax(t) — iby(t) — ici(t)
Ay = X,
ib1(1) + ico(t) — iba(t) — ici(?)
Ay = X
iby (1) + iba(1) — iay(t) — ica(t)
Axs =
. N . (13)
iax(t) +ic1(t) — iay(r) — ica(1)
Aze = K.
ic1(r) + ica(t) = iay(t) — i1 (1)
Ay = X
ia|(t) + iby(t) — iax(t) — ib (1)
Axg = X

According to (12) and (13), the theoretical waveform of the
input line current ia is obtained as shown in Fig. 4, where one
notes that the input line current exhibits 18-step waves in one

power supply cycle.
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B. DDS18PATRU: DETERMINATION OF THE VOLTAGE
MAGNITUDE ACROSS THE AUXILIARY WINDINGS FOR
OPERATION WITH UNITARY VOLTAGE GAIN

In Fig. 2(b), the voltages va0, vb0 and vcO correspond to the
secondary voltages, which are in phase with the mains supply
voltages va, vb, and vc, thus maintaining the magnitude of
secondary voltages the same as the original primary voltage
(Va = Va0 = 115V). The magnitude of phasor Vaux, which
represents the voltage between a neutral point and the auxil-
iary windings, has the purpose of obtaining the voltage on the
windings.

According to the triangle composed by phasor voltages
Vaux, Vab2 and Va, it is easy to obtain the trigonometric
function relationship of the input voltages for each DBRU.
As an example, for phase A, this is given by (14):

S sin (%) . sin (% — oe) (14)

sin (5—” - a) sin (11]—”)
where:

a:—atan|:ﬁ (115 G- cos (% )—115)} s,

3 115-G - cos(9)

It is worth mentioning that the gain G corresponds to the
global voltage gain of the autotransformer (between input
and output voltages), while Kb and Kc used in (10) and
(13) correspond to the voltage gains concerning the auxiliary
windings of the autotransformer.

Therefore, the magnitude of phasor Vxx1,2 which repre-
sents the voltage between a neutral point and the auxiliary
windings is given by (16).

sin (%) sin (a)

Vyx1,2 = Vx * e
sin (%’T - a) sin (E)

The magnitude of phasors Vxx3,4, which are the auxiliary
windings, is given by (17).

sin (%) sin (a - %)
Vxx3,4 = Vx * P : 1
sin (?’T - Ot) sin ( 1;)

C. DDS18PATRU: THEORETICAL WAVEFORM OF INPUT
LINE CURRENT WITHOUT ACTIVE SHAPING

From the analysis of the theoretical waveforms portrayed
in Fig. 4(a), the windings currents and the ac grid current
can be expressed by its respective Fourier series given by
(18), where the coefficient k is the number of harmonic
iterations.

By the Fourier series, the greater the number of iter-
ations, the more graphically accurate are the waveforms
obtained. Therefore, using mathematical calculation soft-
wares such as Mathcad® and Mathcad Prime®), the analysis
of the autotransformer’s input and output currents with-
out active shaping was performed considering up to the

(16)

a7)
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37th harmonic component.

37 — Dpoost
- (sin (wt) — B11 + B12)

ia) (1) = % 1d - <;)

37 . 1 — Dpoost
. (sin (wt + 5) — B3 ~|—Bl4)

iasr(1) = % Id - <;)

37 - 1 — Dpoost
. (sin (wt - 5) — Bys +BIG)
243 1
ibo(t) = i ad o —
37 1 — Dpoost
2
| sin | wr + TJT) — Byy +BIS)
24/3 1
ibl(t)zi-ld- -
37 1 — Dpoost
7
. <Sin (a)t + g) — B9+ Bzo)
24/3 1
iby(1) = — - Id - | ————
(1) 3 (1 - Dboost)
5
. (sin (wt + %) — By + Bzz)
24/3 1
icot) = — -Id - | ——
ZCO( ) 3 (] - Dbaost)
2
. <Sin (a)t — g) — B>3 +Bz4)
24/3 1
ici(t) = L— 7 I
3 s 1 — Dpoost
. <sin (a)t — g) — Bys + 326)
24/3 1
ico(t) = _‘/_ dd | ———
T 1 — Dpoost
7
. <sin (wt - g) — By + 328)
2 1
ia(t) = V3 -1d -
v 1 — Dpoost

- (sin (wt) — Ba9 + B30)

(e) = v ( Dbomt)

2
- sin | wt + 35 — B31 + B3,

S

2
ic(t) = -1d - < )
T 1- Dypoost

3

(18)

. 2
| sin | wt — — B33+ B3
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being that:
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FIGURE 5. Comparison between the current waveforms circulating in the
DDS18PATRU with active shaping (red) and without active
shaping (blue).

Considering that the input inductor current of each Boost
converter is given by (20), as shown at the bottom of the next
page, where Id is the rated load current and Dboost is the
duty cycle, the RMS value of the windings current can be
obtained by (21), as shown at the bottom of the next page.
Hence, the RMS value of the ac grid currents can be given
by (22), as shown at the bottom of the next page. Therefore,
finding the RMS values given by (21) and (22), the current
flowing through the main coils Nab, Nbc, and Nca can be
determined using (10).

D. DDS-18PATRU: THEORETICAL WAVEFORM OF INPUT
LINE CURRENT WITH ACTIVE SHAPING

From the analysis of the theoretical waveforms portrayed in
Figs. 4 and 5, one reaches the conclusion that with the active
current shaping, the area of the auxiliary winding currents is
reduced by about 33% in a half cycle, which would decrease
the RMS values, and hence reduce the power transferred to
the load. To compensate for this difference and supply the
power required by the load with the desired THDi, the value
of the peak currents flowing through the auxiliary windings of
the DDS18PATRU are increased by almost 50%, thus raising
the RMS values by about 10%. Therefore, the primary coils
Nab, Nca and Nbc are those that suffer the greatest increase in
the current values since the RMS current values are increased
by almost 80%.

Focusing the analysis on the waveform of the currents
imposed on the auxiliary windings, as illustrated in Fig. 6,
it is possible to obtain (23), as shown at the bottom of page 9.
Hence, the respective Fourier series is given by (24), as
shown at the bottom of page 10, where the coefficients an
and bn of the periodic functions of the auxiliary winding
currents are given by (25), as shown at the bottom of page 11.
With (24) and (25) at hand, it is necessary to perform about
a thousand mathematical iterations to obtain, with suitable
precision, the equations of currents in the time domain, which
are given by (26) and (27), as shown at the bottom of page 12.
Therefore, it is possible to determine the kVA rating of the
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DDS-18PATRU operating with active shaping, as demon-

strated in the next section.

Finally, from the equations of currents in the time domain
given by (26), the RMS value of the currents drawn from the

grid are obtained by (27).

E. DDS-18PATRU: DETERMINATION OF THE kVA RATING

WITH AND WITHOUT ACTIVE CURRENT SHAPING

With (26) and (27) at hand, and

in the knowledge that

the RMS value of the currents on the windings of the

DDS18PATRU can be obtained through (28), the RMS value

I 1 I ld < ! ) (20)
0=1] =12 = —
3 1 — Dpoost
T 2
] ! / 273 Id - - (sin (wt) — B11 + B12)
ia = | = . sin (wt) —
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T ~ 12
1 23 T
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of the currents on each winding can be found using (29),
which is obtained as a function of the output current at rated
load (1d).

T
ixy(rms) = \/ % . /0 (ixy(1))? dt (28)

. 1
IXY(rms) = 0.27 -1d - (m)

4 (29)
iXX(rms) =0.034-1d - (Tbo()s[)

For a generic voltage gain condition, 6 more coils are
added for voltage regulation Vg, and (17) can be rewritten
as follows:

115-G - 115

B T e (7). 0

where G is the DDS-18PATRU global voltage gain.

If the average output voltage across each DBRU terminals
is calculated by (31), as shown at the bottom of page 13,
the kVA rating is given by (32), as shown at the bottom of
page 13.

Substituting (14)-(17) and (29)-(31) into (32), the general
equation of the kVA rating of the autotransformer as a func-
tion of voltage gain (G) can be given by (33), as shown at the
bottom of page 13, which is 16.82% when operating without
active shaping.

Operating with active shaping, the peak value of the input
inductor current of each Boost converter is increased. This
elevation must be taken into account for the correct calcula-
tion of RMS currents. Therefore, with (34), as shown at the
bottom of page 13, at hand, the new kVA rating is obtained
by (35), as shown at the bottom of page 13, which is 21.03%.

Finally, through (32), one can evaluate the kVA rating
for different values of voltage gain, as illustrated in Fig. 7.
Therefore, one can conclude that, for unitary voltage gain,
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increasing the DDS-18PATRUSs’ kVA rating to around 4.21%,
the proposed RU-DDS18PATR+Boost operates in accor-
dance with the harmonic content restrictions imposed by the
DO-160F standard.

In Fig. 7, special attention is also given to the results
presented in [25] where the authors analyzed the transform-
ers’ kVA rating and the overall voltage gain G of various
structures of 18-Pulse ATRUs (symmetric and asymmetric).
It demonstrates that the DDS-18PATRU is the one with the
lowest kVA rating, even with active current shaping, and for
the voltage gain G ranging from 0.8 to 1.4.

where Stotal is the total power processed by the core (kVA
rate), Kf is the waveform coefficient, Ku denotes the window
utilization factor, Bm is the maximum flux density, f repre-
sents the operating frequency, and J is the current density.

The area occupied by the windings (Aw) is used to select
the AWG of the wires according to (37). The highest losses
are concentrated in iron and copper. Therefore, with the RMS
value of the currents drawn from the grid given by (27), the
optimal windings resistances can be determined by (38) and
core losses can be determined by (39).

_ Ku : Wa
P10,
F. DDS-18PATRU: CORE DESIGN AND SPECIFICATION K. . Vl;/
For MEA applications, one of the main concerns is to reduce Aps] = ——° 37
the weight and volume of the rectifier unity. Therefore, the 10 Ny
magnetic core material chosen for the implementation of the Ay = — Wa
DDS-18PATRU is silicon steel. Compared to the amorphous 10- Ny»
core, it has more advantages in terms of noise, cost, saturation Pprim =3 - (I M)z “Rprim
flux density aqd power density in applications with high Po1 =6 (Ixy)2 Ry (38)
power and medium frequency range [34]. p —6. ( I )2 R
The guideline design presented herein is based on the Ap aux2 = i aux?
method [35], where Ap is given by: Pcu = Pprim + Pauxt + Pauwx2 39)
Finally, the iron losses can be determined by (40).
A — Stotal * 104 (36)
P Kf -Ku-Bm-f-J Pr. = Watts/kilog ram - (W,) (40)
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To conclude, in Tab. 2 the specification of the DDS-
18PATRU implemented in the laboratory and used for exper-
imental analysis is presented. The insulation design of the
five windings in each window of the DDS-18PATRU was
established based on IEC 60076-11:2004. It corresponds
to the standard for dry-type power transformers and estab-
lishes the use of class F materials that resist maximum
temperature of up to 155° and an insulation voltage of
up to 1.1kV [36].

Ill. BOOST CONVERTER: DESIGN, SPECIFICATION

AND CONTROL STRATEGY

Through the employment of the DDS-18PATRU with
cascaded dc-dc converters with input current source char-
acteristics, the conclusion is reached that the imposition

of currents with trapezoidal waveform and a frequency of
2400Hz to 4800Hz on the input inductors of each Boost
converter, as portrayed in Fig. 8 (Iy-ref = Ij_ref, Io-ref, [3-ref
shown in Fig. 9), opens the possibility for obtaining perfectly
sinusoidal currents on the supply grid. Taking Ij.er as an
example (also depicted in Fig. 1), this should be in phase with
the line-to-line voltage (Vaip1 = Vxxy in Fig. 8) of DBRU-1,
which should result in phase A, the ac current waveforms as
illustrated in Fig. 4(b).

The Boost converter is a dc-dc converter with an input
current source characteristic, allowing for a direct connection
to the ATRU. In addition to contributing to the imposition of
sinusoidal input line currents, it also allows for voltage reg-
ulation and connection with different loads. It is a converter
with a simple and robust converter with a reduced number

o () 9o (142) o (52)
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of electronic components, contributing toward improving
the overall efficiency of the structure. In addition, this
converter does not require galvanic isolation. In the pro-
posed RU, the Boost converter is designed to operate in

continuous conduction mode with a duty-cycle (Dboost)
equal to 0.505. Following the well-known design procedure
presented in [37], the specifications for the deployed Boost
converter are presented in Tab. 3.

68408
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TABLE 2. Specifications of the DDS-18PATRU.

X x2 x3 xd x5 x6 x7 X8 " Symbol  Parameter Value
- Input Voltage: Va, Vb, Ve 115/400Hz- Three-Phase
EER R I b R R R R R R - Primaries: Ngp, Nbe Nea 28 AWG/241.3 coils
- Auxiliaries 1 and 2: Ny, .
’ 18 AWG/9.66 coil
FIGURE 6. Detail of the current waveform imposed on the DDS-18PATRU. Nab2, Noet, N2, Neats Neaz cors
- Auxiliaries 3 and 4: N3 .
’ 18 AWG/42.616 coils
Nab4’ Nbc3’ Nbc4a Nca}a Nca4 o!
. T T T T T T L T - - Core Material Three-limb-stalloy
E - - Core Type Nippon BSD25/25/50
= :Z | - Stalloy Thickness 0.27 mm
g5l 1 Ae Cross Section 8 cm?
= N | Aw Window Area 10 cm?
; - Bm Maximum Magnetic Flux 14T
2 ol 1 Density
el . ///_ J Current Density 6 A/mm?
Rl NS | We Weight 3.93kg
" i : | i i | | Ku Window Utilization Factor 0.4
0 05 ‘miemmls 2 25 3 35 4 45 S Kf Window Coefficient 4.44
PCu Copper losses 49.18 W
1 : - ——— PFe Iron losses 7.82 W
_ oot — With Active Shaping | MLT Mean Length Turn 22.44
2 o0sk - - Watts/kilogram 1.99
‘; 071 — Polygon (37°) i
= Delta (40°)
& 0.6 — Wye (40°)
<
z 0.5 -
E 0.4
2 03 . . .
- "~Zv in C language, using the microcontroller TMS320F28379D
S 0 with dual-core architecture. The output voltage control loop
K 0o 1 K] 1z 13 14 together with the algorithm for reference current waveform
Ratio G

generation are managed by one core of the microcontroller
with a sample rate frequency of 200kHz. The current con-
troller operates in parallel using the second core of the micro-
controller with Control Law Accelerator (CLA) at the same
sample rate frequency. The synchronism between the input
line currents and the supply voltage is assured using a Phase-
Locked Loop (PLL) technique called SOGI-PLL [38].

FIGURE 7. kVA rating of DDS18PATRU as a function of voltage gain: on the
top - with and without active shaping technique; on the botton - detail of
the behavior of the kVA rating compared to the results presented in [25].

A. CONTROL STRATEGY FOR ACTIVE CURRENT SHAPING
The block diagram of the developed control strategy is illus-
trated in Fig. 9. It was implemented through algorithms

2

3.46

3
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V| i § : . Secondary Line Viltage

Ly

BOGST input current
o R PRI

h 4

“6%fgrid (400Hz-800H?)!

M3 ST 7T 9T LM 3T ST L7T 19T U7 23T 2T 277 29T 3T 337 357 367

18 18 18 18 18 18 18 18 18 I8 18 18 I8 18 18 18 18 18 18

FIGURE 8. Details of the current waveform imposed on the input
inductors of each Boost converter.

TABLE 3. Specifications of Boost converters.

Parameter Value
Power output for each converter 400 W
Maximum switching frequency 100kHz

Input inductances (L1, L2, ..., L6) ImH
. SIC MOSFET C3M0120100K
Switches Q1, Q2 and Q3 (22A/1000V)
Output Diodes

(Doutl, Dout2, ..., Dout6) C3D10065A (10A/650V)

Duty Cycle 0.478

In light of the aforementioned, one notes that the input for
executing SOGI-PLL is the input voltage Vab. The angular
frequency (w) is obtained and multiplied by six, in order
that its integration allows for the generating of the triangular
waveform. This is the input for the algorithm dedicated to
generating the desired trapezoidal waveform for the control
of each Boost converter input current. It is important to
emphasize that this procedure is better than the zero crossing
detector (ZCD) method used in [32] and [33], as it avoids
any delay of synchronism during transients. To conclude, the
generated Boost current references signals (I1ref, [2-ref, [3-ref)
are multiplied by the control voltage given by the output
proportional-integral (PI) voltage controller.

To control the input current for each Boost converter,
the Hysteresis controller was deployed due to its speed and
excellent dynamic performance for a wide range of load
variation [39]-[44]. In the current hysteresis loops, the same
voltage compensator signal guarantees the balance between
the currents with the aim of assuring the correct load power
division and therefore, the correct composition of the grid
currents. Thriugh the comparison of the feedback signal
(I1, I, I3) with the current reference signal, one obtains
the command signal for the switch of each Boost converter.
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The switching frequency is therefore variable, arriving at a
maximum of 100 kHz.

B. AVERAGE STATE-SPACE MODEL FOR DETERMINING
THE TRANSFER FUNCTIONS OF THE PLANT AND THE
VOLTAGE CONTROLLER

The block diagram of the equivalent system of the proposed
control strategy can be represented through Fig. 6, in which
it is possible to design the voltage controller based on the
analysis of the equivalent transfer function of the open loop
system Gvoutil,2,0(S), where the behavior of the output volt-
age for disturbances of the input current can be modeled by a
first-order response. The additional blocks refer to hysteresis
modulation and the reference current multiplier.

The transfer function from the Boost converter can be
obtained through an analysis of average state space [37].
With the data presented in Table 2, the transfer function
Gvoutil,Z,O(S) is given by (41)

Rour - (1 — Dboost) . 348
Cout’Ruut -s+1 B s+2.74

GVoui1,2,0 = 41

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 given by (42) and directly after, the different compensator
equations are given by (43) and (44). Finally, the equivalent
transfer function of the voltage compensator is given by (45).

The Simulink tool from the software MATLAB® was used
to simulate the complete system in closed loop, as represented
in Fig. 11. One notes from the step response an overshot of
around 5.79% and then it comes into steady state at about
111.0ms, which demonstrates that the voltage controller has
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a rapid enough response for the control of the output voltage,
as desired. In Fig. 12 the respective Root Locus of the internal
voltage loop is depicted, which proves the stability of the
system. For the PI controller design specifications, the gain
margin was set to crossover frequency is 22.1 Hz and phase
margin of 85.1°.

K9
Ey(s) B

0.402 - (0.067 - s + 1)
0.067 - s
K,(s)  0.402015 — 0.401985 - 7z~
ESs) -1
Ky(s)-z _ (0.402015 -z — 0.401985
awz_< )
Therefore, (44) can be represented by (45)

(42)

(43)

p— (44)

Ky [k]-z = Ky [k — 1] +0.40215 - E, [k]

—0.401985 - E, [k — 1] (45)

where:

Kv - Transference functions of the voltage
compensators.

Error signal between the reference and the signal
captured by the sensors.

Present sample.

1 - Previous sample.

Ev -

k-
k—

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
With the aim of validating the efficacy of the proposed solu-
tion, a prototype of 1.2 kW was developed and analyzed in
the laboratory, as illustrated in Fig. 13. In Tables 1 and 2, the
specifications of the implemented RU-DDS18PATR+Boost
are presented.

In Fig. 14, the line-to-line voltages vab0 corresponding to
the secondary voltage are in phase with the mains supplies
voltage vab. The rms values of vab0 and vab are the same and
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FIGURE 13. Picture of the 1.2kW RU-DDS18PATR+Boost prototype.
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FIGURE 14. Picture of the 1.2kW RU-DDS18PATR+Boost prototype.

equal to 195.0 V. The voltage across the auxiliary windings
gives the secondary line-to-line voltage, where vabl has a
phase shift equal to +20°, and vab2 has a phase shift equal
to —20°, both regarding vabO.

Once that the correct operation of the DDS-18PATRU has
been verified, two series of tests were carried out (operation
modes shown in Fig. 4), the first was performed with the
Boost converters operating with direct current imposed on
the input inductors, and the second was performed with the
imposition of trapezoidal waveform currents. With Boost
converters operating with direct current imposed on the input
inductors, the performance of the RU-DDS18PATR-+Boost
is similar to an 18-pulse ATRU. Here, the individual input
line current harmonics of the 17th, 19th, 35th and 37th orders
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250

exceed the harmonic content restrictions imposed by the
DO-160F standard, as noted in Fig. 15.

By imposing a trapezoidal current on the input induc-
tors of the Boost converters (active current shaping mode),
as seen in Fig. 15(b), the current flowing between the
DDS-18PATRU windings increases, for the same power pro-
cessing required by the load, raising the kVA rating from
15.35% to 17%.

Through the analysis of Figs. 15(f)-15(i), one can observe
that the harmonic content restrictions imposed by the
DO-160F standard are met. Blue color is associated with
the RU-DDS18PATR+Boost operating like an ordinary
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(250 V/div, 5 A/div, and 10 ms/div).
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18-pulse ATRU, the green color is associated with the
RU-DDS18PATR-+Boost operating with trapezoidal current
shaping, and the red color indicates the harmonic content
imposed by the DO-160F standard. The THDi of the input
line currents was calculated using MATLAB

The final THDi achieved without active current shaping
was 10.34% for 400Hz and 12.47% for 800Hz. With the
imposition of a trapezoidal waveform on the current flowing
through the inductor of each Boost converter, the final THDi
achieved was 3.66% for 400Hz and 5.16% for 800Hz. In both
cases the result achieved is lower than the limit imposed by
DO-160F (15.26%).
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The dynamic response of the output voltage controller and
the Boost input current controller, when subjected to a 50%
load step down and over, can be seen from Figs. 16 to 19, for
both 400Hz and 800Hz operation.

Figure 20 shows the behavior of the structure facing vari-
ation of the grid power supply frequency, proving that the
autotransformer can operate without having problems associ-
ated with core saturation. The perfect synchronism between
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current and voltage is also noted. Finally, in Fig. 21, the
results concerning efficiency, THDi, and power factor for
a wide load range are presented. The digital power meter
Yokogawa WT230 was used to measure the output active
power and the input apparent power. The results for the
efficiency analysis show that 96% was achieved for rated
load power. Noted here also is that the THDi decreases with
increasing load power, so both the power factor and the
efficiency increase.

V. CONCLUSION

In this study, an 18-pulse delta-differential rectifier was
designed, analyzed, and proposed for MEA applications.
An analytical comparison of the topology was performed
in terms of power density, efficiency, and reliability, along
with the relevant results being presented. Operating without
active shaping or as an ordinary 18-ATRU, the obtained kVA
rating of the ATRU is 16.82%. On the other hand, when
operating with active current shaping, the peak value of the
input inductor current of each Boost converter is increased.
This elevation must be taken into account for the correct
calculation of RMS currents. Therefore, in order to comply
with individual harmonic content restrictions imposed by the
DO-160F standard the new kVA rating is around 21.03%,
which is still very small and can provide high power density
and robustness, as well as reduced weight and volume for
integrated DC distribution systems.

A prototype has been implemented and fully demonstrated
in the laboratory, where it has been shown to operate with
excellent performance, thus making it a good choice for MEA
application.

The delta-differential autotransformer with a generalized
connection, although presenting a higher number of sec-
ondary windings — when compared to other autotransformer
topologies presented a more compact structure in terms of the
other models analyzed, as it possesses a unitary transforma-
tion ratio.

Highlighted also is that the voltage level adjustment on the
dc bus can be reached through the set-up of the cascaded
dc-dc converters, with an 18-ATRU kVA rating of 21.03%.
The level of efficiency reached was similar to the other studies
analyzed — around 96% — leaving only to highlight the
reduced number of semiconductors used, which stimulates a
reduction in costs and increases reliability.
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