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Abstract

This paper evaluates the performance of two arrangements of interphase transformers using a new AC-DC 48-pulse converter
(SC-48P) for industrial applications with high currents in the order of hundreds of kiloamperes, so that consumers and other
loads connected to the SC-48P electrical grid are not affected by the harmful effects caused by harmonic currents injected
into the grid by converters. The prototype uses a 7.5° and 4 kVA-220/220 V three-phase phase-shifting autotransformer
and two groups of 24-pulse converters, each containing two 2 kVA-220/180/180 V identical three-phase three-winding
non-conventional transformers with four 6-pulse converter bridges connected in parallel. The methodology for calculating
the inductance for each IPT is given using the mathematical formulation of AC currents established and processed using
the MathCad software. Computational simulations in normal and degraded modes were conducted in MATLAB/Simulink to
prove the prototype’s performance in terms of harmonic distortion and reliability, considering only three operational scenarios.
The SC-48P was experimentally tested using available laboratory resources to validate the research. The obtained results meet
IEEE-519 requirements and confirm the viability and applicability of the proposed converter in industrial rectification systems
in terms of power quality improvements.

Keywords Power quality improvement - Interphase transformers - Reliability in multi-pulse converter - Industrial rectification -
Phase-shift transformers

The use of MPCs with nonlinear characteristics makes the
AC line current of the grid and the DC load voltage differ sig-
nificantly from the sine and constant wave, respectively, thus

1 Introduction

Electrical power supplied as a continuous current is necessary

for industrial applications, such as smelting and aluminum
extraction, producing chlorine, aircraft application systems,
rocket propulsion systems and other applications [1-3].
AC-DC multi-pulse converters (MPCs) are used in these
applications and are an essential interface when transmitting
generated power to the load.
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generating adverse effects on the power quality. For exam-
ple, vibrations and overheating can occur in generators if
the AC line currents of the MPCs contain a large number of
harmonics [4].

In other words, AC-DC converters inject harmonic cur-
rents on both the AC and DC side, which cause a series of
problems such as harmonic distortion in the electrical system
buses, heating in the electrical machines, additional losses in
cables and transformers, instability in the electrical control
systems and interference in protective operational systems.
Therefore, harmonic mitigation is necessary so that the sup-
ply grid can obtain AC currents that are essentially sinusoidal
and for the DC load voltage to remain practically constant,
thus eliminating harmonic pollution in the AC electric system
and consequently eliminating the resulting problems, these
would pose for end consumers of electrical power.
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Many studies have been carried out over the past few
years that use three main methods to improve the power
quality from MPCs [5-11,13]. The first method focuses on
increasing the numbers of output phases in the phase-shift
transformer to improve the ability of harmonic reduction
[5,7,8]. Using this method, one can simultaneously improve
the AC current profile and the DC voltage and enhance the
power quality on both AC and DC sides of the converter
system. However, increasing the number of phases in a phase-
shifting transformer can be complex and hard to design and
manufacture since the taps calculated for the winding can be
pretty small.

The second method uses an interphase reactor (IPR) with
multiple taps in the DC link at the output of the 12-pulse
converter (SC-12P) [9,14]. For example, if the double-tapped
IPR with optimal parameters is used, The SC-12P can operate
as a 24-pulse converter system (SC-24P) with a theoretical
THD of the line current of around 7.6% under normal con-
ditions. When the IPR has three taps, an auxiliary circuit
(usually a single-phase diodes or thyristors rectifier) must
be placed at the output of the secondary winding in the IPR
so that the SC-12P can reach the 36-pulse converter system
level (SC-36P). Although adjusting the number of taps in the
IPR is one alternative way to increase the number of pulses
in an AC-DC converter system, the current flowing in the
load can be quite high, causing conduction losses and com-
mutation problems in the diodes and thyristors bridges.

The third method considers installing an auxiliary circuit
with active or passive components on the AC or DC side of the
MPC [9,11,12]. In other words, the active auxiliary circuit
regulates the current via the active components, thus con-
trolling the output current of the AC-DC 6-pulse converters
(SC-6P). Although active auxiliary circuits can reduce har-
monic content, the MPCs containing active auxiliary circuits
cannot reach the pulse number required for the output DC
voltage. Using a passive auxiliary circuit can reduce the com-
plexity of the design and the kVA rating of the phase-shifting
transformer and simultaneously reduce the AC line current
and DC voltage ripples to improve the ability to minimize
harmonics economically [15].

Therefore, a converter system topology was highlighted
in [15]. Basically, the structure comprises a SC-12P with an
autotransformer connected in delta and a non-conventional
IPR with an auxiliary single-phase diode rectifier in the DC
link. The primary winding in the non-conventional IPR is
employed in this topology with three taps, and the secondary
winding is connected to a single-phase diode rectifier.

Compared with the topologies that use methods 1 and 2,
the solution proposed in [15] can efficiently operate under
normal conditions only as a 48-pulse converter system (SC-
48P) for both the AC current and the DC voltage sides.
However, this topology offers better performance in terms
of the harmonic distortion in the AC line current and ripple
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reduction in DC voltage, compared to topological circuits
developed in [5,7-9,14]; the SC-48P can suffer from main-
tenance problems, is complex to manufacture and may be
somewhat unreliable. The latter constitutes a significant con-
cern for very high current industrial applications if there are
functional inadequacies or faults in the electrical lines in
some parts of the used equipment. Furthermore, the semi-
conductors used in this topology need to be activated by a
control unit, increasing costs while also making the system
more complex.

In this paper, we have chosen to examine a new topol-
ogy of SC-48P intended for industrial applications in order
to deal with the reliability mentioned above, complexity and
maintenance issues. The main problem with MPCs connected
in parallel is that the 6-pulse converter bridges must share
the same DC current to simultaneously reach the desired
harmonic reduction in the AC current and a minimum rip-
ple coefficient in the DC voltage. To meet the harmonic
requirements of the proposed SC-48P, this paper evalu-
ates the performance of two IPT configurations in terms of
power quality improvement. The topology of the proposed
SC-48P uses four +7.5° three-winding non-conventional
transformers connected in extended delta, a 7.5° phase-
shifting autotransformer, and eight SC-6Ps connected in
parallel. The proposed scheme provides the following advan-
tages:

i) Ease of maintenance, being that the prototype is com-
posed of three-winding identical transformer units, allow-
ing for quick substitution in the event of failure and less
required physical space.

ii) The proposed converter can effectively operate as a SC-
24P to SC-12P (depending on the scenarios) in degraded
mode offering more reliability compared to other already
existing ones.

iii) According to the experiment results, the experimen-
tal efficiency of SC-48P topology is slightly improved
(ﬂexp = 99.13%).

iv) The SC-48P proposed has the ability in achieving reduced
input line current THD of 2.9% complying the require-
ments set by the IEEE-519 standard and improving the
proposed system power quality.

v) Viability and more applicability in electrical drive appli-
cations in the petroleum sector, for instance, employed
to drive high-powered fans, pumps and compressors on
offshore platforms.

The detailed analysis of the proposed SC-48P is discussed
in the following sections. Section 2 describes the topology
of the SC-48P proposed here, detailing its wiring diagram,
together with the two IPT configurations employed here.
Section 3 presents theoretically the taps calculations for the
+7.5° non-conventional transformer and the 7.5° phase-
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Fig. 1 Topology of the proposed SC-48P system. C By and C B, are
three-phase circuit breakers

shifting autotransformer. Section 4 rigorously analyzes the
theoretical AC currents in the SC-48P and its respective har-
monic spectrum using the magnetomotive force (MMF) and
Fourier series analysis. This was done using the MathCad
software. Section 5 describes the methodology used to cal-
culate the inductance value for each IPT. Section 6 presents
the computational simulations of the SC-48P performed in
MATLAB/Simulink evaluating the IPTs operating in both
normal and degraded modes, in order to evaluate the per-
formance of both IPTs in terms of the harmonic distortion
in the AC current and the overall reliability of the supplied
electrical energy. Section 7 studies the implementation of
the devices at the laboratory using the available resources
to verify the experimental results and to prove its viability
and applicability for industrial application. Section § presents
the conclusion of the study and offers suggestions for future
studies in light of the findings presented here.

2 The structure of the proposed SC-48P

Figl shows the proposed topology of the SC-48P containing
both arrangements of the IPTs.

In this figure, the SC-48P contains two identical SC-24P
groups (G and G»), each containing two 2 kVA-220/180 V
identical non-conventional three-phase three-winding trans-
formers (7 e T>) with a +7.5° extended delta configuration
(ED-7.5°) in the primary winding, a 0°-wye winding (Wye-
0°) in the secondary winding and a 30° delta winding (D-30°)
in the tertiary winding.

Each transformer feeds two SC-6Ps connected in parallel.
It is important to emphasize that if the SC-24P configura-
tion is to be obtained, a transformer unit identical to 75 must
be used, and that it is possible to merely invert the feeder
phase sequence of transformer 7>, which will thereby have
a —7.5° extended delta in the primary winding, a 0° wye in

the secondary winding and a 30° delta in the tertiary wind-
ing. Consequently, the phase shifting between the feeding
secondary voltage at the converter bridges should be 15°
and the harmonic characteristics of the input line current i ;
(j = {a, b, c}) of the SC-24P in group G obey the generic
relationshiph =24 -k £ 1, k € Z,. Currents i, Igrid, and
iqut; are AC input line currents in group G, of the proposed
SC-48P and of the autotransformer, respectively. The con-
verters C; (i = 1,2---8) shown in Fig. 1 represent 6-pulse
AC-DC three-phase converters.

On the other hand, the 7.5° and 4 kVA-220/220 V phase-
shifting autotransformer is employed to allow for a phase
shift of 7.5° between groups G and G5, thus obtaining
the proposed SC-48P. The input line currents from the auto
transformer lqut; are phase-offset by 7.5° from currents i;,
making the harmonic characteristics of the line current at
mains using the proposed SC-48P obey the generic rela-
tionship h = 48 - k = 1, k € Z. Thus, the first harmonic
characteristics in the current i grid, for the proposed SC-48P
are the 47th and 49th harmonics.

Due to the difference between the instantaneous DC out-
put voltages of the converters bridge, an IPT is needed to
support and absorb the difference and allow each SC-6P to
operate independently. Therefore, two IPT arrangements are
employed in this paper to evaluate its performance in the
proposed SC-48P and in order to meet the requirements for
less harmonic distortion in the AC current line of the power
grid. The IPT inductance value in the first IPT arrangement
(IPT #1) at each stage is designed to be half of the inductance
value in the previous stage. The coupled group of inductors,
marked (+) and (-), in the second IPT arrangement (IPT #2)
are connected at the positive and negative poles at the outputs
of the SC-48P bridge converters, respectively. We emphasize
that the DC load is connected between V.. and V_ at the IPT
output, as shown in Fig. 1.

The immediate advantage of the proposed SC-48P pro-
totype is that it contains identical transformers, which is
favorable from a maintenance standpoint. The proposed SC-
48P also has other favorable applications for the aluminum
industry, which requires very high service currents, which
are in the order of hundreds of kiloamperes. The proposed
converter system can effectively operate as a SC-24P and
a SC-12P (this statement will be proven via computational
simulations shown in Section. 6) in a degraded operational
mode offering more reliability with respect to other topolo-
gies cited in existing scientific literature. In the context of
modern industrial system applications, the proposed SC-48P
prototype can also be favorable for highly reliable large-scale
electrical drive applications (Fig. 2) in the petroleum sector,
for example, employed to drive high-powered fans, pumps
and compressors on offshore platforms [16].

In this topology, there is a traditional rectifier unit as a DC
source for the supply of each three-phase group of H-bridge
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Fig.2 Recent application of special transformers for high-power con-
verters and AC drives

connected in series for each phase of the AC electric motor.
On the other hand, for instance, in situations of unavailabil-
ity of a high voltage DC source with the necessary power
to drive the prototypes employed by authors [17] and [18]
(H-bridge multilevel inverter for improving THD and cas-
caded H-bridge multilevel cells, respectively), the proposed
48-pulse converter can be easily implemented and used to
adjust the DC voltage at the input of the multilevel converter
module.

3 Tap calculation for both the phase-shifting
transformer and autotransformer

3.1 Tap calculation for the three-winding special
transformer

Fig 3 shows the connection schematic of the transformer with
ED in the primary winding. The different taps are calculated
considering the displacement 6 [19,20]. In Fig. 3, aX; and
ab are the main and auxiliary coil voltage, respectively. The
variables Ny, N» and N3 represent the turns number related to
the Wye (primary) and extended delta (secondary) winding,
respectively. Based on triangle a X1 X3 and applying the law
of the sines, one can determine aX| and a X3 via (1) and,
consequently, taps N> and N3.

sin (30° — )
aX1 = ————— - X1Xo
sin (120°)
in (30° 46 W
ax, = SCTFO Ty
sin (120°)

If tap aX1X3 = 100% and 6 = 7.5°, then: a X = 0.4419
and ac = aX3 — cX3 = aX3 — cXy, from Eq. (1), i.e.,
= 0.7029 — 0.4419 = 0.2610. The transformer taps
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Fig. 3 Transformer configuration with extended delta in the primary
winding. a Connection diagram. b Phase diagram
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Fig.4 Autotransformer configuration. a Connection diagram. b Phase
diagram

shownin Fig. 3 are equal to Ny = 44.19% and N3 = 26.10%.
For a 1:1 transformer relationship and 6 = 7.5°, the 100%
corresponds to Np = 0.7653 x Np and N, = 0.4520 x Nj.

3.2 Tap calculation for the three-phase
phase-shifting autotransformer

Fig 4 shows the configuration of the +7.5° phase-shifting
autotransformer with its phase diagram. It has one main coil
and two auxiliary coils per phase [20].

Point “O” in Fig. 4 is the neutral point. The idea is to
determine taps Kj; and K. mentioned in Fig. 4, to obtain the
displacement 6 between the input voltage U 4 and the output
voltage Up 4 to form the SC-48P prototype. The value for
K}, and K. can be established for displacement 6 by applying
the law of the sines for triangle AOA’ according to Eq. (2).

0
30° + —
“( +2>

2 sin (0)

i w

Ky, =
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Fig.5 Schematic diagram of 77 from group G

If & = 7.5°, one can obtain the taps required for the auto-
transformer K;, = 0.0839 and K; = 0.0668.

4 Theoretical analysis of the AC line currents
in the proposed SC-48P

To theoretically evaluate the profile of the AC currents in
the SC-48P and the respective harmonic content, mathemat-
ical analysis was carried out using the Fourier series and the
MMF analysis. We assumed that the three-phase voltages
and currents at the input of the converters bridges are totally
balanced. The AC line current of the secondary and tertiary
transformer winding connected in ED/Wye/D is equal to the
inputs of each converter bridge. Fig 5 shows the schematic
diagram of the special transformer 77 from group G as
shown in Fig. 1.

The line currents i1w; and i14; with j = {a, b, c} are the
input AC line currents for converter bridges C and C;. The
(+) axis in Fig. 5 is the positive axis in the MMF analysis.
For simplicity’s sake, the AC line currents assume positive
values when exiting the polarity markers on the coils and
negative values when they enter. On the other hand, AC cur-
rents i1, and i{, are referred currents in the primary winding
of transformer 77 with ED/Wye and ED/D, respectively. We
emphasize that the current calculations for the AC line cur-
rents established in this section were processed with the help
of the MathCad software.

According to MMF analysis applied to each of the three

phases (Zl MMF; =3 ; (N xi)= 0) [21], for connec-
tion ED/Wye shown in Fig. 5, one can establish the following
system of equations according to (3).

Ny -itwa (0) — N - i}, (0) = N3 -ir1(0) =0
Ny -itwp (0) — Na - iy, (0) = N3 -ig2 (0) =0 3)
Ny -itwe (0) = N2 i1, (0) = N3 -iz3(0) =0

where parameters Ny, N> and N3 are the taps deduced in
Section. 6 for a transformer ratio of 1:(180/220) and 6 = wt
is the angular frequency in radians. The AC line currents iy 1,
izo and i3 that flow through the auxiliary coils in the ED
connection winding are calculated according to (4).

: NG
@] [ 1-101 ?a&;

ir2 (0) =3 0 1 —11 i]’b(e) . (4
i3 (0) ~10 11 e

Substituting (4) in (3), one obtains currents i1, i}, and i},
in matrix form via Eq. (5).

) Ny+p-N3 N- =1 .

i, ) 4ﬁ>3;-%f o itwa (0)

i, ©) | =] 0 B —pege | x| i )

i1, (©) —-p- %—? 0 71\,2—;_\,117'1\]3 iiwe (0)
Q)

where p = 1/3. The input currents i1y, i1wp and i1y
are calculated using the Fourier series analysis and can be
expressed in Eq. (6).

4 1
itwa (0) = ;-Id-zkzcos(k-%>sin(k-9)
4 1 2
itwp (0) = ;'ld'ZkECOSQ“ %) sin (k- (9—%)) (6)

4 1 2
ilwc(0)=;-Iwzk%cos(k-%)sin<k~(9+§)>

wherek =6-q+1(q € {0,1---8}),k € Zy e I, are the
harmonic order and the output DC current, respectively. The
referred currents in the primary winding i1, i}, and ], for
ED/Wye can be calculated in Eq. (7).

i1, (0) ai 1 y1 i1wa (0)
i, @) | =|viar B | x| itws(©®) (7N
i1, (0) B1 1«1 iiwe (0)
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where parameters o1, 81 and y; are the elements of inverse
matrix established in Eq. (5) and are deduced according to

Eq. (8).

9N N3 + 6N{N2N3 + N\ N}
A
"7 T ON3 +ONZN; + 3N,N?

N1N32+3N1N2N3

P = NI T ONIN: + 3N,N2

®)

NiN3
9N} +9N3N3 4+ 3NNG

V1

Fig 6 shows the waveform of the referred current ij, for
phase A only, where 0 < 6 < 2.7 foran ED/Wye connection.
Using a similar procedure, AC line currents i}, i}, and

i{, can be established in Eq. (9), considering only an ED/D
connection.

) Na+p-N: Ny 77!

f1a ©) %11\13 N+0N W

i,® | =px|-p g = 0 x

7 N3 Na+p-N

i} () 0 _p.N_? %13 ©)

i14a (@) —i14p (9)
i146 (0) —i1ac (0)
i1ac (0) —i1aq (0)

The input currents i1 a4, i1 Ap and i1 4 are given according to
Eq. (10) using the Fourier series analysis.
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4 1 TN . T 2
imb(Q)z;-Iwzk%cos(k-g)sm<k~(9—g—7>>

4 1 2
0= 70 g G (i (- 5+ F)).
(10)

"

Consequently, the referred currents i},

given using Eq. (11).

-/ -/
i, and i]. can be

i, ©) a B v i1aa (0) — i1ab (0)
i @) |=px | ra B | x| itan®) —irac ()
i1 () B2 v2 a2 i1ac (0) — 1144 (0)

Y

where parameters o7, 8> and y» are the elements of inverse
matrix established in Eq. (9) and can be given according to
Eq. (12).

9N4N3 + 6N4N2N3 + N4Nj
o =
7 TON3 + ONZN; + 3N, N2

N4N32 + 3N4Ny N3

P2 = GNT NN, + 3NaN2

12)

B N4N?
9N +9NZN3 +3NoNG

V2

The displacement between the secondary and tertiary wind-
ings is 30° due to the Wye/D connection. Therefore, tap N4
in (12) is equal /3 - Ny. Fig 7 shows the waveform for the
referred current i}, only for phase A where 0 <6 <2.7
for an ED/D connection.

The input line currents i, i1p and i1, of transformer 77
from group from G are given in Eq. (13).

ha 0) = if, +1f,
i 6) = if, + i, (13)

i1e(0) =il +ill.
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Fig.8 Waveform of AC line current i,

Figure 8 shows the waveform of AC line current iy, for
0<6=<2-m

An analogous process to the one previously described for
obtaining the input line current i1, has been adopted here to
determine the input AC line currents iz, i; and igr;q, for
transformer 7>, of the SC-24P of the first group G and of
the supply grid of proposed SC-48P system, respectively. It
is also worth noticing that the phase-shifting autotransformer
was used in the proposed converter system shown in Fig. 1 to
achieve a 7.5° displacement of between groups G and G».
Therefore, input line current iy, of the autotransformer is
offset from line current i, by 7.5°. Figure 9 shows the AC
line currents waveform in,, iy and igriq, for0 <60 <2 -7 .

Fig10 shows the harmonic content of AC line currents i,
and ig.;q, for the SC-24P and SC-48P, respectively. In this
figure, only the first 50 harmonic components are consid-
ered. The fundamental AC line current was limited to 20%
in order to make the harmonic components visible. The fre-
quency range of 60 Hz to 3 kHz was considered for the THD
calculation. The %THD of AC input grid current is com-
puted using the relation between the rms and fundamental

frequency component of the AC input line current. From the
waveform shown in Fig. 9c, the rms value I4iq,,,,, of AC
input current ig,;q, is calculated according to Eq. (14) using
MathCad program.

1 2
Igrida‘rmx = E A i;rida (9) de. (14)

Similarly, the rms value of the fundamental component
Igridyy ms (K = 1) of the AC input line current igpig, is
obtained using Eq. (15).

1 2 5
Igridla.rms = g ’ \/0 igridla (6) de. (15)

The effective values of the input line currents of the other
phases are the same as those presented by expressions (14)
and (15), since the mains system is considered balanced.
Consequently, the theoretical THD value of AC input current
is given according to Eq. (16).

\/ ; !

grida,rms gridia,rms

= =2.94%. (16)
Igridla.rmx

%T HD

igrida

In Fig. 10, one can see that AC line currents i, and igy;q4,
have a THD equal to 6.60% and 2.94%, respectively. There-
fore, the 23rd and 25th harmonics in the input line current
of the power grid using the proposed SC-48P are eliminated.
We emphasize that the harmonic content of AC input line
current igy;, of the autotransformer is similar to current i, of
the SC-24P; however, the THD value is reduced due to the
filtering effect of the phase-shifting autotransformer.

5 The method to determine the IPT
inductance value for both IPTs

This section will deal with the inductance calculation for each
of the IPT configurations for the proposed SC-48P shown in
Fig. 1. We emphasize that usually the harmonic content is
reduced when the IPT inductance value is increased. There-
fore, to estimate the IPT inductance value, it is very important
to meet the AC input line current requirements of the pro-
posed SC-48P.

5.1 Method for estimating the IPT #2 inductance
value

A calculation method using a configuration similar to the IPT
#2 was proposed according to [22] to estimate the inductance
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*‘E“ where Py. and f,,;4 are the nominal output power and the
g’ frequency grid of the proposed SC-48P, respectively. The
\, - 0 g normalized IPT #2 impedance value can be calculated using
N
N Eq. (19).
\ g q. (19)
Q
R
ZIPT Ire . fre
S ZipT-N= =2.7 2 L Lipr=2-m-Liprn.
Zref Vref
S —
Lipr—N

Fig. 10 Harmonic spectrum of AC line currents i, and ig,;q,

values applied to an 18-pulse converter system (SC-18P).
Thus, this method has been adopted here for the proposed
SC-48P. Before estimating the IPT #2 inductance value, one
must first establish the normalized reference parameters for
the SC-48P.

Vier = Viwj = Viaj = Vawj = Vauj = Vawj = V3y;j

= Vawj = Vaqj
an

where Vior, Viwj, Viaj, Vawj, Vaaj. Vawj, Vaaj, Vawj and
Vanj (j = {a, b, c}) are the RMS phase to neutral input volt-
ages for converter bridges and V,. is the reference voltage.

The reference power, frequency, current and impedance
are given according to Eq. (18).
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19)

The normalized IPT #2 inductance value can be deduced
according to (20).

L+ fre
Lipr-N =Ljpr - (M> . (20)
Vref
The real IPT #2 inductance value is estimated in (21).
24.V2
Lipr = Lipr—n - | ——We ). (2D
(Pdc : fgrid

The purpose of the presented method is to vary L;pr_pn to
achieve the smallest THD level possible. (This variation was
made in a simulation). Figure 11 shows the THD variation
versus normalized inductance L;pr_ . We observe in Fig.
11 that normalized inductance values larger than 31 mH cor-
respond to practically constant THD levels. Therefore, this
value can be considered as an optimal value for estimating the
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Fig. 12 Extracted part of the proposed SC-48P system

real inductance of IPT #2. Consequently, if Vi, = 103.92
V (RMS value), fgrig = 60 Hz and Pge = 6.4 kW (simula-
tion value), then L;p7r = 20.92 mH.

5.2 Method for estimating the IPT #1 inductance
value

To calculate the IPT #1 inductance value, we must first con-
sider the analysis of an extracted part of the proposed SC-48P
system illustrated in Fig. 12.

One can express the voltage V over the interphase induc-
tor using (22), where L;pr = L’I pr and according to the
procedure methodology established in [23].

d
Vi @©) =Lipr -z (L @) =iz, ©))

629 IPT 22)
M (iL,PT ©) iy, (6

where L;pr, L’I pr and M are the inductances of the inter-
phase inductors, and the mutual inductance, respectively. If
Lipr = M, Eq. (22) can be rewritten according to (23).

d (. .

Ve®) =2 Lipr - o (i ©) = ir,, ©). 3
- . 1 .

Atnode S in Fig. 12, results: L)y ®) = 1 Lic —ip,pr ().

Thus, Eq. (23) can be rewritten in (24) assuming that current
ripple is negligible in relation to the current ripple

at bridges i and i .
geS IL pr Lypr

1
Z : Idc

VL @)=4-Lipr- % (iLpr ). (24)
Consequently, according to (24), the effective inductance
value for IPT #1 is equal to four times the very own induc-
tance value of each inductor. On the other hand, the voltage
V1, over the interphase inductor is equal to the difference
between the instantaneous DC output voltages V., and Vy,
at each 6-pulse converter bridge (Fig. 12) and can be given
according to (25) by using the Fourier series analysis.

1276 — 1 ,
VL(G):T'VlWa' E 36](2——1.S1n(6.k.9)' (25)
k=1,2

Since the sixth harmonic (k = 1) is predominant in the output
DC voltage in the SC-48P system for the simple reason that
the converter bridges are connected in parallel, Eq. (25) can
be rewritten as (26).

12:/6 .
VL() = 25— Viwa -sin (6-0). (26)
———

Vi peak

The IPT #1 inductance value can be calculated using (27),
which has equations equivalent to:

1 _ VLpeak
EIPTpeat ™ D . (6 feria) - (4-Lipr)
27
Al AVL
L =
T2 (6 foria) - (4 Lipr)
is the

where variables V; . is the voltage peak, I ,,,

pea S peak
current peak, AV, =2 -V, obtained in relation to the
average voltage is the voltage ripple and Aly,,, is the cur-
rent ripple. The inductances L;p7 and L’I pr of the coupled
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Table 1 Simulation and experimental parameters. The units of the parameters are set to SI

Components parameters Transformer (ED-Wye-D) Autotransformer
Primary resistance (R,) 0.5206 £2 0.0762 §2
Primary inductance (L ) 3.402 x 1074 H 8.634 x 10~* H
Secondary resistance (Ry) 0.5023 2 0.0762 $2
Secondary inductance (L) 6.317 x 1074 H 8.634 x 1074 H
Tertiary resistance (R;) 0.4207 2 -

Tertiary inductance (L;) 52x107*H -
Magnetization resistance (R,;,) 668.72 $2 1008.19 §2
Magnetization inductance (L,,;) 1.3247H 1.5314 H

Power grid and DC load specifications (Vgria/Lgria/ foria/ Pac)

220 V (line to line)/0.1 mH/60 Hz/6.4-2.978 kW

*Note that 80% and 37.23% of rated active power are considered as DC load power in the simulation model and implementation tests, respectively

inductors are arbitrarily calculated using maximum ripple
equal to Al = 10%. (This value is usually specified by
the designer). If the ripple amplitudes Aly,,, € Al L,y are
equal, then:

Iy - AI
AlLipr = Al = de

IPT 8

B 2-VL
21 (6 foria) - (4 Lipr)’

(28)

peak

Lastly, inductance value L;pr of IPT #1 for the proposed
SC-48P is established according to Eq. (29).

72 V12Wa (29)
35'773’fgrid'Pdc'AI.

Lipr =

If Pyo = 6.4 kW (simulation value), fgri¢ = 60 Hz, AI =
10% and Viw, = 103.92 V, then the inductance value is
approximately equal to L;pr = 18.66 mH.

It is worth emphasizing that the IPT #1 configuration for
the inductance value for each stage is designed to be half
of the inductance value of the previous stage. Furthermore,
the inductance values L; pr, established and calculated using
Egs. (21) and (29) for IPT #2 and IPT #1, respectively, are
specified in the computational simulations conducted in Sect.
6.

6 Simulation results of the proposed SC-48P
for both IPT #1 and IPT #2 configurations

To evaluate the performance and efficiency of both the IPTs,
the proposed SC-48P was modeled and simulated in MAT-
LAB/Simulink. The tap values were calculated in Section. 3
for a2 kVA-220/180 V transformer using an ED/Wye/D con-
nection, considering only a 1:1 transformer ratio. Nonethe-
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less, the prototype implemented had a transformer ratio of
1:(180/220), i.e., 1:0.82, and the taps were Ny = 0.9354 x
Ni, N3 = 0.5524 x Ny and N4 = 1.7320 x Np [20]. The 4
kVA-220/220 V three-phase phase-shifting autotransformer
and the non-conventional transformer used in the proposed
SC-48P converter were implemented in MATLAB/Simulink
software based on the single-phase transformers available in
the software library.

The inductance values of IPT, L; p7 calculated in Section.
5 for both IPTs configurations are specified in the simulation
model. The non-conventional transformer and the phase-
shifting transformer parameters were acquired by conducting
no load and short-circuit tests and are specified in the simu-
lation model. A DC load type R-L, with a constant nominal
rated power of 6.4 kW (simulation value), was considered the
industrial load. The SC-6Ps bridges, as shown in Fig. 1, are
diode bridge converters. The specifications of the simulated
model are listed in Table 1.

Itis noteworthy that there are many ways in which faults in
electrical lines and/or equipment may occur when using the
proposed SC-48P. Therefore, to evaluate and validate the reli-
ability and applicability of the proposed SC-48P, only three
scenarios were considered in the simulated model for each
of the IPT configurations. Two three-phase circuit breakers,
C Bj and C By, as shown in Fig. 1, were employed to isolate
the electrical line from faults.

i) The proposed SC-48P operating in normal mode (C By
and C B; closed), i.e., no faults registered when the spe-
cial transformers and autotransformer are working;

ii) When the phase-shifting autotransformer is defective or
taken out of the circuit (C By open and C B; closed);

iii) When the autotransformer is defective or removed (C B
open) and a fault in the feeding phase in the first trans-
former 77 from group G1, consequently activating C B;
(Fig. 1).
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Fig. 13 Simulation results of the proposed SC-48P operating under normal conditions for IPT #1. a Waveform of AC line currents igiq,, i and
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Fig 13 shows the results obtained for the proposed SC-48P
operating under normal condition for an IPT #1.

One can see ACline currents for only phase Aigy;4,,1, and
iqur, have THDs equal to 2.75%, 6.48% and 6.43% (meeting
the IEEE-519 requirements [24]), respectively, in relation to
the fundamental AC component. All of the amplitudes for
the harmonics are mentioned. One can also see the presence
of the 47th and 49th harmonics in AC grid current and the
profile of ig4,4, is practically sinusoidal. It should be noted
that there is a small difference between the value obtained
for the THD levels in currents i, and i, . This difference,
as mentioned in Section. 4, is due to the filtering effect of
three-phase phase-shifting autotransformer.

Figl4 shows the results obtained for the proposed SC-
48P system operating under normal conditions for the IPT #2
configuration. One can observe that AC line currents ig,;q, , iq
and iy, for only phase A have THDs equal to 2.77%, 6.52%
and 6.48% (meeting the IEEE-519 limits [24]), respectively.
All of the amplitudes for the harmonics are mentioned. One
can partially confirm that the IPT #1 and IPT #2 have good
performance in terms of harmonic distortion, based on the
results.

Furthermore, three scenarios were simulated for both IPT's
arrangements to evaluate the performance of proposed SC-
48P in degraded mode. Figl5 shows the results obtained for
IPT #1. One can see that before instant + = 1 s, no faults
were registered and the proposed SC-48P which operated
effectively as a 48-pulse converter system. In this case, the
THD value obtained for AC line current ig,;q, is equal to the
value presented in Fig. 13b. Atinstantf = 1 sand ¢ = 2s,
scenario 2 is performed and the proposed SC-48P operates
as a 24-pulse system, and the THD of current ig;4, is equal
to 6.15%. At instant ¢t = 2 s, scenario 3 kicks in. Here, the
proposed SC-48P operates as a 12-pulse converter system
and the THD of current iz 4, is equal to 13.21%.

Fig 16 shows the results obtained for the proposed SC-
48P operating in degraded mode for the IPT #2. One should
also observe that the SC-48P can efficiently operate as a 24-
pulse and 12-pulse converter system, with THD levels of AC
current igriq, equal to 6.18% and 13.26% (values that are
slightly smaller than those obtained for the IPT #1), respec-
tively. We emphasize that all of the obtained values for the
THD current in the AC power grid of the SC-48P operating
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Fig. 14 Simulation results of the proposed SC-48P operating under normal conditions for IPT #2. a Waveforms of AC line currents ig;q, , iz and
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in degraded mode for both IPTs meet IEEE-519 standards
[24].

It should be noted effectively the presence of the i =
24 -k + 1, k € Z4 characteristic harmonics in AC line cur-
rent igr;q, (Figs. 15b and 16b) when the proposed SC-48P
is operating as a 24-pulse converter, and the presence of the
h =12 -k £ 1, k € Z4 characteristic harmonics in AC
grid current (Figs. 15¢ and 16¢) when the proposed SC-48P
system is working as a 12-pulse converter. Therefore, it also
possible to conclude once more that the IPT #1 and IPT #2
perform satisfactorily in terms of the harmonic distortion and
power quality improvements.

7 Experimental validation of the proposed
SC-48P converter for IPT #2 configuration

To validate the aforementioned theoretical and simulations
analysis and to prove the viability and applicability of the SC-
48P prototype for industrial applications, we implemented
experimental tests under normal operational conditions using
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only the IPT #2 configuration, due to the limitations of lab-
oratory resources. The DC load for the R-L power applied
was equal to 2.978 kW. The equipment parameters used in the
tests are listed in Table 1. Measurements were taken using the
Fluke 435 Power Quality Analyzer. Fig 17 shows the general
view of experimental setup of proposed SC-48P converter.

Fig18 shows the experimental results obtained from the
tests for the AC line currents ig;q,, I, and their respective
harmonic content. One can see that the THD value for cur-
rents igrid,, i Was equal to 2.9% and 5.2%, respectively,
and the profile of the AC current in the electrical grid of the
proposed SC-48P forms a practically sinusoidal wave.

Fig 19 shows the waveform of the input AC line current
iqui, Of the autotransformer, its harmonic spectrum and the
DC voltage for the R-L load. Note that the THD experimen-
tal value obtained for current i,,;, was equal to 3.3%. We
emphasize that the obtained experimental THD values for AC
line currents igy;4,, i and 4y, are practically equal to those
obtained in the simulations and are shown in Fig. 14b, c, d.
From Fig. 18e, the active input power (P;;) associated with
the proposed system considering the three phases is 3.004
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Fig. 15 Simulation results for the proposed SC-48P operating in degraded mode for the IPT #1. a Waveform of AC current g4, . b and ¢ Harmonic
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for scenarios 2 and 3. One-eighth of the DC voltage is displayed

Table 2 Comparison of the proposed SC-48P scheme with other MPCs topologies

Topologies THD of AC current (%) Load power Reliability Efficiency
20-pulse [5] 3.7 12 kW Low 97.65%
12-pulse [7] 12.5 12.045 kW Low —k®
40-pulse [8] 4.3 7.5 kW Low 97.2%
24-pulse [9] 5.25 1 kW Medium —k*
24-pulse [11] 3.9 1.92 kW Medium —k*
18-pulse [14] 1.2 3 kW Medium —k*
12-pulse [12] 1.3 6.4 kW Low 95.8%
48-pulse [15] 3.46 2.972 kW Medium 97.3%
SC-48P proposed 2.9 2.978 kW High 99.13%

** The authors of these papers did not present the value of the experimental efficiency

kW. Thus, the experimental efficiency (ne p = Pour/ P; ,,) of
the proposed SC-48P is found to be 99.13%, remembering
that the applied DC load power is 2.978 kW due to laboratory
limitations.

Table 2 reveals the comparison of the proposed converter
with other MPCs in terms of input line current THD, load
power, system reliability and efficiency. From Table 2, it is
inferred that the high efficiency with improved power quality
performances and high reliability of the proposed scheme are
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Fig. 17 General view of experimental setup

the most commendable advantages of the proposed SC-48P
as compared with other topologies.
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On the other hand, based on Fig. 1, the unit cost of
employed 4 kVA-220/220 V phase-shifting transformer
and 2 kVA-220/180/180 V three-winding transformers is
US$490.15 and US$379.75, respectively. Furthermore, the
IPT #1 and IPT #2 transformer cost on the DC side of the
proposed system amounts to US$788.50 and US$758.35,
respectively. It is noteworthy that four (04) three-winding
transformers are used in the SC-48P proposed. Therefore,
the magnetic circuit total costs of the proposed system
taking into account IPT #1 and IPT #2 arrangements are
US$2797.65 and US$2767.50, respectively, according to the
current quote.

From the results obtained, it is possible to confirm effec-
tively the viability of the applicability of the proposed
SC-48P scheme for use in industrial rectification, which can
be extended to uses in the aluminum industry which requires
currents in the range of hundreds of kiloamperes to be
effective.
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8 Conclusions

The proposed 48-pulse converter system, simulated and
implemented, showed satisfactory performance in terms of
harmonic distortion on the AC side of the power grid. The
mathematical analysis of the AC line currents for the pro-
posed SC-48P used as a method for calculation, estimating
the inductance values of the IPT #1 and IPT #2, is presented
in this paper.

Operating under normal conditions, the THD of the AC
line current for the SC-48P was 2.75% and 2.77%, for IPT #1
and IPT #2, respectively, meeting the [IEEE-519 requirements
[24]. Furthermore, three scenarios were established in this
paper to evaluate the reliability of the proposed SC-48P. The
results derived from these evaluations confirm that the SC-
48P can operate efficiently, in terms of reliability and power
availability, as a SC-24P and SC-12P, depending on which

faults may occur, i.e., when the proposed SC-48P operates
as an SC-24P, the THD of the AC line current at mains is
approximately 6.15% and 6.18%, for IPT #1 and IPT #2,
respectively. When the proposed SC-48P operates as an SC-
12P, the THD in the AC line current is 13.21% and 13.26%
for IPT #1 and IPT #2, respectively. The results show that
the IPT #1 and IPT #2 arrangements are efficient, in terms of
the THD, under the same operational conditions (DC power
equal to 6.4 kW). On the other hand, the experimental THD
value under normal operating conditions was equal to 2.9%,
only for IPT #2, which is close to the value predicted in the
simulations. Furthermore, the simulated THD value for DC
power equal to 2.978 kW for the IPT #2 was 3.014%, or very
close to the experimental result obtained, which was 2.9%.
A phase-shifting autotransformer was inserted in the
proposed topology for the arrangement of the second 24-
pulse group. This group sees this autotransformer as a
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series impedance in order to determine the effective over-
lap reactance of these four Graetz diode converter bridges.
Remember that the percent impedance of the autotransformer
is lower compared to the non-conventional transformer ones.
As for the parallel association of converters, the greater the
overlap reactance, the lower the contribution current of the
converter; therefore, the inverse proportionality ratio occurs.
The AC currents of the converter bridges of the second group
are slightly smaller, thus occurring a slight imbalance in the
AC line current distribution of the converters of the 48-pulse
setup. This statement is experimentally verified in Figs. 18a
and 19 a. This imbalance in the AC line current would be a
disadvantage for the proposed system. An alternative solution
to solve this problem would be inserting an autotransformer
identical to the existing one at the input of the first group of the
24-pulse converter system, which would increase the system
cost and physical space for high power special transformers.
In this case, the tap values (K and K.) of the phase-shifting
three-phase autotransformer calculated in Section. 3 for a dis-
placement & would need to be updated to obtain the proposed
SC-48P effectively.

Based on the results, it is possible to confirm the via-
bility and applicability of the proposed SC-48P for use in
industrial applications since it presents consistent theoreti-
cal and experimental results, while a topology of this type
has not yet been proposed in scientific literature. For future
work, we intend to experimentally study the proposed SC-
48P prototype using the IPT #1 configuration and compare
the experimental results with those already obtained for the
IPT #2 arrangement. Furthermore, we intend to make the
didactic workbench for the proposed SC-48P more widely
available for educational purposes, i.e., to use it in classes and
lab experiments with undergraduate and graduate students
alike, along with using it in training courses for industrial
workers.
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