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Abstract: This paper presents pulse multiplication technology based on an optimal Pulse Doubling
Technique (PDT) to upgrade a 28-Pulse Rectifier (28-PR) to a 56-PR. The optimal PDT comprises a
Tapped Interphase Reactor (TIPR) with a low kVA-rating and two diodes. The number of pulses can
be increased from 28 to 56 using the PDT so that the input current harmonics are reasonably mitigated.
Additionally, the 14-phase Polygon-Connected Autotransformer (PCA) is designed in such a way
that it can be used for retrofit applications. A detailed simulation analysis in the MATLAB/Simulink
environment is carried out, and the results show that the improved quality indices of the final
AC input and DC output power are equivalent to the IEEE 519-2014 standard and meet sensitive
industrial application requirements with an input current Total Harmonic Distortion (THD) lower
than 3%. Moreover, the power factor also maintained unity for a wide operating range. The optimal
PDT scheme is affordable and easy to implement as only a small-capacity PDT (only 1% of the output
power) is needed to double the pulse number. An experimental prototype is developed to verify the
simulation results.

Keywords: AC-DC converter; pulse doubling technique (PDT); multi-pulse rectifier; tapped interphase
reactor (TIPR); total harmonic distortion (THD)

1. Introduction

Advancement in power electronics has led rectifiers to be utilized in many industrial
applications. These rectifiers are mostly fed from a front-end uncontrolled six-pulse Diode
Bridge Rectifier (DBR). Front-end six-pulse DBRs draw harmonic-rich current from the
input AC source, thereby, degrading the power quality and resulting in a poor power
factor. Besides this, the harmonic-rich current causes a harmonic-rich voltage at the Point of
Common Coupling (PCC), which results in voltage fluctuations at the customer end. Since
the power quality indices can be well-maintained within the limits set by the regulatory
agents, such as IEEE 519-2014 standard [1], much attention has been paid to power quality
improvement techniques [2].

Using multi-pulse rectifiers can be considered an effective method to improve the
power quality [3,4]. Several studies have been presented on the use of 12- [5,6], 18- [7,8],
20- [9] and 24-Pulse Rectifiers (PRs) [10,11] to reduce harmonics issues. Using multi-pulse
rectifiers results in line current Total Harmonic Distortion (THD) exceeding 5% under a light
load or source with lower impedance. Sensitive industrial applications follow stringent
power quality indices, and it is preferable to use above 24-PRs [12]. Hence, the magnitude
of the harmonics is maintained below 3% in such applications. However the proposed
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36- [13] and 40-PRs [14] improve the power quality, the increased magnetic ratings and
higher degree of complexity can be considered as their major drawbacks.

According to the reported results in [14], in light load conditions and with low source
impedance, in rectifiers up to 40 pulses, the sensitive industrial application requirements
with an input current THD lower than 3% have not yet been met. Although an increase in
the number of pulses results in improved power quality indices, the cost and size of the
rectifier also increase. To avoid increasing the complexity, size, and cost of the rectifier, the
use of pulse multiplications is recommended [15-18]. The Pulse Doubling Technique (PDT),
presented in [15], is based on two Tapped Interphase Reactors (TIPRs) and a single-phase
DBR, which has six operating modes according to the relationship between TIPRs’ voltage
and the load voltage. The main advantage of this structure is its low kVA-rating. However,
its power losses are considerable, and it also has a higher number of diodes than other PDTs,
which leads to an increase in the cost of this PDT. The PDT presented in [16] is based on
two TIPRs and a single-phase full-wave rectifier. The primary winding of the TIPR and two
diodes form the first passive harmonic reduction circuit, and the secondary winding of the
TIPR and two diodes constitute the second harmonic reduction circuit. This PDT reduces
the harmonic distortions of the input current significantly, but its structure is complex and
has high power losses and a high kVA-rating. In [17], a single-phase DBR-based PDT is
proposed. The relationship between the load voltage and the secondary winding of the
TIPR determines the number of pulses. In this PDT, the diodes of the PDT are installed
on the secondary side of the TIPR, which reduces the current flow passing through such
diodes, and thus, reduces the connection losses of the diodes in this PDT. However, the
kVA-rating and the cost of this PDT are notably high. The PDT proposed in [18] is based on
two single-phase full-wave rectifiers and has four operating modes. This PDT can reduce
the harmonic distortion of the input current, but it has a very complex structure, high
power losses, and a high kVA-rating, resulting in lower efficiency and a higher cost than
other PDTs.

In that context, a 56-PR based on a retrofit Polygon-Connected Autotransformer (PCA)
and optimal PDT is proposed in this paper to improve the power quality. Initially, a 28-PR
is designed, and using a PDT, the output pulse is increased to achieve improved power
quality indices. The independent operation of the 14-pulse DBRs is achieved by a Zero-
Sequence Blocking Transformer (ZSBT). Furthermore, a TIPR with two diodes is used for
pulse multiplication. The TIPR with diodes results in a nearly sinusoidal waveform at the
input current and also a lower magnetic rating. Consequently, in this paper, a PDT with
an optimal structure and easy manufacturing for a 28-PR is proposed to lower the input
current THD and output voltage ripples without increasing the complexity of the proposed
rectifier in sensitive industrial applications. The rest of the paper is organized as follows.

In Section 2, the structure of the proposed 56-pulse rectifier is described. Next, in
Section 3, the optimal pulse doubling technique is explained and compared to existing
PDTs. In Section 4, simulation and laboratory results are presented and analyzed, and
finally, a summary is presented in Section 5.

2. Proposed 56-Pulse Rectifier

Figure 1 shows the configuration of the proposed 56-PR. As shown in this figure, it
consists of two main sections:

e AZ28-PR;
e  Anoptimal PDT structure.

The 28-PR includes a polygon-connected 14-phase autotransformer to generate two
sets of seven-phase voltage. Those two seven-phase voltage sets are passed through two
14-pulse DBRs to generate a 28-pulse waveform. By connecting the optimal PDT to the
DC-link of those two 17-pulse DBRs, the 28-pulse waveform is then increased to 56 pulses.
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Figure 1. The configuration of the 56-PR.

2.1. Design of the PCA for the 28-PR

A 28-PR, created by paralleling two 14-pulse DBRs, is shown in Figure 2. This consists
of a PCA and generates two seven-phase voltage with phase shifts of 12.86° and 51.43°
between the same voltage of the two groups and between the voltage of each group,
respectively. The phasor representation and winding connections of the PCA are shown
in Figure 3. In addition, it consists of 14-pulse DBRs, and TIPR plays an important role in
such a rectifier [1].

As mentioned earlier, the PCA generates two series of seven-phase voltage—group 1,
which includes v, to v,7, and group 2, which includes v to v,;—for application to the
14-pulse DBR I and 14-pulse DBR II, respectively. Considering that two seven-leg DBRs are
used in the 28-PR, the phase displacement is determined as (360° /(2 x 14)) = 12.86°. Thus,
the two 14-pulse DBRs have a phase displacement of 12.86° between them. The phase
angle between different phasors is considered +6.34° and —6.34° from the input voltage of
phase A.

The seven-phase voltage of the 14-pulse DBR I shown in Figure 3 is as follows:

Va1 = 0a +k1oca — kavpce

Va2 = Up1 — k3vap + k4vpc

Va3 = U3 — kgvap — k7vca

Va4 = 0 — k119pc + k120cA 1)
Va5 = Ups + k130pc — k140 4B

Va6 = 0c — k10vca +kovap

Va7 = Up7 + ksvca — kevpc

The seven-phase voltage of the 14-pulse DBR II shown in Figure 3 is as follows:

Up1 = VA — k1vap + kavpc

Up2 = Vg2 — ks50aB + keUBC

Up3 = UB +k10vaB — kovca

Ups = Vs — k130Bc + k140cA (2)
Ups = vc + k110Bc — k12048

Upe = Va6 — ksUca + k7vap

Up7 = Va1 + k3vca — kavpc
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To obtain the desired phase shift between two voltage groups, the optimal values
for winding turns are calculated using Equations (1) and (2). For instance, to calculate
constants k1 and k, the relationships between v, and v;; can be used as follows:

{ Vg1 = VA +k10ca — kovpe 3)
vy = va — k1vaB + kovpc

In this regard, the relationship between the three-phase supply voltage, v,1, and vy,
using the phasor diagram, can be written as follows:

v4 =0s20, v =05/ — 120", 04 = v/ + 120
Vg1 = s/ + 6.34" (4)
vy = Vs — 6.34

where v, indicates the amplitude of the phase to the neutral input voltage.

As a result, two equations with two variables are determined. Accordingly, constants
k1 and kj can be calculated. Consequently, constants k; to k14 are calculated as 0.0042,
0.0625, 0.1910, 0.2481, 0.1168, 0.0222, 0.1297, 0.2995, 0.1016, 0.0439, 0.1014, 0.0116, 0.0773
and 0.2311, respectively.

The calculated values specify the winding turns with respect to the input voltage, and
based on such values, the PCA can be simulated and developed. Equation (5) calculates
the average output voltage (vpc) in the g-phase rectifier.

Ope = va% sin(Z) ®)

where v, refers to the peak amplitude of the phase to the neutral input voltage, and g
represents the number of phases.

Using Equation (5), the output voltage of the conventional six-pulse DBR can be
calculated as 1.65 vy, and that of the proposed rectifier equals 1.98 v;,. In other words,
the output voltage of the proposed rectifier is 20% higher than that of the conventional
six-pulse DBR.
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Y

Ve V4B —

(&

14-Pulse Diode
A\
|
——

Bridge Rectifier I
Proposed Polygon Autotransformer 14-Pulse Diode
Bridge Rectifier II

Figure 2. The PCA configuration of the 28-PR.
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(a) (b)
Figure 3. Representations of the (a) phasor and (b) connections of the PCA for the 28-PR.

2.2. Design of the Retrofit PCA

Since the output voltage of multi-pulse rectifiers is higher than the standard output
voltage of the six-pulse DBR, multi-pulse rectifiers are not suitable for retrofit applications.
To address this issue, as shown in Figure 4, the PCA design is modified, whereby its output
voltage is reduced so that the output voltage of the 28-PR becomes equal to the output
voltage of the six-pulse DBR.

Figure 4. The phasor representation of the PCA for retrofit applications.
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The seven-phase voltage of the 14-pulse DBR I shown in Figure 4 is as follows:

Va1 = 0a —kivca

Upy = 0Op1 — ko2vap + k3vpc

Va3 = Up3 + k70aB — keUca

Va4 = U — k10UBc + k119cA (6)
Vg5 = Up5 + k120c — k13048

Va6 = 0c —kovca +kgvap

Va7 = Upy + kagvca — ksvpc

The seven-phase voltage of the 14-pulse DBR II shown in Figure 4 is as follows:

Up1 = va — k1oca

Upy = Vg2 — kavap + ksvpc

vp3 = U +kovap — kgvca

Ups = Vg4 — k120pc + k130cA ()
0ps = vc + k10vpc — k11948

Upe = Va6 — k70cA + K6V aB

Up7 = Vg1 +kovca — k3vpe

The constants should change for retrofit applications. In this regard, constants k; to k13
are calculated as 0.1089, 0.1609, 0.2088, 0.0983, 0.0186, 0.0855, 0.0369, 0.0327, 0.1152, 0.1705,
0.1418, 0.0708, and 0.0544, respectively. Such values determine the winding ratios of the
PCA required for retrofit applications. The PCA can be simulated and developed using
those calculated values.

3. Optimal Pulse Doubling Technique Structure

To increase the number of pulses and avoid an increase in the complexity, size, and
cost of multi-pulse rectifiers for a reducing input current THD, a PDT was used. In this
paper, by using the simulation results of different types of PDTs, an optimal PDT was
selected and used to upgrade the 28-PR. In this regard, different PDTs were simulated
using the same input source and under the same loading condition. After that, based on the
obtained results, total power losses, the kVA-rating, and the approximate costs of different
PDTs were determined. Finally, the optimal PDT was selected and used to upgrade the
28-PR to a 56-PR. The main limitations of the PDT are the performance reduction in the
case of harmonics from the source side and also the unbalanced source conditions. Besides,
using the PDT may increase the power losses and kVA-rating of multi-pulse rectifiers.

To highlight the main features of the proposed 56-PR, a techno-economic analysis
considering the previously presented PDTs and the proposed 56-PR was performed. In this
regard, technical indices, kVA-ratings of PDTs, and associated costs, using the proposed
method in [17], where the transformer and diode costs were respectively estimated as
4.5 times the transformer kVA-rating and $2.25, were considered. The kVA-rating of a PDT
can be estimated using the following equation [3]:

1
S = E 2 VwIw (8)

where V;, and I, are Root Mean Square (RMS) values of the voltage and current of PDT
windings, respectively.

Table 1 shows the RMS values of the voltage and current of different PDTs and their
VA-ratings for a 10 kVA load. As shown in this table, the VA-rating of the proposed PDT is
62.42 VA, i.e., less than those proposed in [15-18].
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Table 1. RMS values of the voltage and current of different PDTs and their VA-ratings for a 10-kVA
load.

Transformers RMS Values Wq W, W3 Wy W5 VA-Rating
Viws [V] 3.997 7.959 3.997 163.5 ]
[15] Irass [Al 1.1 44 1.2 0.147 ; 74.07
. . . 195. 195.
6] Vs [V] 6.098 5.939 6.098 95.6 95.6 667
Irws [A] 11.23 6.267 11.29 0.1503 0.1503
Vius [V] 222 316 - ) -
[17] Irass [A] 10.47 0.2439 ; ; - 154.85
Viws [V] 18.88 3.073 3.073 101.6 101.6
[18] Irus [Al 10.56 13.61 13.55 0.08221 0.0821 149.76
Vs [V] 11.05 11.05 11.05 11.05 -
ZSBT Irws [A] 5.75 5.75 5.75 5.75 ; 127.07
Proposed Vrums [V] 4.137 8.174 4.136 - - 62.42
PDT Irass [A] 10.85 4241 10.95 ; - :

The diode power losses (Pyj,4,.) are calculated using the following equations.
17 2
Piiode = ;/0 (Vrig +igRa)dt = Vily + IRy )

where the voltage drop across the diode (V) is 0.7 V, the diode internal resistance (R;) is
1 m(), i, is the instantaneous current of the diode and 1; is the average current of the diode.
The following equation is used to calculate the core power losses (Peore).

Peore = mckcB%f]é (10)

where is the nominal weight of the core, k. is the core material coefficient, B,, shows the max-
imum flux density, fr is the operating frequency and « and f are the Steinmetz coefficients.
It should be noted that the parameters used were obtained from [9].
The weight of the transformer (Wr) can be determined using the following

empirical expression.
S 0.75
Wr = K| —2T 11
T W<KfKuBm]fT> (11)

where Ky = 68.2 is the constant related to the core configuration for a laminated core, K¢
and K, are the waveform coefficient and window utilization factor, respectively, and St is
the nominal power of the transformer.

The total weight of the transformer can be estimated using the weight of the core and
the weight of all windings. Generally, 75% of the total weight of the transformer can be
considered the nominal weight of the core, i.e., m..

The copper power losses (Pcopper) can be calculated as follows.

Pcopper = Z]Pcu(MLTi)KiNili (12)

where ] is the current density, p., is the electrical resistivity of copper, MLT;, K;, N;, and I;
are the mean length per turn, the number of turns, the AC/DC resistance factor considering
the skin effect, and the RMS value of the current of the ith winding, respectively.

As shown in Table 1, the RMS values of the voltage and current, as well as the VA-
rating, of the proposed PDT are given. Considering the voltage per turn of the transformer
as 1 and also the mean length per turn with respect to the average cross-sectional area of a
core as 10 cm, the number of turns of the winding can be estimated.

Taking Equations (9)-(12) and Table 2 into consideration, core power losses for the
28-PR, ZSBT and proposed PDT are 199.84 W, 10.31 W, and 24.83 W, respectively. Therefore,
the total losses of 56-PR can be calculated as 234.98 W and its efficiency as 97.7%. In detail,
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the total power losses of the 28-PR are 199.84 W, including core losses of 49.34 W, copper
losses of 49.85 W, and conduction losses of 100.65 W. The total power losses of the ZSBT are
10.31 W, including core losses of 3.47 W and copper losses of 6.84 W, with no conduction
losses. The total power losses of the PDT are 24.83 W, including core losses of 2.54 W,
copper losses of 3.46 W and conduction losses of 18.83 W.

Table 2. Parameters for power losses calculation.

Parameters Values

B 08T

Ky 4.44

Ky 0.4

Ocu 23 x 1078 Om
] 6 A/mm?

ke 6.754 x 1074
o 1.559

B 1.651

K; 1.05

Figure 5 presents the efficiency of the proposed 56-PR with respect to the output
power changes. It is evident that the efficiency is higher than 96% for all the ranges of
experiments. More importantly, the efficiency of the proposed 56-PR is 97.7% under the

full-load condition.

e |
ek
97.5 L 7
| | "o” P
L>)\ 97 r /o’ |
Lo
]
2 |
M 965+ |
96T | : ! Il | Il i
20 30 40 50 60 20 “ " .

Load Changes [%]
Figure 5. The efficiency versus output power for the proposed 56-PR.

A comparative analysis of the different PDTs in terms of power losses, total kVA-
ratings, number of diodes and the approximate total costs is presented in Table 1. It can be
noted that the transformer’s magnetic rating affects the total cost and size of the system as
they depend on the magnetic rating. Therefore, the proposed TIPR has a lower kVA-rating,
weight and volume, and it incurs less cost. Therefore, it can be concluded that the optimal
PDT can provide a techno-economic solution for sensitive industrial applications.

As shown in Table 3, the proposed PDT is the best possible option when considering
technical indices, such as a low input current THD and low power losses. Additionally, it is
the most reasonable choice when considering economic indices, such as a low kVA-rating

and low total cost.
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Table 3. Comparison of different PDTs for a 10-kW load.

Total Power

References Structures % THD of Core Losses Copper Losses Diode Losses Losses kVA-Rating Number of Approximate Cost
Input Current [W] [W] [W] W [VA] Diodes [$]
ips1_
[15] 2.02 2.88 4.15 19.17 26.20 74.07 6 16.83
[16] 2.04 4.06 6.48 20.05 30.59 116.67 4 14.25
[17] 4.78 5.02 8.60 9.34 22.96 154.85 4 15.96
[18] 2.45 4.89 8.31 19.49 32.69 149.76 4 15.74
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Table 3. Cont.

Total Power

References Structures % THD of Core Losses Copper Losses Diode Losses Losses kVA-Rating Number of Approximate Cost
erere Input Current [W] [W] [W] [WI [VA] Diodes [$]
ipBI
Proposed PDT 1.99 2.54 3.46 18.83 24.83 62.42 2 7.31
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3.1. Tapped Interphase Reactor

As shown in Figure 1, an optimal and high performance TIPR is placed at the output
of two 14-pulse DBRs to upgrade the 28-PR to a 56-PR. Figure 6 illustrates the PDT circuit,
consisting of a TIPR and two additional diodes. The operation of the optimal PDT circuit
is based on the TIPR voltage so that when this voltage is positive, diode D; turns on and
switches to the conduction mode. On the contrary, when this voltage is negative, diode
D; turns on and switches to the conduction mode. It should be noted that the voltage
frequency of the TIPR is 14 times the frequency of the input source, resulting in a reduction
in the size and weight of the TIPR. Figure 7 shows the DC current waveforms i;., and iy, .

3.2. Zero-Sequence Blocking Transformer

As mentioned, the 28-PR is based on a PCA and two 14-pulse DBRs. Since the
proposed PCA relies on an auto-transformer, it requires a ZSBT to eliminate the difference
between the output voltage of the two 14-pulse DBRs, and also, to ensure the independent
operation of two 14-pulse DBRs. The transformer-based multi-pulse rectifiers do not
usually require any ZSBTs while their kVA-ratings are high, and they are mainly used for
isolated applications, such as DC electric arc furnaces. Autotransformer-based multi-pulse
rectifiers are suggested for their low kVA-rating, but adding a ZSBT to such multi-pulse
rectifiers results in an increase in their kVA-rating. In the case of using a 56-PR for a 10 kVA
load, the ZSBT rating should be 127.07 W (0.27% of the full-load condition).

Vi

& »
< »

Np

A
\ 4

VDCI VDCZ

id['I ia’cZ

NA DZ NA
| ¢ idc
Figure 6. The optimal PDT structure.
25 . .
—Idc
. 1
_‘dc
20
15 —
<
2
[}
g 10F —
©
U
o
5| _
0
| | | | | | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (seconds)

Figure 7. The DC current waveforms iy, and i, .



Energies 2022, 15, 5567

12 of 18

4. Results and Discussions

The proposed 56-PR was simulated in the MATLAB/Simulink environment, and
the simulation results were verified by conducting experimental tests on the developed
laboratory prototype, as shown in Figure 8. The results were measured with a resistance
load power of 1 kW and an input phase voltage of 110 V RMS (line-to-line RMS voltage) at
50 Hz.

The simulation and experimental results are compared and shown in Figures 9-13.
Figure 9 shows the PCA input voltage waveforms. It is evident from Figure 10 that the input
current is more sinusoidal in shape, and thereby, the power quality indices are improved.
Figure 11 demonstrates the bipolar voltage waveform across the TIPR. In addition, the
proposed 56-PR output voltage waveform is shown in Figure 12 with smaller voltage
ripples. According to Equation (5), the average output voltage is 149 V, which is equal to
the DC voltage of the conventional six-pulse DBR at the input line-to-line RMS voltage of
110 V. The results confirm that the proposed 56-PR can be used in retrofit applications. The
line current and the Fast Fourier Transform (FFT) of the 56-PR are shown in Figure 13. It
can be observed from Figure 13 that the THD of the input line current of the 56-PR is 1.91%
in the simulation test, while the measured THD of the input line current of the 56-PR in the
experimental test is 2.8%. This demonstrates that the proposed 56-PR meets power quality
standards and underscores the superior performance of the proposed converter.

ygon Autotransfor
- e d!,—..’"/ /

Figure 8. The experimental setup of the 56-PR based on PCA and PDT.
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Figure 10. The three-phase AC input current: (a) simulation results, (b) experimental results.
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Figure 11. The voltage waveform across the TIPR: (a) simulation results, (b) experimental results.
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Figure 12. The 56-PR output voltage: (a) simulation results, (b) experimental results.
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Figure 13. The input line current and its harmonic spectrum of the proposed 56-PR: (a) simulation
results, (b) experimental results.

The line input current and harmonic spectrum are shown in Figure 14, where a 10-kW
load is applied to the proposed 56-PR. The input current THD is shown in Figure 14a,
which is 1.99%. The line input current and the corresponding spectrum are presented in
Figure 14b,c under 50% and 20% of the full-load condition, respectively. As can be seen, the
THDs are about 2.45% and 2.68%, respectively. The THD under the light-load condition
shows a negligible increase while it is under 3%. The harmonic orders of the proposed
56-PR are given in Figure 14d, which are less than 3% and acceptable according to IEEE
519-2014 standard. Slightly higher harmonic orders, i.e., the harmonics in the order of
23-35% and 35-50%, are acceptable for practical cases.
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Figure 14. The line input current of the proposed 56-PR and its spectrum under (a) 100%, (b) 50%,
(c) 20% of the rated power and (d) harmonic current limits (% of fundamental) for a 10-kW load.

Figure 15 shows the response of the output voltage and input/output current wave-
forms to step-load changes. The amplitude of transients depends on the amplitude load
change and the inductance of the source. The proposed 56-PR can successfully track
load changes.
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Figure 15. The response of the (a) output voltage and (b) input/output current to step-load changes.

Table 4 provides the power quality indices obtained from the simulation results of
the 28-PR and 56-PR. In addition, the power quality indices are obtained when the load
operates under Full-Load (FL) and Light-Load (LL) conditions, with the latter at 20% of the
full-load condition. In the case of using a 28-PR, the THDs of the input current are 3.78%
and 5.08%, respectively, under full- and light-load conditions, which are not within the
standard range. The proposed 56-PR has acceptable THDs for the input current of 1.87%
and 2.47% under full- and light-load conditions, respectively. As shown in Figure 13a, the
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lower-order harmonics up to the 53rd are eliminated from the input current. Moreover, the
power factors in full- and light-load conditions are 0.9993 and 0.9991, respectively, which
are close to the unity power factor. The magnetic rating of the proposed 56-PR is calculated
as 45.63% of the load rating.

As shown in Table 4, the proposed 56-PR has lower THDs of the input current and
voltage compared to the 40-PR presented in [14].

Figure 16 compares the proposed 56-PR with the existing multi-pulse rectifiers under
the full-load condition based on the THD of the input current and kVA-rating. The THD
of the input current of the proposed 56-PR is 1.87%, which is lower than the THD of the
input current of existing multi-pulse rectifiers. Such a low THD follows the sensitive
industrial application requirements, where the THD of the input current should be less
than 3%. Additionally, the kVA-rating of the proposed 56-PR is less than 45.63%, which
is approximately the same as the kVA-rating of the 20-PR [9] and 24-PR [11]. It should be
noted that the implementation cost of the proposed 56-PR is less than 40-PRs [15]. In other
words, the proposed 56-PR provides a techno-economic solution for sensitive industrial
applications. As a result, from both a technical (power quality indices) and an economic
point of view (kVA-rating and cost), the proposed 56-PR is an optimal solution for sensitive
industrial applications.

Table 4. Comparison of multi-pulse rectifiers with proposed 56-PR based on power quality indices.

THD of the Input Distortion Displacement True
Topology I:;_{l]t)\(;(flttl;;e Input Current (A) Current (%) Factor Power Factor Power Factor DC Voltage [V]
(%) LL FL LL FL LL FL LL FL LL FL LL FL
28-PR 2.75 10.61 52.28 5.08 3.78 0.998 0.998 0.998 0.997 0.997 0.996 612.7 609.1
40-PR [14] 3.13 10.51 52.59 3.851 2.226 0.999 0.999 0.997 0.999 0.998 0.998 695.3 680.5
Prsc’g;;ed 2.09 10.63 52.81 247 1.87 0.999 0.999 0.999 0.999 0.999 0.999 610.2 607.8
70.00% .
OkVA-Rating %
[ Current THD %
60.00% 57.26% °
50.00% 45.47% 45.71% 45.63%
40.00%
30.00%
20.00%
10.00% o
3.36% 4.01% 2.22% 1.87%
0.00% |_| l_l . I
20-PR [10] 24-PR [11] 40-PR [14] Proposed 56-PR

Figure 16. Comparison of the exiting multi-pulse rectifiers with the proposed 56-PR in terms of THD
and kVA-rating (as percentages).

5. Conclusions

An optimal, passive, economical and robust Pulse Doubling Technique (PDT) was
proposed in this paper to upgrade a 28-Pulse Rectifier (28-PR) to a 56-PR without major
modifications. The PDT was applied to a 28-PR using the DC ripple re-injection technique,
which requires only two diodes and a Tapped Interphase Reactor (TIPR). The simulation
and laboratory results show that the Total Harmonic Distortion (THD) of the input current
of the proposed 56-PR is notably less than 3%, making it a suitable option for sensitive
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industrial application requirements. Furthermore, the kVA-rating of the proposed 56-PR is
45.63% of the rated load power, which is great for sensitive industrial applications.
The advantages of the proposed 28-PR with the optimal PDT are summarized as follows:

e [tis totally passive and does not require active switching devices. It is an optimal,
economical, and robust PDT;

e The 28-PR can be easily upgraded by applying the optimal PDT without major
modifications;

e  The simulation results show that the input line current THDs of the proposed 28-PR with
the optimal PDT are 1.91% and 2.8% in simulation and experimental tests, respectively;

e In the proposed rectifier, an optimal PDT was applied to the 28-PR DC link, which led
to a THD of less than 3% and a low kVA-rating, which eliminated the harmonics up to
the 56th order, thereby meeting sensitive industrial application requirements without
a need for an additional filter.

It should be noted that similar to other PDTs, if the source injects harmonics or the
source is unbalanced, the performance of the PDT may be reduced. Plus, the applications
may result in greater power losses and increase the kVA-rating of multi-pulse rectifiers.

Continuations of the current work should focus on the magnetic analysis of different
PDT circuits and their reliability indices, and also, on the impact of short- and/or open-
circuit faults on the performance of PDTs.
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