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A 40-Pulse Autotransformer Rectifier Based on New
Pulse Multiplication Circuit for Aviation Application

R. Abdollahi, and G. B. Gharehpetian, Senior Member IEEE, A. Anvari-Moghaddam, Senior Member, IEEE, and F. Blaabjerg,
Fellow, IEEE

Abstract- In this paper, a new simple pulse multiplication circuit
(SPMC) with low current stress is proposed, in order to upgrade a
normal 20-pulse autotransformer rectifier (20PAR) to a 40PAR.
The proposed SPMC comprises two tapped inter-phase reactors
(TIPRs) and two additional diodes with lower conduction losses.
The proposed SPMC does not require a zero-sequence blocking
transformer (ZSBT) compared to conventional pulse
multiplication  circuits, which leads to simplicity in
implementation. Simulation and experimental results show that
the total harmonic distortion (THD) of the input current using
40PAR is less than 3%, which meets the DO-160G requirements
for aviation applications.

INDEX TERMS: 40-pulse autotransformer rectifier (40PAR),
Pulse multiplication circuit, Tapped inter-phase reactor (TIPR),
Harmonic suppression, Aviation application.

. INTRODUCTION

The multi-pulse rectifiers have widely been used in aviation
and shipboard power networks. In order to meet the related
harmonic standards, many useful harmonic reduction methods
have been presented. Also, various approaches have been
offered to decrease the input current total harmonic distortion
(THD) to meet the IEEE standard 519 which sets the goals for
harmonic control in electric power systems [1]. Generally, they
can be divided into three types. The first type uses passive and
active power filters to suppress the input current harmonics
produced by the rectifier. However, in several industrial
applications, the capacity of the filter is large, which results in
increased cost and volume [2-3]. In the second group, the pulse
number is increased by increasing the number of output phases
of the phase-shifting transformer. This method has been used to
obtain 12 [4-5], 18 [6], 20 [7-8], 24 [9], 30 [10], 36 [11], and 44
[12] pulse rectifiers (PRs). However, by increasing the pulse
number, the windings of the transformer and the components
used in the rectifier will be increased, which results in a

conventional inter-phase reactor (IPR) to multiply the pulse
quantity of the rectifier [13-17]. The PMCs can be divided into
three groups: active [13-14], hybrid [15], and passive [16-17]
PMCs. While passive PMCs have simpler topologies, their
performance is limited and inferior to that of active PMCs.
However, active PMCs need control and drive circuits. In a
hybrid PMC, the active part should eliminate high-order
harmonics, and the passive part must increase the pulse number.
It should be noted that the active PMC has higher costs and
it is less reliable because it requires control systems and
accurate measurement of control variables. Therefore, passive
PMCs have been considered by many researchers. To tackle the
problem, the passive PMCs have been proposed for upgrading
12 pulse rectifiers (12PRs) in [18-23]. In [18-19], the pulses
have been increased from 12 to 24, and in [20-23], the
researchers have increased the number of pulses in the 12PR to
36 pulses. Furthermore, this method has also been used to
upgrade a 20PR to 40 pulses [24-26], and also to upgrade a
36PR to 72 pulses [27-28].
To decrease the input current THD in aviation applications such
as Airbus A380/A350 and Boeing 787, several multi-pulse
autotransformer rectifiers (MPARS) have been presented [29].
The 18PRs are vastly employed as electric power conversion
equipment for aviation power supply systems owing to their
simple structure, low cost, and high reliability [30]. However,
when the 18PRs are used alone, a series of 18n + 1 order
harmonics are injected into the utility interface, which will
lower the power quality [31]. In [32], an 18PAR has been
presented for input current harmonic reduction in aviation
applications. The input current THD in this 18PAR is even
more than 6% under full load, which certainly increases the
input current THD in light load conditions. In addition, this
18PAR requires a filter to comply with the DO-160G standard
[33]. To reduce the input current THD in industrial [34] and

complicated structure and increased costs. The third type aviation [35] applications, several 20PARs have been
applies a pulse multiplication circuit (PMC) instead of a presented.
TABLE |
CURRENT HARMONICS LIMITS BASED ON IEEE-519 AND DO-160 G
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Fig.1. Proposed 40PAR based on a simple pulse multiplication circuit (SPMC)
Although the input current THD in 20PAR [35] is less than 5%
and complies with the IEEE 519 standard, this 20PAR cannot
be used in aviation applications without the use of input and
output filters (i.e, it cannot meet the limitations of the 21st and
39th harmonics according to DO-160G (see Table I)).

To solve this problem, the use of a pulse multiplication
circuit (PMC) is suggested as an economical and effective
solution. In [36], a 20PAR with a pulse doubling circuit at the
DC link has been presented which can meet the DO-160G
requirements without using any input and output filter.
However, to ensure the independent operation of two 10-pulse
diode bridge rectifiers (DBRS), this structure requires a zero-
sequence blocking transformer (ZSBT) circuit, which leads to
an increase in the complexity of the 40PAR. Also, in [37], a
48PR using a 12PR with two harmonic reduction circuits in the
dc-link has been presented to reduce the harmonic distortion of
the input current in aviation applications. This 48PAR requires
two 6-phase autotransformers, four 6-pulse DBRs, two ZSBTs,
three tapped IPRs (TIPR), and 6 additional diodes, which leads
to a complicated structure. It should be noted that the structure
of this 48PR requires ZSBT with a rating of 7.57% of load
power. Also, current stress and conduction losses of the
additional diode are high in this pulse doubling circuit. In [38],
the pulse multiplication circuit methods of parallel-connected
12PRs have accurately been classified. It should be noted that
to use all of these pulse multiplication circuits in MPARs, they
need a ZSBT, which leads to the higher complexity of the
structure. In this paper, a new simple pulse multiplication
circuit (SPMC) is proposed to lower the input current THD and
output voltage ripple without increasing the complexity of
20PAR. It does not employ ZSBT and meets the DO-160G
requirements. The advantages of the proposed 40PAR are as
follows:

* Inthis 40PAR, an SPMC with low current stress and less
diode conductivity losses is proposed to upgrade a
typical 20PAR.

»  The proposed SPMC does not require (ZSBT) compared
to a conventional PMC, which leads to simplicity in
implementation.

»  The current passing through the additional diodes of the

proposed SPMC is so low that compared to the load
current, leads to a decrease in the conduction losses and
the current stress of the proposed SPMC.

+  Compared to the other 40PAR, the proposed 40PAR has
a lower kVA rating.

»  At50Hz, the input current THD of the suggested 40PAR
is 0.29% and 1.84%, at full and light load conditions,
which is less than 3% and thereby within IEEE-519
requirements.

*  At400Hz-800Hz, input current harmonic components of
the suggested 40PAR are less than the DO-160G
standard limitations without using any input and output
filters, which are suitable for aviation applications.

+  Thesuggested 40PAR in comparison with other existing
solutions, has higher efficiency, lower input current
THD, less conduction losses, lower current stress, and
also, less kVA, weight, and cost.

The rest of this paper is arranged as follows. In the second
part, the structure of the proposed 40PAR is described. In the
third part, in order to evaluate the performance of the
proposed rectifier according to IEEE standard 519, the
proposed rectifier is simulated and analyzed at grid
frequency (50Hz). In the fourth part, to evaluate the
feasibility of using the proposed 40PAR in aviation
applications, the proposed rectifier is simulated and analyzed
at 400Hz and 800Hz according to the DO-160G standard. In
the fifth section, to confirm the simulation results, a
laboratory prototype of the proposed 40PAR is made and
tested. In the sixth section, for technical and economic
evaluations, a comparison of the proposed 40PAR with the
existing 40PAR is presented. In the last section, the
conclusions are given.

Il. PROPOSED 40PAR TOPOLOGY

A. Topology of proposed 40PAR

As shown in Fig. 1, the proposed 40PAR consists of two
main sections:

* Atypical 20PAR

*  New SPMC

The 20PAR includes a tapped delta-connected 10-phase
autotransformer with a low kVA rating to produce two sets of
5-phase voltages with a 18° phase shift. These two 5-phase
voltage sets are passed through two 10-pulse DBRs to create a
20-pulse waveform. By connecting the proposed SPMC to the
DC bus of these two 10-pulse DBRs, the 20-pulse waveform is
increased to 40 pulses. The conventional 40PAR consists of two
10-pulse DBRs and a ZSBT and a PMC [24-26].
Autotransformer-based MPRs require a ZSBT to ensure the
independent operation of DBRs: however, in the proposed
40PAR, an SPMC is used to upgrade the 20PAR to 40PAR,
which eliminates the need of using a ZSBT. The SPMC consists
of two tapped inter-phase reactors (TIPRs) and two addition
diodes. Each of the TIPRs is installed in the positive and
negative polarity of 10-pulse DBRs. Then, the two TIPRs are
connected through two additional diodes. Finally, the two



TIPRs are connected to the load. As seen in Fig. 2, ur1 and ur
are equal to the sum of the voltages of the windings N1 and N
in TIPR1 and TIPR2, respectively. Also, ugq is the voltage across
the load. In this paper, considering the turn ratio of windings
N; and Na, the turn ratio of the TIPR is selected to be
m:(N1+N2)/2N1.
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Fig. 2. Winding structure of two TIPRs in SPMC.

B. Working principle of the proposed SPMC
In Fig. 3, the structure of the proposed SPMC is given. In this
figure, according to the relationship between load voltage ug
and voltage (uri+urz), the proposed SPMC has three working
modes.
Working Mode 1 (Juti + Uro| < ug): As shown in Fig. 3(a), in this
mode, two additional diodes D; and D, are reverse-biased and
off, the currents ip1 = ip2 = 0, and the proposed 40PAR behaves
as a conventional 20PAR. From Kirchhoff’s Current Law
(KCL) and Magnetic Motive Force (MMF) balance of the
windings in the two TIPRs, the relationship among the output
current ipgr1 0f DBR1, the output current ipgrz 0f DBR2 and
load current iq is given as follows:

1.

ippr1 = lppr2 = S la (1)
Working Mode 2(uri + urz > Ug): As shown in Fig. 3(b), in this
mode, only the additional diode D, turns on. The current ip2 >
0. The DBR1 is turned on: its output current is ipgr1 > 0.
Meanwhile, the DBR2 is turned off, and its output current ipgr2
=0. In terms of KCL and the MMF of two TIPRSs, ipgr1 and ipz

are obtained as follows:
{iDBRl = 231% lq
ipp = 5 la
Working Mode 3(=(ur + Urz) > Ug): As shown in Fig. 3(c), in
this mode, only the additional diode D1 is turned on. The current
ip1 > 0. The DBR2 is turned on; its output current is ipgr2 > 0.
Meanwhile, the DBR1 is switched off, and its output current is
iper1 = 0. In terms of KCL and the MMF of the two TIPRs, the
currents ipgr2 and ip1 are given as follows:
{iDBRZ = iy
ip1 = Zmlﬁ Iq
Fig. 4 shows the simulation results on the relationship
between ug and (urit+urz). As seen in Fig. 4, considering the
connection between uri+ur, and ug, three working modes are
defined for the SPMC circuit. In this figure, if |ut1 + ur2| < ug,
i.e., blue and red waveforms are less than the black one, the
period is named working mode 1. In working mode 2, where
ur1 + Utz > Ug, the blue waveform is higher than the black
waveform. In the period called working mode 3, —(ur + Ur)

@

©)]

> ug, i.e., the red waveform is higher than the black one.

In Fig. 4, the variations of the input current THD versus the
TIPR turn ratio are shown. It can be seen that in the range of
10-20, the THD is less than 1%. Also, in the range of 5-50, the
THD is less than 2%, which is suitable for the aircraft industry
and also, and it shows low sensitivity to TIPR turn ratio
variations. However, the proposed 40PAR has the lowest THD
of 0.29% at m=14.17.
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Upbsrt * Upber1 Upsri

(@) (b) (©)
Fig. 3. Working modes of the proposed SPMC. (a) Mode 1, (b) Mode 2, and
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Fig. 4. Simulation results on the relationship between ug and (Uri+ur,)
The optimal turns ratio of the TIPR (i.e., m) is obtained based
on the minimum %THD of the input current. To achieve this
goal, many simulations with different m have been carried out
and the input current THD of each case has been determined.
The results are presented in Fig. 5. In this figure, TIPR turns
ratio of 14.17 results in an input current THD of 0.29%.
Therefore, designing the optimal TIPR turns ratio is the main
purpose of the proposed SPMC, which plays an important role
in reducing the %THD of the input current.
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As a result, it improves the ability to reduce the input current
THD in 20PAR suitably. To show the optimality of the value of
the TIPR turn ratio, i.e., m=14.17, simulations with other TIPR
turn ratios are carried out at 50Hz in accordance with IEEE-519
and at 400/800 Hz in accordance with DO-160G. The input
current THD of the proposed rectifier with m= 10, 14.17, and
20, is shown in Fig. 6(a), 6(b), and 6(c) at 50Hz, at 400 Hz and
at 800, respectively. As can be seen in these figures, the best
performance can be achieved with m=14.7, and also with other
turn ratios, the proposed rectifier cannot satisfy the
requirements of IEEE-519 and Do-160G.
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Fig. 6. Harmonic current limits of proposed 40PR with different turns ratios of
the TIPR (m), (a) at 50Hz, (b) odd harmonic components at 400Hz, and (c) odd
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I1l.  SIMULATION RESULTS AND ANALYSIS AT 50Hz

To evaluate the performance of the proposed rectifier
following IEEE standard 519, the proposed 40PAR is simulated
and analyzed at a typical grid frequency (50Hz). The load
power is 10kW modeled as a resistor, which consumes about
20A. Figs. 7 and 8 show the main voltage and current of the
proposed 40PAR with SPMC. The proposed rectifier output
voltage waveform is shown in Fig. 7(a) and the TIPR1 and
TIPR2 voltage waveforms are shown in Fig. 7(b). As mentioned
before, the relationship between these voltages determines the
operating modes of the SPMC. The output voltage of two 10-
pulse DBRs is shown in Fig. 7(c). As can be seen in this figure,
using the SPMC in the proposed 40PAR, the operational
independence of these two DBRs is confirmed without the need

for ZSBT.
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Fig. 7(d) shows the output waveform of a 10-phase
autotransformer, which consists of two series of 5-phase
voltages with 18-degree displacement. These two series of 5-
phase voltages supply two 10-pulse diode bridges (DBR1 and
DBR?2) in order to achieve a 20PAR.
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The input voltage waveform is also shown in Fig. 7(e). The
proposed rectifier output current waveform is shown in Fig.
8(a). The currents flowing through the additional diodes (ip:
and ip) are shown in Fig. 8(b) and the current flowing through
the TIPRs (ipgr1 and ipsr2) is shown in Fig. 8(c). As it can be
seen, a great part of the load current passes through the TIPRs
and the current passing through the additional diodes is very
small compared to the load current, which leads to a reduction
in conduction losses and the current stress of the additional
diodes. The input currents of these two diode bridges are shown
in Fig. 8(d) and the input current of the proposed 40PAR is
shown in Fig. 8(e). Fig. 8(e) confirms the high performance of
the proposed 40PAR in reducing the harmonic distortions of the
input current, and thus, providing a fully sinusoidal current.

Fig. 9 shows the input voltage/current and their harmonic
spectrums of the proposed 40PAR with SPMC (at full load).
After using the SPMC in the proposed 40PAR, the simulated
THD of the voltage and current are about 0.36% and 0.29%,
respectively. Also, the source inductance has no effect on the
optimal value of m. However, it should be mentioned that as
discussed in [39], the source inductance is a very important
parameter affecting the input current THD in different
structures of multi-pulse rectifiers. Increasing the input current
THD results in the input current THD [39]. In this study, this
inductance is very low (0.03 mH), but the results are very good
in comparison with the other 40 pulse rectifiers.

Also, for a more accurate evaluation, the input current THD
of the proposed 40PAR under different loads is shown in Fig.
10. Under 50% of full load power, the input current THD is
about 1.03%, and under 20% of the full load power, the input
current THD is about 1.84%. Compared to full load power, the
input current THD increases under light load but is still much
lower than IEEE standard 519 standard requirements.
Therefore, the harmonic reduction ability of the proposed
SPMC is significant. The proposed solution is simulated under
different loading conditions (20-100% of full load). The power
factor and input current THD variations for the proposed
40PAR with SPMC are shown in Fig. 11(a) and Fig. 11(b),
respectively. The results show that the input current of the
proposed configuration has an almost unity power factor.
Furthermore, in the worst case (light loads), the current THD is
below 3%.
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IV. SIMULATION RESULTS AND ANALYSIS AT 400 Hz
AND 800 Hz

To evaluate the feasibility of using the proposed 40PAR in
aviation applications, the proposed rectifier is next studied and
analyzed at 400Hz and 800Hz for its ability to follow the DO-
160G standard. Figs. 12 and 13 show the input current and their
spectrums of rectifier with/without using SPMC at 400Hz and
800Hz, respectively. According to Figs. 12 and 13, it is clear
that the input current THD at 400 Hz and 800 Hz are 0.48% and
0.51%, respectively. To more accurately evaluate the
performance of the rectifier with/without using SPMC at
400Hz, the even and odd harmonic components compared to
the DO-160G requirements are shown in Figs. 12(c) and 12(d),
respectively. Similarly, at 800Hz the even and odd harmonic
components compared to the DO-160G requirements are shown
in Figs. 13(c) and 13(d), respectively.
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The results show that the amount of harmonic distortion of the
21st and 39th orders in the rectifier without using SPMC is
more than the DO-160G limitations and a filter must be used to
meet the DO-160G standard. But the proposed 40PAR with the
SPMC does not need input and output filters and can meet DO-
160G requirements, which is suitable for aviation applications.
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Fig. 13. Rectifier with/without using SPMC at 800Hz. (a) input current and
their spectrums without SMPC, (b) input current and their spectrums with
SMPC, (c) even harmonic components, and (d) odd harmonic components

Figs. 12(c) and 13(c) show the spectra of even harmonics at
400 Hz and 800 Hz, respectively. As can be seen in these
figures, the magnitude of even harmonics of the 20PR without
SPMC is low (less than 0.06%). Also, in the proposed 40PR,
i.e., 20PR with SPMC, the even harmonics are very low (nearly
zero) and neglectable.

V. EXPERIMENTAL VALIDATION

To verify the simulation results, a laboratory prototype of the
proposed 40PAR with SMPC (as shown in Fig. 14) is made and
tested under 380V/50Hz conditions. For light and full load tests,
a variable resistive load is used. The line voltage is 380V, as a
result, the dc link voltage is about 500V. Therefore, to model a
10 kVA load, the resistance of the load is adjusted to 25 and 50
ohms in full and light loads, respectively. For the proposed
40PAR, the experimental results of the input voltage/current
and their spectrums under full load are shown in Fig. 15, and
under light load (i.e., 50% the full load), the same results are
presented in Fig. 16. As it can be seen, the input voltage and
current THDs are about 0.53% and 0.98% under full load and
about 0.42% and 2.76% under light load, respectively. It should
be noted that as the load decreases, the voltage decreases but
the current THD increases. However, the values of the voltage
and current THD are always following the standard
requirements.

10 pulse Autotransformer

Fig. 14. A laboratory prototype of the proposed 40PAR with SMPC.
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Fig. 15. Experimental results of input voltage/current and their harmonic
spectrums of the proposed 40PAR under full load. (a) Voltage, and (b)
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Fig. 16. Experimental results of input voltage/current and their harmonic
spectrums of the proposed 40PAR under light load. (a) Voltage, and (b)
Current

Also, the experimental results validate the simulation results
and the high efficiency of the proposed 40PAR.

VI. COMPARISON OF PROPOSED 40PAR WITH EXISTING
40PARs

To clarify the main characteristics of the proposed 40PAR, a
technical and economic comparison is performed between the
proposed 40PAR and the existing 40PARs in this section.
Technical indexes are calculated in the previous sections and
for economic evaluation, first, the kVA rating of the proposed
40PAR is calculated and then the cost is estimated according to
the approach outlined in [39], where the cost of the transformer
is estimated to be 4.5 times the kVA rating and a diode price is
considered as 2.25$. The kVA rating of the components of the
proposed 40PAR, including 10-phase autotransformers and two
TIPRs, is calculated based on the following equation [31]:

§=05% Vwindinglwinding €))
where Vuinding and lwinding are the voltage and current rms of the
windings of the 40PAR components obtained from simulations
at under 10kW load. It can be seen that the KVA ratings of the
10-phase autotransformer and two TIPRs are 2.71 kVA, and
1.06 kVA, respectively. Therefore, the proposed 40PAR rating

is 37.7% of the load power.

TABLE Il
PARAMETERS USED IN THE CALCULATION OF LOSSES
Parameter Symbol Value
Material Coefficient ke 6.754 x 10
Window Utilization Factor Ky 0.4
AC/DC Resistance Factor Ki 1.05
Maximum Flux Density Bm 12T
Current Density J 2.3 A/mm?
Electrical Resistivity of Cu Peu 2.3x10%Qm
Exponent of Frequency s 1.651
Exponent of Flux Density o 1.559

The power losses of diodes are determined by considering
the voltage drop of the diode (Vs = 0.7 V), the diode internal
resistance (Rq = 1 mQ), and the diode current (I4 =1.04 A), as
follows:

1
Ppiode =~ Jo (Vela + 13 Ra)d6 = Velg + IGRq ()

The iron and winding losses of the transformer are calculated
as follows:

Prore = mckcBrorllfTB (6)
The copper losses can be determined by:
Pcopper = Z]pcu (MLTi)KiNiIi (7)

where, the mean length per turn (MLT;), the number of turns
(Ni), and the rms current of the i winding (I;) have been given
in [40]. The efficiency of the proposed 40PAR with the SMPC
has been calculated based on simulations using equations (5)-
(7) and the parameters listed in Table II. The total losses of the
proposed 40PAR with the SMPC are 195.84 W and its
efficiency will be 98.08%. As mentioned, the current passing
through the additional diodes is 1.04 A, which is very low
compared to the load current (20 A), which causes low diode
conduction losses (1.45 W) and low current stress (5% of the
load current) in the additional diodes of the proposed SMPC.
Taking Equations (5)-(7) and Table 11 into consideration, power
losses for the 20PAR, and proposed SMPC are 161.24 W, and
34.6 W, respectively. Therefore, the total losses of the 20PAR
with the proposed SMPC can be calculated as 195.84 W and its
efficiency is 98.08%. The total power losses of the 20PAR are
161.24 W, including, core losses of 30.92 W, copper losses of
46.85 W, and conduction losses of 83.47 W. The total power
losses of the SMPC are 34.6 W, including core losses of 10.65
W, copper losses of 22.5 W, and conduction losses of 1.45 W.

TABLE I
COMPARISON OF PROPOSED 40PAR WITH EXISTING MPARS
18- 18 20 20-  20-  24-  36- 44 48 72~  40-  4o-  4o-  Froposed
40PAR
Pulse Pulse  Pulse Pulse Pulse pulse pulse pulse pulse pulse pulse pulse pulse with
[6] [32] [ [8l 5]  [16] [11] [121 [371 [271 [24]  [25] @ [26] SMPC
THD % 4.36 6.74 3.70 3.04 371 3.9 2.82 1.55 3.13 1.68 2.55 2.65 2.22 0.29
Efficiency % - 985 9443 9765 9775 9726 9735 9648 983 9753 9754 9750 97.48 98.08
Total kVA rating
of the 34.3 34 4547  40.27 4448 4571 43.55 42 3157 4433 6398 4845 57.26 37.7
autotransformer
(% of load rating)
No. of Diodes 18 18 20 20 20 16 36 44 30 38 22 22 22 22
Appri’;’;g‘; 0@l | 19485 1035 2496 2262 2452 24169 2769 288 210 285 3824 3125 3522  219.15




To clarify the characteristics and strengths of the suggested
40PAR, Table Il lists a comparison with other MPARs, and
similar 40PARs presented in [24-26]. As shown in Table 111, the
efficiency of the proposed 40PAR is about 98% which is
competitive with those of other MPARs. The kVA ratings and
cost of the proposed 40PAR are lower than those of the 20PARs
[7, 8, 35], 24PAR [16], 36PAR [11], 44PAR [12], and 72PAR
[17]. Under the same input/output conditions, the proposed 40
PAR has a smaller volume and lighter weight than other
MPARs. Although the kVA rating, and therefore, the cost of the
proposed 40PAR is slightly higher than 18PARs [6] and [32]
and the 48PAR [37], the input current THD in the proposed
rectifier is much lower than these rectifiers. In addition, as
mentioned before, 18PARs [6 and 32] are not able to meet the
DO-160G requirements without using any input/output filters.
Also, the 48PAR [37] has a very complex structure and the
number of diodes is very high, which leads to increased
conduction losses and diode current stress. In general, the input
current THD of the proposed 40PAR is much lower than that of
MPARs, which confirms the high ability of the proposed
rectifier to meet the requirements of the IEEE standard 519 and
DO-160G standards without using any input/output filters. For
the aircraft industry, weight is a vital parameter. Using (8), the
transformer weight can be estimated [40].

sy )0.75 . (8)

W, = K, A%7% = K, <7
T Twap W \kgkyBmJfr

where, Ky is core configuration constant and fr represents
frequency of operation. The value of Ky, is 68.2, if the core type
is laminated. Equation (8) calculates the weight of the proposed
rectifier, employing the parameters listed in Table I1.
As can be seen in Table 1V, the power density of the 20PAR
along with the proposed SMPC is 0.32 kg/kW, which is less
than the other existing solutions. To clarify the characteristics
and privileges of the suggested 40PAR, Table IV lists the
comparison results with similar 40PARs presented in [24-26].
As listed in Table IV, the input current THD, efficiency, kVA
rating, and cost of the suggested 40PAR are lower than those of
similar 40PARs. Also, the current stress and conduction losses
of the additional auxiliary diodes in the proposed SMPC are
much less than those of similar MPCs.

TABLE IV
COMPARISON OF PROPOSED WITH SIMILAR 40PARS (10KW LOAD)
g;s'tt 40PAR  40PAR  40PAR  Proposed
[24] [25] [26] 40PAR
®)
% of THD 2.55 2.65 2.22 0.29
% of Efficiency 97.54 97.50 97.48 98.08
Weight (g) 5438 4118 4867 3205
Additional ‘ Conduction 1883 1883  18.83 1.45
L loss [W]
auxiliary Current
i 20 20 20 1.04
diodes ‘ stress [A]
. 45
Total kVA rating of the times
autotransformer (% of the 63.98 48.45 57.26 37.7
load rating)
kVA
Diode 2.25 22 22 22 22
Approximate total cost
© 382.4 3125 352.2 219.15

The suggested 40PAR is more suitable for high current and low
voltage applications because of its lower current stress and
conduction losses in comparison with that of the 40PARs [24-
26]. For the reliability evaluation, the basic failure rate and
components coefficients are determined by checking MIL-
HDBK-217F similar to [39]. For 40PAR, the mean time
between failure (MTBF) determined by part stress analysis and
parts count methods is 175131h and 98058h, respectively.
Considering that there are some errors in the data sources used
in the parameter estimation of the component prediction model
in the MIL-HDBK-217F, according to the engineering
experience, we set the design margin of MTBF to 1.5 times the
target, in order to ensure the accuracy of the reliability
prediction. The MTBF of the 40PAR power supply is 98058 /
1.5 = 65372 h > 15000 h, which meets the requirement of an
MTBF > 15000 h for the 40PAR power supply system.

VII. CONCLUSION

A new SPMC based on two TIPRs and two additional diodes
for upgrading a typical 20PAR to a 40PAR was presented in
this paper. Considering low diode conduction losses (1.45 W)
and low current stress (5% of the load current) for the additional
diodes, the proposed SMPC had high reliability. Also, the
proposed SPMC did not require a ZSBT compared to
conventional PMCs, leading to simplicity in implementation.
The sinusoidal input current was obtained at 50Hz with a THD
below 2% under light load and below 1% under full load. The
experimental results indicated that when the load changes, the
proposed PAR has still good harmonic suppression capacity.
The input current THD at 400Hz / 800Hz was less than 1%
under full load. As presented in the simulation results, it can be
seen that in light load conditions and 50Hz, the current THD
has a slight increase but it is less than 2%, which is the privilege
of the proposed rectifier. Also, in light load conditions, there is
a small increase in losses and its efficiency is 96.5%. In
addition, the proposed 40PAR could meet the DO-160G
requirements without using any input and output filters.
Therefore, this 40PAR can be considered for aviation
applications, as a rectifier with sinusoidal input current and low
conduction losses, and negligible current stress. The increase in
the circuit frequency results in disorder in operation modes and
a slight increase in the input current THD. This is the
disadvantage of all the passive harmonic reduction circuits and
the proposed SPMC as well. The solution to this problem can
be considered a subject of future research. However, this
increase in the case of the proposed solution is acceptable
because it satisfies the requirements of DO-160G.
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