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Abstract
In this study a 5kW power supply for aircraft applications has been designed. Boost type power fac-
tor correction topology Delta rectifier complies with military standards of conducted emissions and is
selected as a front-end rectifier for 400 Hz mains power supply. For isolation and output Dc voltage reg-
ulation a full bridge Dc-Dc converter with 99% efficient high frequency transformer has been designed.

Introduction
To improve the life time and performance of an aircraft a concept known as ”More Electric Aircraft
(MEA)” has been introduced in early 90’s . Futuristic MEA aims to have an electric power as its major
source of energy instead of hydraulic, pneumatic and mechanical power for its numerous auxiliary func-
tions [1].This will not only enhance the performance of an aircraft but will also reduce its weight and
hence fuel consumption and CO2 emissions will be reduced [2].

Conventional aircraft has an AC grid of 115VRMS with 400Hz fundamental frequency [3]. It utilizes
a two stage DC power supply (AC-DC Rectifier followed by a DC-DC converter) to power its numer-
ous auxiliary functions which are rated at 28VDC - 270VDC. However, the existing power converters
in an aircraft are bulky and inefficient [4].And to move towards the realization of MEA, it is vital to
have high power dense and efficient power conversion solutions.In addition to efficiency and power den-
sity, it is also critical for converters to comply with strict military electro-magnetic interference (EMI)
standards.[5].

In this study, a design procedure of an efficient and power dense DC power supply for an aircraft has
been presented.Fig. 1 shows a typical two-stage isolated power supply.

Fig. 1: Isolated DC Power Supply

Main design challenges that have been discussed in this study are as follows:
• Selection of an efficient and power dense appropriate AC-DC rectifier topology that complies with

military standards ( MIL-STD-461G) for power quality.



• Design optimization of an isolation transformer for DC-DC stage to achieve high efficiency and
power density.

This study is done in two stages. First stage includes reviewing and evaluating different three phase PFC
topologies. Based on efficiency and compliance with EMI standards an appropriate PFC topology is
chosen. Next stage includes selection of an isolated DC-DC converter and implementation of a MATLAB
based optimization algorithm for design of isolation high frequency transformer.

Three Phase PFC Topologies
A detailed review of different three phase PFC topologies has been presented in [6]. In our application we
require unidirectional flow of power, hence bi-directional three-phase PFC topologies are not considered
for this study. As PFC topology can be either Buck or Boost type. Based on number of high-frequency
switching devices and its conversion efficiency, one topology from each category has been chosen for
further analysis.
• Swiss Rectifier Topology from Buck Type PFC Rectifier Family.
• Delta Rectifier Topology from Boost Type PFC Rectifier Family.

[7] did a comprehensive study on design of Swiss rectifier and has shown that very high conversion
efficiency of 99.3% can be achieved. Similarly, [8] presents the design and evaluation of Delta rectifier
and has shown that high conversion efficiency (¿ 90%) can be achieved. However, both these studies do
not discuss the compliance of these topologies with military power quality standards (MIL-STD-461G)
[9]. Hence, in next sections compliance of both these topologies with MIL-STD-461G along with brief
explanation of their operation principle is presented.

Swiss Rectifier
Swiss rectifier shown in Fig. 2 consists of a three-phase bridge to convert 3-phase AC voltage into DC
pulsating voltage.

Fig. 2: Swiss Rectifier

Three bi-directional bi-polar switches are utilized for third harmonic injection to achieve unity power
factor. These switches are realized by the common source drain connection of two GaN HEMTs [5].
Third harmonic injection switches operate at twice the fundamental frequency (i.e. 800Hz). Switches
S+ and S- are high frequency switches that realizes two buck-converter for output voltage regulation.
The fact that this topology has only two high frequency switches makes it a suitable candidate for high
efficiency applications.

Switching state of third harmonic injection switches depends on the sector of input voltage. Fig. 3 shows
symmetrical three phase voltage divided into six sectors.

Symmetrical three-phase waveform shown in Fig. 3 is divided into six sectors.Each Bi-directional switch
is switched ON when its correspondence phase (SIA→V AN , SIB→V BN , SIC→V CN) (c.f. Fig. 2) has
the medium value. As in sector 1, phase VAN has maximum and phase VBN has minimum value, hence
switch SIC is kept ON throughout this sector. Detailed switching pattern of all third harmonic injection
switches is presented in [5]

Equations for duty ratio calculations of high frequency switches (S+,S-) which are responsible for output
DC voltage regulation are given in (1) and (2) respectively. Detailed derivation of these equations has



Fig. 3: Three Phase AC Voltage

been presented in [7].

dS+=
2V DC

3 ˆV PH
2 max(V AN,V BN,V CN) (1)

dS−=
2V DC

3 ˆV PH
2 min(V AN,V BN,V CN) (2)

Delta Rectifier

Delta Rectifier topology shown in Fig. 4 belongs to the Boost type PFC topologies. Similar to Swiss
rectifier (c.f. Fig. 2) it has a three phase bridge to convert AC voltage into pulsating. However unlike
Swiss rectifier bi-directional bi-polar third harmonic injection switches in Delta Rectifier are switched at
high frequency [8].

Fig. 4: Delta Rectifier

Since third harmonic injection switches are connected in delta configuration in this topology, switching
of one switch will effect the current in its two correspondence phases. This will require a multiple input
multiple output (MIMO) control loop. However it has been proven in [10] that the cross coupling effect
of one phase on another can be neglected and this rectifier can be controlled by a simple single input
single output (SISO) control loop. Details of control design are not presented in this paper, however it
can be found in [10]. Transfer function of the rectifier for design of SISO control is given in (3).

iN =
2V O

3LNs
δ1 (3)



In (3) iN is the phase current and δ is the duty ratio of its corresponding bi-directional bi-polar switch.
Since in this topology these switches are connected in delta format, hence PWM signals are need to be
clamped. Fig. 5 shows the clamped PWM signals for switch S12 and S21. In this figure, sectors are

Fig. 5: Clamped PWM Signals

defined based on line-line voltages. Bi-directional switches S12 and S21 are only switched when their
corresponding line-line voltage VAB has either maximum or minimum value. When VAB has maximum
value switch S12 is switched at high frequency while S21 is kept on. Similarly when VAB has minimum
value S21 is switched at high frequency and S12 is kept on. Following the same principle other switches
for remaining two line-line voltages are also clamped.Detailed wave-forms can be found in [10].

Selection of Rectifier Topology
For selection of the rectifier topology for its application in an aircraft, it is vital to check its compliance
with the emission standards (MIL-STD-461G) [9] . Fig. 6 shows a standard EMI measurement setup for
a three-phase system. With the test apparatus shown above (c.f. Fig. 6), high frequency noise component

Fig. 6: EMI Measurement Setup

from input current can be obtained through the 50 terminal resistance and viewed on EMI receiver.
However, for complete compliance with MIL-STD-461G low frequency emissions (800Hz- 10kHz) also
need to be measured and contained below the standard limit. Fig. 7 shows the measurement setup for CE-
101 (800-10kHz Noise Component) and CE-102 (10kHz-30MHz) compliance. PLECS and MATLAB
based simulations are made for both rectifier topologies including LISN and filter block. Apart from
measuring the conducted emissions, total harmonic distortion (THD) in input current is also measured.



Fig. 7: MIL-STD 461G Measurement Setup

FFT is performed in MATLAB on current waveform obtained from PLECS to test compliance with CE-
101. For CE-102 compliance testing, voltage waveform is recorded across the LISN and is exported in
MATLAB to perform FFT.

Fig. 8 shows the simulation results for Swiss Rectifier. As shown in Fig. 8 (a) noise peaks around
frequency range of 8kHz -10 kHz exceed the standard limit. These high noise peaks are introduced
because of LISN resonance at 8KHz.

Fig. 8: Swiss Rectifier Simulation Results

Fig. 9 shows the simulation results for the Delta rectifier topology and it can be seen that the noise peaks
are well under the standard limit. Hence, Delta type rectifier is chosen for this application.

Fig. 9: MIL-STD 461G Measurement Setup



Isolated DC-DC Converter
When it comes to high power density DC-DC converter there exists two converter types, resonant and
non-resonant converters. Resonant converters such as LLC are typically used to achieve very high switch-
ing frequency as well as soft switching. However as is demonstrated in the transformer design parts, high
power density high current transformer typically operate much lower switching frequencies as high volt-
age transformers, and therefore non-resonant converter was selected. Using phase shifted full bridge as
in Fig. 10.

Fig. 10: Isolated DC-DC Converter

Converter can be used in both hard switched mode and partial soft switched mode. Allowing focus on
magnetic design, and later the control can be improved to reduce switching losses.

98.8 % Efficient hard switched converter was shown in [11] and its partial soft switched counterpart in
[12]. This topology allows for quick prototyping and easy implementation of gate driving using minimal
computational effort.

Transformer Design
The trend towards higher power densities and higher operation frequencies in DC-DC converters will
push the boundaries of regular switch mode power supply (SMPS) transformer design. This section
presents an optimization tool for design of highly efficient, high frequency transformers by minimiz-
ing the core and winding losses. Appropriate core material, core dimensions, wire thickness, required
interleaving and optimal switching frequency for the given high current step down DC-DC converter is
evaluated using the proposed algorithm. Transformer design based on this algorithm has better efficiency
as compared to one based on conventional empirical formulas. A 2000 W center tapped transformer with
output voltage of 28 V and 72 A is tested and verified, input is 400 V and 5 A. Optimal operation
frequency is 60 kHz. Overall transformer efficiency is 99%.

Transformer Loss Structure

Transformer losses are divided to two categories, core and winding losses. Winding losses can be then
divided in to two factors, the dc-resistance of the windings and high frequency eddy current and proximity
effect losses which are a results of the high frequency eddy currents inside the windings causing the
effective current carrying cross sectional area of the winding to decrease [13].

Transformer core losses are defined by Steinmetz equation described by Steinmetz [14][15]. Steinmetz
equation is described in (4)

PV = k ∗ f a ∗Bb (4)

Where, PV is the volumetric losses in the material and k,a,b are material dependent empirical coefficients
for determining losses. frequency f and peak flux density B. Unfortunately, a single three-parameter
Steinmetzs equation is inadequate for accurate core loss prediction over a large range of frequency and
flux density values [16]as well as describing losses using square waveform excitation with varying duty



cycle. To reach an analytical formulation the simplest form of loss table used to obtain single analytical
formulation for the optimization algorithm.

For transformer winding the losses are described in terms of average winding current density J [17] and
is shown in (5).

PCU = ρCU ∗V CU ∗ J2 (5)

In addition to average current density, additional losses are explained with the inclusion of eddy current
losses in terms of resistance factor:

FR =
RAC

RDC
(6)

FR represents all the increased losses due to high frequency effects [18][19].

Total winding losses are:

PCUTot = FR ∗PCUDC (7)

Method for calculating resistance factor FR is the Dowells equation. High frequency winding losses
are greatly influenced by winding structure and transformer wire thickness as seen in (8). These are
parameters in the optimization algorithm.

FR =
RAC

RDC
= φ

sinh2φ+ sin2φ

cosh2φ− cos2φ
+

2(m2−1)
3

φ
sinhφ− sinφ

coshφ+ cosφ
(8)

Where φ is a relation between wire thickness and conductor skin depth at a given frequency:

φ =
d

∆ f
(9)

and m is the number of sheets of winding or number of litz wire turn on top of each other.

Algorithm Logic
Transformer optimization algorithm design flow is explained in Fig. 11.

After design parameters and limitations are given the algorithm estimates the initial core size by equaling
the losses between winding and core. And then calculating the required surface area of the core to
dissipate losses as is done in [17]. This process is iterative and the initial losses and core size might be
far from optimal. As the algorithm constantly improves the winding structure (by changing number of
turns) to minimize both core and winding losses in each step the end result is the smallest possible losses
for a given transformer size. After single loop, results are stored in a table. And the algorithm changes
the frequency and size of the transformer. A quality function Q includes weight and efficiency of the
transformer and is used to select the best transformer. Example of a quality function would be Q = /W
(efficiency / weight).

Reducing Winding Losses
Key to reducing windings losses is the adjustment of high frequency eddy current effects, this is accom-
plished by having thinner foil and extensive interleaving of the transformer windings [19]. Results from
MATLAB optimization algorithm are shown in Fig. 12 and Fig. 13.

Reducing Core Losses
Eddy current losses in the core increase as the frequency is increased in a transformer core this phe-
nomenon is also captured by the curve fitted Steinmetz equation.



Fig. 11: Transformer Design Flow Chart

Fig. 12: Resistive Losses Vs Foil Thickness



Fig. 13: Resistive Losses Vs Interleaving

Increment in the core losses as a function of frequency is counteracted by the fact that less flux is required
for the same terminal voltage when frequency is increased. Comprehensive table of available materials
from Ferroxcube, TDK, Mag-Inc and Vitroperm was created and using material comparison best material
was selected. Fig. 14 shows that each material has an optimal operational switching frequency. One
should note that the optimal switching frequency is dependent on the winding as well, for this reason it
appear that all material operate best in the 30 kHz to 60 kHz region, but this is a mere artifact of the high
current requirement (72 A) in secondary.

Fig. 14: Magnetic Material Selection

Conclusion
In this paper the design methodology of a power supply for aircraft applications has been discussed.
This study consists of two phases. During the first phase a three-phase rectifier topology has been se-
lected. Selection criteria of the rectifier topology includes efficiency, power quality and compliance with
MIL-STD-461G. It has been shown that with application of Delta rectifier it is possible to comply with
aircraft emissions standards. Second phase of the study consists of Dc-Dc converter design for output



voltage regulation. This phase emphasized on design of high frequency transformer for obtaining overall
high efficiency and power density. It has been shown that with the application of new nano-crystalline
magnetic core, it is possible to obtain very high efficiency and power density. However, these cores are
yet not available in EE or EI shapes, which makes the manufacturing process very complicated. Hence,
the performance of the converter can be further improved once the nano-crystalline cores are available in
more practical shapes.
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