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Bu calsmanin temel amaci, havacilik sistemleri icin mevopblojilere kiyasla daha gliik kayiplar elde etmek
icin 28V batarya ile ¢cajan 1,2kW interleaved super lift Luo daiiriict tasarlamaktir. Uygulanan devrenin
basit yapisi nedeniyle kayiplarda azalma amaclatadak F-22 gibi askeri ucaklar ve Boeing 787 gihiil
ucaklar batarya sistemleri icin 270V DC kullanmaktkar. Bu nedenle, 270V DC standardinin uygun gldu
yeni hava araclari eski gerilim standartlariylagabyabilir. 28'den 270 volta yikseltme hem eski ttEnyeni
sistemler icin iyi bir ¢6zim olarak diintilmektedir. Bu nedenle, eski havacilik teknolnjigeni sistemlere
uyarlamak icin 28 voltu 270 volta yukselten bireirieaved stper lift Luo dostiiriicii tasarimi onerilrgir.
Silisyum karbir MOSFET tabanl interleaved supérlUuo donitirictunin ¢ift dongld Pl kontrolér tasarimi
gerceklatiriimistir. Bu makale, alanindaki gemelere uyum gdamak amaciyla ugaklarda kullanim igin
interleaved siper lift Luo dostiiriicii tasariminin prensiplerini géstermektedir kansept similasyonlar
kullanilarak dg@rulanmestir.
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An Interleaved Super Lift Luo Converter Design for Aircraft
Applications

ABSTRACT

The main purpose of this study is to adapt a 28Weba powered super Lift Luo converter topologythe
aircraft systems by adding the interleaving featliris aimed to have better efficiency compareddoventional
designs. F-22 military aircraft and civil aircraftich as Boeing 787 use 270V DC for battery systénasv
standards for the avionics using 270V DC may ngiyafo older avionics. Therefore, conversion froBV2to
270V can be an advantageous application for bathared old systems. As a result, an interleavedrdifpeuo
converter has been designed to increase the voltage 28V to 270V with a quite high conversion cato
existing old systems stay up-to-date due to devedops. Analysis of this new interleaved super Llifto
converter was carried out with a double loop Pltagler. The topology uses silicon carbide MOSFESsigh-
frequency switches. This paper shows the desiglogdphy of the converter and proves the system with
simulations.

Keywords Aircraft, DC-DC power converters, Pulse width moditibon
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I. INTRODUCTION

Developments in the aviation industry show thatymatic and hydraulic applications are replaced by
electrical equivalents [1-2]. Avionic systems usi@g0V DC have many advantages over 115V AC bus.
Examples include reducing transmission losses addcing energy storage element volumes and welgig.
required power is obtained by the avionics convgyedue to 270V DC. Also, it can provide 115V AGltage
without any difficulty owing to its simple invert@oncept. However, aircrafts that have older tetdgyg may
not be compatible with 270V DC bus (see Figure 1).

After the Second World War, DC generators wereaegd with constant frequency (CF) generators.
Then, turbojet fighter jets were supported with stant speed drives (CSD) to reduce engine speadvidue
which can be used in CF generators. Following #aeetbpment of solid-state switching technology,ealiable
CSD systems were removed and generators were eeplaith variable speed / constant frequency (VSCF)
systems which are commonly used in F-18 fightes j@hd Boeing 737-500 airliners [2]. The electrical
architecture of a conventional aircraft (left) emchore electric aircraft (right) systems are shawfigurel.

Generator 2 APU Generator 1 Generator 2 APU Generator 1
T AC AC AC
| DC DC DC
Hydraulic 270vDC

pumps, lighting,
other AC loads.
DC DC

Ac 115VAC 400Hz {e e
DC

1

Hydraulic
pumps, lighting,
other AC loads.

Figure 1. The power system architecture of a generic air¢left) and a more electric aircraft system (rjght

Parallel to the ongoing developments, 270V DC stethdvas proposed for aviation usage (MIL-STD-
704B [3]). The main aim of this voltage level wasobtain higher power density for new aircraftsefigiore, it
was foreseen that replacing 115V AC voltage wit®\2DC voltage can increase stealth ability and &nab
design changes for future aircrafts. It was welbwn that DC is less detectable then AC as 270V isIesns
have been employed in submarines since the begjrofithe 20th century. Following the stealth andigie
concerns in military aircraft production, 270V Dgstem started to take place in F-22 stealth airdadibwed
by F-35 JSF project [4]. In the meantime, more teleaircraft (MEA) started to take place in thecaaft
industry [5-6] as it has cost benefits and allowsgration of key subsystems. The developmentsectes
design of avionic systems which require 270V DMperate. To offer some potential benefits aviomesd
MEA hence 270V DC especially for manned and laigeratt.

A boost converter is a good candidate to enabléettienology to convert the aircraft which is proedic
with the previous 115V AC bus technology. There applications at the same voltage level in the miark
despite their low power capability [3-6]. This sition reveals the need for high power applicatid®sme
researchers are studied non-isolated boost comvertaircraft applications [7]. The design usesisterleaved
boost converter with 97% efficiency for 20kW outpdbwever, using a boost converter with a high erson
rate can increase stress in semiconductors and malkcult to control. A half-bridge DC-DC convter is
considered for MEA applications [8]. This topologyuld cause over-voltage issues at the output angplex
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control. A bi-directional 28V-270V buck-boost comter is proposed as low side voltage 28V and hide s
voltage 270V [9] for high power. The system usema&duck-boost power modules to obtain 12kW output
power. This increases modularity and makes theegyseliable. There are interesting converter studiech as
dual active bridge topology (DAB) [10] to reach 27®@C voltage. This design uses wide-bandgap silicon
carbide (SiC) semiconductors to increase efficieaeg robustness [11]. Since these semiconductseshalve
higher switching capabilities, they allow reducihg size of passive elements such as inductorcapalcitors
and the weight of the system to be reduced in g&nénother version of the dual active bridge uke€
resonant converter for 270V-28V conversion [12]isTiopology did not employ SiC semiconductors hosvev
obtained 96% efficiency. Utilising wide-bandgap smonductors is not the only option to improve da#fitccy
however the designed interleaved super lift topploges SiC MOSFETs to provide a more compact and
lightweight solution. To meet the high-power dens#trget of power converters, SiC MOSFET is bettasice

for its silicone (Si) counterpart to be considefedsuch applications as they operate at much higbkages,
frequencies and temperatures. Requirements for2&#thand 270V DC systems are given in Table 1. tarfor
transient voltage are available in the MIL-STD- 704 CHANGE 1 [13] standards document.

Table 1.Standards for various voltages [13]

Limits
28V DC System 270V DC System
Steady State 22.0 to 29.0V 250.0 to 280.0V
Distortion Factor 0.035 max. 0.015 max.
Ripple Amplitude 1.5V max. 6.0V max.

In order to cope with the increase in electricargy requirement, the super lift Luo converter hasn
designed to support new high voltage distributigsteams applications and to keep the old aircraftesy active.

II. METHODS
A. Super Lift Luo Converter

The main purpose of this converters is providingigher output voltage than the input voltage. This
voltage gain can also be achieved using a trangfortdowever, to fulfil certain requirements of aaft
applications, transformers are avoided as theybatky and they reduce the efficiency significantiain
requirements for a converter which will be appl@d aircraft are must-have abilities as lightweigditnple
circuitry, simplicity and robustness. Thereforeplégation of a super lift Luo converter is selectasl voltage
lifting topology. This voltage boosting technique,other words, increasing the voltage with a higinversion
rate, has been successfully applied in DC-DC cdev®rThe output voltage of the converter geneiiallyeases
arithmetically. However, the super lift Luo conwarthas a unique approach. Super lift techniquewalla
geometric increase of voltage. This increases titage transfer gain tremendously [14]. As a reshis feature
allows for lifting the voltage significantly comped to other DC-DC converters.

Some different super lift Luo converters are introgd in the literature [15]. The converter will bsed
in this study is the super lift Luo converter wjgbsitive output. Each circuit in the basic serias h switclf5W
an inductorlL,, two capacitors a€;, C, and two diodes abBi, D, as seen in Figure 2. Continuous conduction
mode is utilized for this converter. The main suliérconverter circuit and its equivalents duritgn-on and
turn-off are shown in Figure 2 below.
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Figure 2. a) Circuit schematic, b) turn-on and c) turn-aftivalent schematics

During the switch-on periodT, input voltage Y{s) charges the capacit@; and increases the inductor
currenti 1. During the turn-off period (I&-)T the currenti 1 decreases with voltage Vit — 2Vs). Then, the
inductor current rippleAi.) is calculated as follows.

A, =Ysgr = Yo" 2Vs(q_ gy ()
L L,
2-d

Vou =72 Vs (2)

whereVs is the converter input voltagd,is the duty cycle andl is the period. Figure 3 shows the ga8) és a
function of the duty cycle. Assuming an ideal syst&ith no power loss, power and the transfer gain e

calculated as;
2-d

\/
Vexls=V xI ,G=—L=— — 3
S S out ou VS 1_d ()

0 . . . . . . . . .
0O 10 20 30 40 50 60 70 80 90 100
Duty Cycle (%)

Figure 3. Gain variation as a function of the duty cycletfoe proposed converter

During switch on-time, input curreigis equal toi(a1+ici), at switch-off timds, iL1 andici have the
same current value. The average chardg ahould remain the same in steady-state. The rakdtips are as

follows.
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B. Interleaved Super Lift Luo Converter

Interleaved converter design is mainly based oridba of dividing the current drawn from the source
to n lines. By splitting the branch current, peakrent values can be reduced as shown in Figuféd stress on
the DC grid or battery caused by the drawn curmpesatks can be reduced using this method [16]. Asualt; the
lifetime of the battery can be extended, and gudlity can have a less negative effect. Figurdustilates the
block diagram of the interleaved converter. Herm®, super lift Luo converters are used as interlddepology.

Converter
|| /2 |OUT/2
> DC tx
V*IN VO*UT
I DC lour
*x b 5o
V¢N Vour
hd li/2 lour/2 L v,
X DC 7%
V*|N V%JT
DC
Converter

Figure 4.Block diagram of super lift Luo converter

The required current can be simply increased ampubwroltage ripple can be reduced by increasieg th
number of branches. Current stress is in the serdigmors and other components can be distributedlgby
using a modulation with a shift between branched, the ripple frequency of output current valuenigitiplied
with the number of branches. The increment at thguiency will provide a smaller output capacitooich as
can be calculated using Equation 5.

IOUI><d

C=—2—1— ()
AVC X fsw

whereC is capacitor valud] is the duty cycleAVc is allowable voltage ripple arfely is switching frequency. If

all variables remain constant afadincreases, the capacitor value can be smaller.

As efficiency is a critical point for convertersitérleaved converters improve system efficiency by
reducing ripple voltage and allowing higher switahifrequency [17]. If switching frequency is se&ztfor an
interleaved system ds, for a non-interleaved system with the double bhaithe switching frequency must be
2fsw. Efficiency improvements can be done using widedgap semiconductors. Therefore, SIC MOSFETSs are a
suitable selection for this topology. They allowgtnér switching frequencies and reduce the sizewiponents,

i.e., capacitors, inductors, transformers and réltéThe proposed topology voltage level enableside of
MOSFETSs instead of IGBTs which have higher switgHmsses.

lll. SIMULATION

The simulation of the interleaved super lift Luagerter is done using PSIM and the power circuit is
represented below in Figure 5. PSIM is a powertedacs simulation software which allows rapid mitidg
and simulation. Simulation and circuit parameteesteed to be selected in a realistic way basedadculations
that comply with MIL-STD-704 standards [13] whilgnoring switching losses. Voltage tolerances apglei
agree with the standards. A closed-loop controkagpgh with the PI controller is simulated in thaper. The
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Ziegler-Nichols method is employed to determindiahiPl values. Then fine-tuning is accomplishedtfe PI
values after adding current feedback.

=2
8
o
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Figure 5. Grcuit schematic and control system of the propaset/erter

Each DC link inductor in the proposed topology &tedmined to operate in continuous conduction
mode (CCM) according to the 7A peak-to-peak rig@l® calculation. The output capacitor is also deteadi
to give a maximum voltage ripple of 1%. In order g¢tay on the safe side in terms of electromagnetic
interference (EMI) and audible noise issues, 20kMitching frequency was determined for each suifer |
branch. This topology can also be operated in distoous conduction mode (DCM) using a smaller atdu
value. This operation will require a more compl@ntrol system. In this case, the study is only f@tlion
CCM.

Avionics require waveforms with high-quality and texmely stable output voltage. Different
approaches regarding control systems can be fourttha literature. Applications for the feedbacktagk
control are split into two categories. One is cohof single loop voltage [18-19] and the othercantrol of
double loop voltage [20-21].

Pulse width modulation (PWM) method with hard shitg has been used to control the high-
frequency SiC MOSFETSs. Each signal comes from th&roller has a 180-degree difference. At the aintr
system design level, a Pl (Proportional-Integratamntroller with current input from the closed I@op used. Pl
controller system uses proportional and integratethods to compare a reference signal with theubutp this
controller, K values are determined as 0.09, Pevalsi 0.4 and | value as 0.004. The voltage feedbalcie is
divided into 270 and the current feedback valudivided into 500. Since both current and voltagepko are
used, the control method is called double-loopse Vbltage feedback is taken directly from the l@ddhe
output of the converter and the current feedbadkrectly from the inductor of each interleaved werter. The
positive input of the comparator is the controlngilg of the switches. Negative inputs are 20kHangular
carrier signals.
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Figure 6 shows the output voltagé.,(), current [ou) and power Roy) values of the converter. The
model complies with the standards by showing gagr@ement with the values set out in MIL-STD-704][13
The system output value settles within 0.2 s torégiired value. Also, at the output, current rggpand output
ripples are negligibly small. While 28V DC to 27@C conversion, 4.5A output current is obtained vaittotal
power of 1.2kW.

Vout (V) Vout (V)
270.4
/ 270.2 /\ /\ /\
/ 270 N
S 269.8 */ \/ \J
269.6
lout (A) lout (A)
4.448
/ 4.446 /AN ,f\
/ s | [N C LN/
4.442 V/ N/ V/
4.44
Power (W) Power (W)
1.202K
I/ 1.2K /\ \ [\\ /\
/ J \/ \/
/. 1.198K
0 0.2 04 0.6 0.8 1 0.76648 0.7665 0.76652
Time (s) Time (s)

Figure 6. Circuit voltage, current and power output withptgs

The advantages of interleaved architecture wereudsed before as high-frequency ripple, low peak to
peak ripple and high current capacity due to théddd structure. In Figure 7, the inductor curnépple of each
branch is ~7A. Each inductor current has 32% ripplese fluctuations are halved due to interleawpdlogy.

If the interleaved branches are increased therk bailless ripple. It is also important to optimipassive
elements in this circuit. Please note that curyeaitithe components are assumed ideal.

) et AT
o |\ \ \ \ \

0.64126

0.64128 0.6413 0.64132

Time (s)

0.64134 0.64136

Figure 7. Input inductor current ripples
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IV. CONCLUSION

In this study, a 1.2kW interleaved super lift Luongerter for aircraft applications is designed and
simulated for retrofit and new avionics applicatiohe system is designed to have higher powelitgtehstter
reliability, efficiency and robustness while coreithg standards.

The designed interleaved topology is an alternafvea different type of topologies for aircraft
applications, especially for retrofit applicatiorighe super lift function allows having higher corsien ratio
with safer operation. It is also extendible duetsointerleaved nature for higher power levels. Tiiterleaved
scheme is adapted to super lift Luo converter winiak a very high voltage lifting capability. Thaereaved
approach reduces ripple voltage hence reducesslolisalso reduces the high current stress actassingle
switch. Additionally, interleaved topology givesfaster transient response when the load changesseTh
important features are so critical for aircraft Eggtions. This modular approach is good for highwpr
applications.

As wide-bandgap semiconductors are becoming legensive it is also important to use SiC
MOSFETs for this topology to have much higher édficy, higher power density and better thermal
management. SiC MOSFETSs permit higher voltage margs well.

As a result, 270V DC output is observed with prongscurrent and voltage ripple values. Double-loop
PI controller works well and modulates the convettelift the voltage conveniently despite high wersion
ratio. Therefore, this design and its variationsdiiferent power levels can be good candidatedterretrofit
and MEA applications.
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