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Abstract

This paper examines a 24 kVA three-phase inverter supplied by a set of four synchronous
Super-Lift Luo DC-DC converters (ISSLLC) connected in parallel to a common DC link.
The converters boost a 28 V DC input to approximately 400 V, which then feeds a 115V,
400 Hz inverter intended for aircraft electrical systems. The overall system was modeled
analytically, simulated using PLECS, and validated in real time on a Typhoon HIL platform.
In both simulation and HIL, the DC link remained low ripple, and the inverter delivered
well-balanced three-phase output voltages. The measured total harmonic distortion was
0.77%, and the power factor was close to unity, staying within MIL-STD-704F limits. The
agreement between the simulation and HIL results confirms the precision and real-time
feasibility of the proposed ISSLLC-based inverter for aerospace and other high-gain, high-
efficiency applications.

Keywords: Super-Lift Luo converter; interleaved converters; aircraft power systems;
three-phase inverter; high-gain DC-DC conversion; hardware-in-the-loop simulation

1. Introduction

Size and weight are critical design considerations in the aviation industry, where
compact solutions with equivalent performance are generally favored despite higher costs.
Using 400 Hz instead of the common 50/60 Hz AC frequency greatly reduces the size
of passive components. As a result, power supplies, motors, transformers, and inverters
have smaller dimensions, and power transmission lines are reduced. Following the Second
World War, the aerospace industry set 400 Hz as the standard frequency, and this continues
with the US Military Standard MIL-STD-704F [1,2]. Today, because of the increased use of
electronic devices in modern aircraft, nonsymmetrical and nonlinear loads are common in
avionics systems. This increase has triggered more complex harmonic generation and made
power control more complex [3]. Moreover, the evolving need for control in aerospace
systems has required advanced control approaches with higher bandwidth to effectively
manage these complex loads [4]. Recent aerospace-oriented inverter studies have therefore
focused on compact, high-frequency AC power systems operating at 400 Hz, with particular
emphasis on power density, harmonic mitigation, and compliance with aircraft power
quality standards. Multilevel inverter structures for aircraft ground power and propulsion
applications have been reported to enhance waveform quality, reduce switch count, and
maintain compliance with aircraft power-quality standards [5-7]. Compact GaN-based
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inverter implementations for 115 V, 400 Hz avionic systems have also demonstrated high
efficiency and lightweight realization [8]. Resonant and isolated single-stage inverter
architectures have further been proposed to reduce component count and switching losses
while maintaining galvanic isolation in aerospace platforms [9]. These developments
highlight the ongoing effort toward compact and high-performance inverter solutions for
modern aircraft systems.

This paper presents an innovative solution to the efficiency, weight, and harmonic
distortion problems faced by conventional aircraft power systems. The main contribution
of this study is not limited to system-level integration. The novelty lies in the application
of an interleaved synchronous Super-Lift Luo DC-DC converter to a high-power 400 Hz
three-phase aerospace inverter, combined with analytical modeling and stability verifi-
cation of the overall system. Unlike conventional boost-based or transformer-isolated
solutions, the proposed structure achieves high voltage gain with reduced DC-link ripple
and low harmonic distortion, while maintaining a transformerless and weight-efficient
architecture suitable for aviation applications. This system is particularly relevant in the
context of the More Electric Aircraft (MEA) initiative, which aims to replace traditional
hydraulic and pneumatic systems with electrical systems to improve performance and
reduce maintenance needs [10]. Within this framework, high step-up and weight-optimized
inverter architectures have been investigated for high-frequency aircraft power systems [11].
The proposed interleaved synchronous Super-Lift Luo converter (SLLC)-based 24 kVA
three-phase inverter is characterized by high power density and low harmonic distortion
(<2%). The stability of the system is theoretically proven by state-space modeling and
experimentally verified by PLECS simulations and Typhoon HIL tests. Similar trends
toward high-density and experimentally validated inverter solutions for aerospace and
aircraft ground power applications have been reported in recent literature, highlighting the
relevance of compact converter—inverter architectures for modern avionics systems. The
findings provide a scalable solution suitable for both existing auxiliary power units (APUs)
and the integration of renewable energy sources.

The interleaved design helps reduce the ripple of the input current, which is crucial
to maintain a stable power supply in aircraft systems [12,13]. The interleaved topology
of the DC-DC converter significantly reduces the input current ripple, as demonstrated
by Denholm et al. [14]. Their proposed interleaved two-channel design achieves a peak-
to-peak input current ripple of less than 1.5%, which minimizes fuel cell degradation and
improves system reliability. This characteristic is particularly advantageous for inverters
that require a stable DC-link voltage with low ripple.

The design of interleaved converters also allows for better thermal management
and reduced electromagnetic interference [15-17]. Interleaved DC-DC converters exhibit
superior thermal performance compared to conventional topologies, as demonstrated
by Alavi et al. [15]. Their analysis shows that the floating interleaved boost converter
achieves significantly lower junction temperatures (e.g., 62 °C for IGBTs) due to reduced
current stress per channel, enhancing reliability and lifespan. Such thermal and EMI
advantages are particularly critical in aerospace environments, where stringent reliability
and electromagnetic compatibility requirements must be satisfied.

Systems using interleaved converters have achieved efficiencies that exceed 96% to
98% due to optimized switching and conduction strategies [18-20]. However, potential
disadvantages include increased complexity in control strategies and design, which may
complicate implementation in aircraft inverters [21]. Consequently, practical realization of
interleaved architectures requires careful coordination between control design, real-time
implementation, and hardware constraints.
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Interleaved topologies allow for better current sharing among channels, which reduces
the size of filter inductors and capacitors [22,23], thus improving the power density of
the inverter. The use of a single inductor in some interleaved inverter designs simplifies
the architecture while maintaining a high power density [24]. However, efficiency issues
may arise in this type of interleaved topology. For instance, a study demonstrated an
interleaved converter achieving 94.6% efficiency at full load [25] while another study,
which has a different kind of interleaved topology, achieved a peak efficiency of 95.6% [26].
These results indicate that the choice of interleaving strategy and component configuration
directly influences efficiency and scalability in high-power inverter systems.

The Super-Lift Luo converter is an advanced DC-DC converter derived from the buck-
boost converter, designed to efficiently elevate low photovoltaic voltage to a higher level
with minimal voltage and current ripple, and has recently gained attention in high step-up
and high power-density power conversion research, making it suitable for various appli-
cations [27-30]. Simulations have also been carried out for electric vehicle applications as
DC-DC converters, resulting in increased efficiency and reduced voltage fluctuations [31,32].
However, despite its favorable electrical characteristics, its application in aerospace power
systems has received very limited attention. Similarly, the literature contains no studies on
aviation using the Super Lift Luo converter other than simulations [33].

The design and development of a three-phase 24 kVA inverter with an interleaved
synchronous Super-Lift Luo converter for aeronautical power systems involves integrating
high-power conversion technologies to meet the specific needs of aerospace applications.
The system aims to maximize efficiency, reduce ripple, and ensure high-performance
stability in various operating conditions. This work therefore addresses a clear gap in the
existing literature by extending the application of the Super-Lift Luo converter toward
aerospace-grade inverter systems validated under real-time operating conditions.

2. Methodology
2.1. Super Lift Luo Converter

The Super-Lift Luo converter (SLLC) is a transformerless DC-DC converter topology
that uses a step-up voltage conversion mechanism to achieve high voltage gain. Built on the
classic Luo converter family, this structure adds an additional voltage-boosting capacitor
stage, as shown in Figure 1, to geometrically increase the output voltage. As a result,
higher output voltages can be achieved at lower switching rates (duty cycle) compared to
traditional boost or Luo converters.

D1 D>
—b 1
L Ci==

VDC :) C == § R

1

Figure 1. Circuit diagram of the Super-Lift Luo converter.

Figure 1 illustrates the main functional elements of the proposed SLLC stage. The input
inductor L provides energy buffering and shapes the input current, enabling continuous-
energy transfer between switching intervals. The capacitors C; and C; act as voltage-lift
(energy storage) capacitors: they are charged during the appropriate switching state and
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then series-assist the input source during energy transfer, thereby achieving high step-
up gain while reducing voltage/current ripple. The diode(s) in the power path ensure
unidirectional energy transfer and provide electrical isolation between the output and the
source during the charging interval. Finally, the active switch (or synchronous switch)
governs the two operating states and controls the energy flow, while the output-side filter
capacitor maintains the DC-link/output voltage by attenuating switching ripple.

The SLLC has a structure that operates with two switching states. When the switch is
closed, the input voltage charges both the inductor and the voltage boost capacitor, while
the output side is isolated from the circuit via a diode. When the switch is in the open
position, the energy stored in the inductor is released and combined with both the input
voltage and the previously charged capacitor to be transferred to the output. In this way,
the system manages to increase the output voltage without using a transformer. This archi-
tecture eliminates the disadvantages associated with transformers, such as weight, volume,
and electromagnetic noise, making it particularly suitable for applications requiring high
efficiency, low EMI, and compact design, such as aviation. In continuous conduction mode
(CCM) and under ideal conditions, the voltage gain of the SLLC used in this study is given
by the following Equation (1);

Voo 2-D

vV, 1-D 1)
where V) is the output voltage, V;, is the input voltage, and D is the duty cycle. This
gain expression defines the relationship between the converter’s duty cycle value and the
output voltage, and demonstrates the basic operating principle of the system. However,
this theoretical gain can only be achieved in practice if the appropriate component values
are selected. Therefore, the correct sizing of the passive elements in the Super-Lift Luo
converter topology is critical for both obtaining the desired output voltage and ensuring
stable and efficient operation of the system.

In this context, it is necessary to first size the super-lift capacitor (C;) responsible
for energy transfer. These capacitors carry high currents during the switching period by
entering a charge-discharge cycle and directly affect the system gain. The value of these
capacitors can be calculated using the following Equation (2), depending on the average
current passing through them, the switching frequency, and the allowed voltage ripple:

I-D
AN @

The C; capacitor at the output performs the system’s filtering function and reduces
high-frequency oscillations in the output voltage by damping sudden changes in the load
current. A similar formula is used for this capacitor, but the current and voltage variables
in the formula are redefined according to the system’s output values as I,,; and AV, for
the calculation.

Finally, the inductor value (L) is determined by the following Equation (3) to ensure
that the converter operates in continuous conduction mode and to limit current oscillations:

- Vin'D
fS‘AIL

Ly 3)

These formulas provide a reference for choosing the elements used in the converter in a
systematic way and can be adapted to specific application requirements and design tolerances.

2.2. Interleaved and Synchronous Operation

The structure shown in Figure 2 features an interleaved power conversion structure
consisting of four Super-Lift Luo-type DC-DC converters. These converters operate using
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synchronous switching logic, and the output of each is connected to a common DC bus line.
The structure is based on the principle of four parallel converters that target the same volt-
age level, which are activated sequentially with a defined switching-phase displacement.

Each switch group is triggered with a time delay of one-fourth of the carrier period
(90° electrical phase), thereby spreading the input current of the four converters over time
and improving the system’s overall voltage and current profile. It should be noted that
the control signal waveforms illustrated in Figure 2 are intended to describe the operating
principle and switching sequence of the proposed control strategy. In practice, by using an
appropriate switching device, correct gate-driving circuitry, and a real-time controller with
sufficient bandwidth, the control signals can closely approach the depicted waveforms.
Nevertheless, minor deviations from the ideal shapes may occur due to sampling delays,
quantization effects, and non-ideal switching behavior in real-time implementations such as
HIL experiments. These deviations do not affect the correctness of the switching operation
or the overall control performance.

sa /
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s2_/ I s2 5
s/ s|
(P T —
T s4
. . t

0° 90° 180° 270°  360°
Figure 2. Four-channel interleaved operation. The time axis is normalized in degrees. 360° corre-
sponds to one full switching period (T).

This temporal distribution provided by the interleaved topology reduces sudden cur-
rent changes caused by switching and suppresses both electromagnetic interference (EMI)
effects and output fluctuations by reducing the amplitude of high-frequency harmonic
content. Additionally, synchronous rectification is achieved by using MOSFETs instead of
diodes in each converter, which reduces transmission losses and increases system efficiency.
The time-spreading of each converter’s duty cycle also balances thermal load sharing,
reducing thermal stress on components and enhancing system reliability in the long term.
The ripple-minimizing effect is represented in Figure 3 and is investigated in the Section 3.

Interleaving the converter reduces input current ripple (see Figure 3) while increasing
the effective switching frequency at the DC link. As a result, the size of the passive
components can be reduced without adversely affecting system stability. Such features
are particularly relevant for aircraft electrical power systems, where strict limitations on
weight, volume, and thermal performance apply. Moreover, sharing the current among
interleaved phases leads to a more uniform thermal profile and lowers the electrical stress
on individual semiconductor devices. In the context of 400 Hz aerospace power systems,
the proposed interleaved SLLC-based structure therefore offers a practical balance between
compactness, efficiency, and reliable DC-link operation under varying load conditions,
while preserving fault-tolerant operation through the interleaved structure.
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Figure 3. Four-channel interleaved operation ripple minimization.

2.3. Control Design

The control strategy for the proposed Interleaved Synchronous Super-Lift Luo con-
verter (ISSLLC) is based on a small-signal dynamic model. For control design, it is necessary
to determine how small changes in the duty ratio affect the output voltage. This sensitiv-
ity is obtained by differentiating the equation given in Equation (1) with respect to D as

represented in Equation (4);

Vo
oD  (1-D)? @)

This derivative represents the DC gain of the small-signal control-output transfer
function. When passive elements L, C;, and C; are included in the average state-space
model and linearized around the operating point, the following general form is obtained as
displayed in Equation (5):

L
V. 1+s- RA-DY?
G d(S) = ! : (5)
T AEDP dgs [k + 25 402 MO

Based on this model, a PI (proportional-integral) controller was designed to regulate
the output voltage. The PI structure was selected to ensure zero steady-state error for step
changes in load or reference, while providing sufficient phase margin for stable operation.
The proportional term shapes the loop gain to achieve the desired crossover frequency, and
the integral term increases the low-frequency gain to eliminate steady-state error.

The controller parameters were selected to ensure stable operation and sufficient
robustness of the overall system. A bandwidth separation strategy was adopted, in which
the inner current control loops were designed with a significantly higher bandwidth than
the outer voltage control loop, thereby minimizing loop interaction and ensuring adequate
phase margin. The controller design is based on the derived small-signal model of the
proposed converter, and stability is verified through time-domain simulations and real-time
HIL experiments. Furthermore, the controller tuning explicitly accounts for the location
of the dominant double pole wy and the right-half-plane zero w, ryp, with the crossover
frequency selected to be below 20% of w, rpp to preserve closed-loop stability.
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3. Results

This section presents the results of a 24 kVA three-phase inverter system based on
the ISSLLC. The section provides a description of the converter and inverter design, the
component selection process, and the control strategy used. Simulation studies conducted
in the PLECS environment analysed the steady-state and dynamic performance of the
system under different operating conditions, and the simulation results were verified in
real time through hardware-in-the-loop validation tests conducted on the Typhoon HIL
platform. The comparison of interleaved and noninterleaved structures focuses on output
voltage stability and ripple reduction.

3.1. Simulations

To verify the analytical design presented in Section 2, the proposed interleaved syn-
chronous Super-Lift Luo converter was modelled in PLECS. The simulation setup replicates
the target operating conditions of the aircraft electrical system, including the high step-up
requirement from a low-voltage DC source to the regulated DC bus feeding a three-phase
inverter. All passive and active component values were determined according to the design
equations in the previous section, ensuring consistency between analytical predictions and
simulation results.

3.1.1. Circuit Design

The proposed DC-DC conversion stage is implemented as a four-channel interleaved
synchronous Super-Lift Luo converter to achieve the high step-up ratio required for con-
verting V;;, =28 V DC to Vy; = 400 V DC. In the interleaved configuration, each channel
shifts 90 degrees to reduce the ripple in both the input and output currents, increase the
response time, and evenly distribute the thermal stress across the switching devices. The
use of synchronous MOSFET switches instead of diodes minimises conduction losses
and improves overall efficiency, particularly at high output voltages. Figure 4 shows the
complete schematic of the converter.
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Figure 4. Simulation topology of the inverter showing the four interleaved DC-DC converters and
the 3-phase inverter stages.

Each channel comprises an input inductor L; 534 = 104 uH, a primary lift capacitor
C1,345 = 220pF, and a bulk output capacitor C, = 2200 pF. The interleaving effect reduces
the equivalent inductance in the small-signal averaged model to Equation (6).

_ Lchannel 104 ],IH

Leq = =47 . — 26mH (6)

where N = 4 is the number of channels. While the small-signal model uses Leq the physical
design retains the higher per-channel inductance value of 104 pH to suppress individual

https://doi.org/10.3390/aerospace13020185


https://doi.org/10.3390/aerospace13020185

Aerospace 2026, 13, 185

8 of 22

channel current ripple, reduce peak inductor currents, and improve EMI performance. This
also ensures that each inductor operates well below its saturation limit during transient
load conditions.

The bulk output capacitor C; is sized to stabilise the DC bus voltage under load
transients and to minimise low-frequency voltage ripple. The value of C; is determined
based on voltage lift requirements and its role in shaping the converter’s double pole and
zero locations, as detailed in the analytical model in Section 2.

The load is modelled as the DC equivalent of the three-phase inverter’s rated output.
Given a per-phase resistance of 1.73 () at 115 Vs, the total load power is approximately

Piotal = 22.9 kW, 7)

corresponding to an equivalent DC-side resistance of

V2
Rge = =2 ~ 6.9767 Q). (8)
total

This load representation is used in both steady-state and small-signal simulations
to ensure realistic voltage and current waveforms. In addition to the nominal rating
point (Rgc nom = 6.98 (2, corresponding to 22.9 kW at 115 Vs per phase), a conservative
operating point (Ryc test = 6.67 (2) was intentionally employed in the load-transient and
validation studies. This reflects the slightly elevated AC-side RMS voltage (118-120 Vyps)
used to emulate practical conduction and switching losses, resulting in an active power
of approximately 24 kW at near-unity power factor. The inverter apparent power rating

remains at 24 kVA, and all results comply with MIL-STD-704F.

3.1.2. Control Design and Switching Models

The control strategy is implemented in two sequential stages: the front-end DC-DC
converter and the back-end DC-AC inverter.

In the DC-DC stage, the converter employs a voltage-mode control scheme with a
continuous PI (Proportional-Integral) controller. The output voltage is sensed and scaled by
a gain factor of 1/400, producing the feedback signal. This is compared with the reference
command to generate the error signal e, which is processed by the PI controller as seen in
Equation (9) below.

K;

?r (9)
with K, = 0.2 and K; = 70. The PI output u regulates the duty cycle command of the
interleaved channels. To implement switching, the PI output is compared with a high-

frequency triangular carrier waveform, generating PWM signals for synchronous operation
of the four interleaved channels. Interleaving shifts the phase of each PWM signal by 90°,
thereby reducing both input and output current ripple. Current feedback is additionally
scaled (10/915 x 0.001) to observe the summed inductor currents and verify current-sharing
symmetry. This ensures robust operation under dynamic load conditions and suppresses
EMI by distributing switching harmonics, as shown in Figure 5.
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Figure 5. Control block diagram of the DC-DC converter stage.

In the DC-AC stage, the regulated DC bus is converted into a balanced three-phase
AC output. The modulation strategy employs sinusoidal pulse-width modulation (SPWM),
where three sinusoidal reference signals, phase-shifted by 120°, are compared against a
high-frequency triangular carrier waveform (f. = 50 kHz). The resulting comparator
outputs generate the gate signals for the inverter switches, producing three-phase voltages
at f = 400 Hz. Logical operators ensure that complementary switch pairs are driven with
appropriate dead-time insertion to prevent shoot-through (Figure 6).

- X
A
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>+
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Comparator3 Operat(-)rl
Sine Wave2 /\/\/ »> inv 3
Amplitude: 0.5 B » NOT inv 3not
Frequency: 400 _ DD
Phase: 240 1riangular Wave Logical
f:50,000 Operator2

Figure 6. SPWM-based inverter modulation scheme.

A secondary feedback loop regulates the root-mean-square (RMS) values of the three-
phase output voltages and currents. The RMS values of the line voltage and current are
measured, scaled, and compared with their respective references. The resulting error is
processed by a continuous PID controller of the form shown in Equation (9), with tuned
gains of K, = 0.2 and K; = 50. The controller output adjusts the modulation index of the
SPWM process, thereby maintaining the desired amplitude of the inverter’s three-phase
output under varying load conditions. This feedback structure is illustrated in Figure 7.
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Figure 7. RMS feedback loop with continuous PID controller for the DC-AC stage.

The two control stages are interconnected through the regulated DC bus. The DC-DC
converter ensures that the intermediate bus voltage remains stable under source and load
disturbances, effectively decoupling the input supply from the inverter dynamics. This
regulated DC bus then serves as the input to the DC-AC inverter stage, providing a
stiff voltage source for high-quality AC waveform generation. In this way;, the first stage
establishes the required operating conditions for the inverter, while the second stage focuses
on delivering sinusoidal three-phase voltages to the load in compliance with aerospace
power quality standards.

3.1.3. DC-DC Stage Simulation Results

The simulation results of the DC-DC converter are summarised in Figures 8 and 9. The
inductor currents in Figure 8 clearly demonstrate the effect of interleaving. During start-up
(left), the four channel currents rise smoothly and reach steady state within approximately
0.25 s. According to MIL-STD-704F, airborne DC power buses must return to within +6%
of their nominal value within 0.5 s following a transient disturbance. The observed settling
time is significantly faster than this requirement, indicating robust regulation. At steady-
state (right), the channel currents are shifted by 90°, resulting in balanced current sharing
and substantial ripple cancellation. The measured effective ripple current is reduced to
about 0.6 A compared to the theoretical 2.5 A for a single-channel case, confirming the
benefit of interleaving in both ripple reduction and EMI performance.

207
200~ L1 L1
00 ‘ 2 H 206 L2
L3 L3
180~ L4 205+ L4
160~ 204
203
140~
202
120 201
100 200
199
80~
198
807 197
40 196
20 195
194
0-
193
201 192
H : H
0.0 0.2 0.4 0.6 0.8 1.0 9.8180 9.8182 9.8184 9.8186 x107t
Time /s Time /s

Figure 8. Inductor currents of the four interleaved channels: start-up transient (left) and steady-state
interleaving (right).

The corresponding output voltage behaviour is shown in Figure 9. During start-up
(left), the bus voltage settles at the reference value of 400 V in less than 0.25 s, which is
well within the 0.5 s recovery window mandated by MIL-STD-704F. Under steady-state
conditions (right), the measured ripple is approximately 0.9 V peak-to-peak, which is less
than 0.03% of the nominal 400 V. This is more than an order of magnitude lower than the
1% ripple limit specified in MIL-STD-704F, thereby validating the design of the bulk output
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capacitor and the interleaving scheme. These results confirm that the DC-DC converter
provides a stiff and well-regulated DC bus, establishing the necessary operating conditions
for the subsequent DC-AC inverter stage.

400~ o ‘ Vm1:Measured voltage ’ 400.5 Vm1:Measured voltage

380

360~ 400.4-

340

2204 40031

3007 400.2

280

260 400.1

240 |

220 400.0+

200

180 399.9-

160

140 399.8

120 399.7

100 {

80 399.6

60

40 l 399.5

20 t t t i
0.0 0.2 0.4 0.6 0.8 1.0 9.8286 9.8288 9.8290 9.8292 9.8294 9.8296 9.8298 9.8300 x10~!

Figure 9. Output voltage of the DC-DC converter: start-up regulation (left) and steady-state rip-
ple (right).

The output current ripple of the proposed four-channel interleaved converter was
measured to be approximately 0.1 A. This reduction is due to the ripple cancellation effect
of interleaving. For an N-channel interleaved converter, the effective ripple magnitude can
be estimated as seen in Equation (10).

AIout(Z\]) = Alchannel -

(10)

sin(N7tD)
Nsin(nD) |

where D is the duty ratio and Alyanner is the inductor current ripple of a single channel.
In the present case, N = 4 and the measured value is Al =~ 0.1 A. Without interleaving
(N = 1), the same converter operating at 20 kHz would exhibit a ripple of approximately
Aloyt = 0.4 A. Thus, the interleaved structure reduces the effective current ripple by nearly
a factor of four while simultaneously increasing the ripple frequency from f; = 20 kHz to
Nfs = 80 kHz, greatly improving output filtering is shown in Figure 10.

60- - {~ routpenc} |~ toutpcoc
/ 60.03
55 60.02-
50~ 60.01 '
45— 60.00
59.99
40
59.98-
35
50.97
30 59.96
25 59.95
50.94
20-
50.93
15
50.92
107 59.91-
5 : 59.901
0.0 02 0.4 06 08 1.0 06984 96986  9.6988  9.6990  9.6992 x 107
Time /s Time /s

Figure 10. Output current waveform of the interleaved DC-DC converter, showing a ripple of
approximately 0.1 A.
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3.1.4. Load-Transient Performance

To assess the dynamic performance of the converter, single-step load changes were
applied from the conservative test baseline Req = 6.67 Q) (IgL ~ 60 A) to new load levels
corresponding to £25% and +50% variations. The numerical results of the single-step
transient tests are summarized in Table 1. After the step, the converter continued operation
at the new steady-state load. The limits of MIL-STD-704F require the output voltage to
recover within £6% of nominal in less than 0.5 s.

Table 1. Single-step transient tests from nominal load.

Load Step AT (%) Req (©) Observed Vyu: Response

6.67 — 8.89 —25 8.89 ~23-4% undershoot, tseiye ~ 0.20 s
6.67 — 5.33 +25 5.33 5% overshoot, fee =~ 0.25 s
6.67 — 13.3 —-50 13.3 ~8-10% undershoot, fgei1e ~ 0.30 s
6.67 — 4.44 +50 4.44 ~12-15% overshoot, teep1e =~ 0.35 s

The graphical results are summarized in Figure 11, where the four panels correspond

to the following cases:

400

Vm1:Measured voltage

Vm1:Measured voltage

a I
400- o
350 / |
|
350 F
300~
300
250~
250+
200~
200
150
150
100~ 100~
50 *, 50 r
i i i i
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Vm1:Measured voltage‘ Vm1:Measured voltage
400 o I
00 7 400 S EEEN | 7S
/ ,// i
350~ 350
300~ 300-
250 250+
200 200
150 150
100 100+
50 —{ 50 r
T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure 11. Single-step load transient responses of the interleaved DC-DC converter. Top row: +25%
load changes; Bottom row: +50% load changes.
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o Top-left: 6.67 — 8.89 () step (—25% load current). The bus voltage shows a small
undershoot of about 3—4% before settling.

¢  Top-right: 6.67 — 5.33 () step (+25% load current). The bus exhibits ~5% overshoot
and stabilizes in ~0.25 s.

*  Bottom-left: 6.67 — 13.3 ) step (—50% load current). The voltage dips by about
8-10%, then recovers within ~0.3 s.

¢  Bottom-right: 6.67 — 4.44 ) step (+50% load current). This worst-case scenario yields
~12-15% overshoot, but the voltage still returns to the £6% band within ~0.35 s.

In all cases, the converter recovered well within the 0.5 s requirement of MIL-STD-
704F, demonstrating robust control performance. The interleaved structure further ensured
that the output current ripple remained around 0.1 A, significantly lower than a single-
channel counterpart.

3.2. DC-AC Stage Performance

The second stage of the proposed power conversion system is the three-phase DC—
AC inverter, which converts the regulated 400 V DC bus into a balanced AC output
suitable for aircraft applications. This stage employs a SPWM strategy to generate three
sinusoidal phase voltages with 120° displacement at the standard 400 Hz frequency. The
phase-to-neutral RMS voltage is regulated to approximately 120 V, corresponding to 208 V
line-to-line, in accordance with the steady-state voltage tolerance specified for 400 Hz
aircraft power systems in MIL-STD-704F. The choice of 120 V in simulation accounts for
resistive and conduction losses expected in hardware implementation, ensuring that the
delivered voltage under practical conditions settles near the nominal 115 V. This section
presents the simulated AC output waveforms and evaluates their compliance with the
voltage, frequency, and harmonic distortion requirements specified by MIL-STD-704F.

3.2.1. AC Output Waveforms and Settling

After start-up, the three phase voltages rapidly converge to steady state as illustrated
in Figure 12 (left panel). In steady state (right panel), the phase-to-neutral RMS is ~120 V for
all phases and the line-to-line RMS is /2208 V. The measured fundamental is f ~ 399.3 Hz,
and the output THD is ~1.27%, comfortably below the 5% limit. The steady-state voltage,
frequency, and THD values are summarized in Table 2.

3ph Meter:Measured voltage:1
3ph Meter:Measured voltage:2

3ph Meter:Measured voltage:1
3ph Meter:Measured voltage:2

140 3ph Meter:Measured voltage:3 140 “\ 4 3ph Meter:Measured voltage:3
120 120 \ / \\
100~ 100~ \f \-f \f v/
80 80- it A /- A
y \ \
60 60 \ /

o A %/ /‘ \\\/{ .","‘(/N/ ' qw

T T T T T —180——— T T T T T
0.0 0.2 0.4 0.6 0.8 6.950 6.955 6.960 6.965 6.970 6.975 x107"
Time /s Time /s

Figure 12. Three-phase inverter output: start-up and settling (left) and steady-state waveforms (right).
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Table 2. Steady-state AC output summary (phase-to-neutral and line-to-line).
Quantity Value MIL-STD-704F Limit Compliance
Phase RMS (Va, Vb, Vc) 119.8/119.9/119.9 V 120 V (£5%) Yes
Line RMS (Vab, Vbc, Vca) 207.5/207.8/207.6 V 208 V (£5%) Yes
Fundamental frequency 399.3Hz 400 Hz (+1%) Yes
THD (phase voltage) 1.27% <5% Yes

3.2.2. Harmonic Analysis and Power Quality

The harmonic spectrum of the inverter output voltages is shown in Figure 13. The
fundamental component at f ~ 400 Hz is clearly dominant and has an RMS value of about
120 V. Higher order harmonics remain at low levels and the THD is about 1.27%. The
obtained value is in the acceptable range as MIL-STD-704F allows up to 5% THD. The three
phases show almost identical spectra, indicating good balance and phase symmetry.

150 — 3ph Meter:Measured voltage:1
§ i |— 3ph Meter:Measured voltage:2
: |— 3ph Meter:Measured voltage:3
50
0 2000 4000 6000 8000

Frequency / Hz

Figure 13. Harmonic spectrum of the three-phase inverter output voltages (phase-to-neutral). The
fundamental at 400 Hz dominates, while higher-order harmonics remain strongly attenuated.

3.2.3. Power Factor Analysis

At the inverter output (point of common coupling, PCC), the three-phase power factor
(PF) was evaluated from the apparent power ratio:

Pavg

PF = ,
S

(11)
where P,y is the average active power and S is the apparent power.

The measured phase RMS voltages were V4 = 119.95V, Vg = 120.07V, Vo = 119.88 V,
and the corresponding RMS currents were [y = 69.34 A, Iy = 69.41 A, Ic = 69.30 A. The
slight differences observed among the three phase values are mainly caused by interleaving
effects, initial condition asymmetries, and numerical discretization inherent to the simula-
tion environment. Since each phase is initialized independently, minor transient deviations
may occur during startup and dynamic conditions. These differences are not structural and
are effectively mitigated under steady-state operation by the closed-loop control system.
The per-phase active powers were

Py = 8317 kW, (12)
Pg = 8.334 kW, (13)
Pc = 8.307 kW. (14)
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This yields a total active power of
Piot = 24.958 kW, (15)
and a total apparent power of
Stot = 24.958 kVA. (16)
Consequently, the three-phase power factor is
PF ~ 0.999—1.000. (17)

The detailed phase RMS values and calculated power factors are summarized in
Table 3. Given the very low distortion observed in the harmonic analysis, the total PF is
essentially displacement-limited (PF ~ cos ¢) and comfortably satisfies the typical aircraft
acceptance criteria (PF > 0.95) under rated load. The corresponding phase voltage and
current waveforms are shown in Figure 14, clearly indicating the near-unity displace-
ment factor.

Table 3. Phase RMS values and PF.

Phase Vims (V) Ims (A) P (kW) PF

A 119.95 69.34 8.317 0.999-1.000
B 120.07 69.41 8.334 0.999-1.000
C 119.88 69.30 8.307 0.999-1.000
Total - - 24958 0.999-1.000

3ph Meter:Measured voltage:1
— 3ph Meter:Measured voltage:2
— 3ph Meter:Measured voltage:3

\ /
Nt

3ph Meter:Measured current:1

— 3ph Meter:Measured current:2

— 3ph Meter:Measured current:3
2) Al \

T T f t R
1.040 1.041 1.042 1.043 1.044 1.045
Time /s

Figure 14. Phase voltages and currents at the PCC, showing the near-unity displacement factor
(PF =~ 1).

3.3. Hardware-in-the-Loop (HIL) Setup

To evaluate the practical behavior of the proposed interleaved synchronous Super-Lift
Luo converter based inverter, a hardware-in-the-loop (HIL) implementation was carried
out using the Typhoon HIL real-time platform, as shown in Figure 15. The complete
power conversion structure, including the four-channel interleaved DC-DC stage and the
three-phase inverter, was modeled within the HIL environment. This setup enables the
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interaction between the DC-DC and DC-AC stages to be viewed in a controlled and reliable
experimental setup under dynamically changing operating conditions. This is particularly
beneficial in power electronics systems where full-scale laboratory testing may pose safety
hazards or infrastructure constraints.

—

IN+ OUT+

IN- OouT-

IN+ ouT+

IN— OuUT-

e ——

= Super Lift Luo3

IN+ OuT+

Outt [— IN-| OuT-

out2 b——
—_— Y
Out3

Outd Super Lift Luo2

DC-DC Control N+ ouT+

L1 c1

Vsl “ R2

IN-| OouT-

Super Lift Luol Three Phase Inverter 1

Figure 15. Schematic of the interleaved synchronous Super-Lift Luo converter-based three-phase
inverter implemented in the Typhoon HIL platform.

All control algorithms were implemented in the Typhoon HIL Control Center and
executed in real time. The PWM generation, interleaving logic, and voltage-current feed-
back loops were evaluated using a fixed simulation step of 1 s, which provided consistent
timing throughout the control execution. The DC-DC converter switching frequency was
set to 20 kHz for each interleaved channel, with appropriate carrier phase displacement
applied between channels to reduce input current ripple and distribute thermal stress.
The three-phase inverter was operated with sinusoidal PWM at a switching frequency
of 50 kHz and an output fundamental frequency of 400 Hz. Voltage and current regula-
tion were performed utilizing PI controllers in accordance with the previously described
analytical design.

The HIL setup was primarily used to examine whether the stability, transient response,
and ripple behavior observed in conventional time-domain simulations are preserved when
the system is operated under real-time constraints. In addition, power-quality indicators
such as voltage regulation, harmonic distortion, and power factor were evaluated in real-
time operation. Moreover, transient events and parameter variations could be investigated
without the risk associated with physical hardware testing. A direct comparison between
simulation results and HIL measurements provides confidence in the practical applicability
of the proposed converter topology and control strategy for aerospace power system
applications. Full-power experimental implementation is considered a logical continuation
of this work.
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3.3.1. HIL Validation
Figure 16 shows the inductor current waveforms (I 1—I14) of the four interleaved

Super-Lift Luo converter channels together with the regulated DC output voltage obtained
from the HIL study. A 90° phase shift between adjacent channels ensures an even current
distribution among the four stages during operation. Although the peak-to-peak ripple of
each inductor current is approximately 10 A, the combined ripple observed at the DC bus
remains below 1 A due to the ripple-cancellation effect inherent to the interleaved topology.
This balanced current sharing not only reduces input ripple but also promotes improved
thermal distribution and overall electromagnetic compatibility of the converter.
The lower part of Figure 16 shows the DC bus voltage waveform obtained from the
HIL study. The output voltage stays close to Vpc ~ 404 V, with a ripple level below 0.2%
of the nominal value. This result is in good agreement with the simulation outcomes. The
observed voltage stability indicates compliance with the steady-state and transient limits
defined by MIL-STD-704F, while confirming that the PI-based voltage controller provides

effective voltage regulation.

\ R Super Lift Luo1.L1
B Super Lift Luo2.IL1

X 11 . . - ; - T
Ll 1 { 3
| | | L7 (. Supgr Lift Luo3.IL1

Figure 16. HIL results for the DC-DC conversion stage: (top) inductor currents of the four interleaved

Super-Lift Luo converter modules; (bottom) regulated DC bus voltage.

3.3.2. DC-AC Stage Performance and Control Verification

The three-phase inverter is supplied by the regulated DC bus generated by the inter-
leaved SLLC stage and is controlled using sinusoidal PWM with complementary gating and
dead-time protection. The HIL results shown in Figure 17 indicate balanced three-phase
currents and phase-to-neutral voltages. The fundamental output frequency is approxi-
mately 400 Hz, remaining within the +10 Hz tolerance specified by MIL-STD-704F. The
measured phase voltage peak is Vi &~ 162.6 V, corresponding to a phase RMS value of

Vims = 115 V, which results in a line-to-line RMS voltage of Vi ~ V3 Vims ~ 199 V.

The phase currents have similar magnitudes and are separated by 120°, with no
noticeable shift with respect to the corresponding phase voltages. No DC offset or phase
asymmetry can be identified in the measured current waveforms. The distortion level is
low, which is in line with the harmonic analysis results, where the total harmonic distortion
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remains well below the 5% limit. During real-time operation, the inverter maintains
balanced phase behavior with stable voltage regulation.

Figure 17. HIL results for the DC-AC inverter: (top) balanced three-phase currents; (bottom) phase-
to-neutral voltages with Vpk ~ 162.6 V (Vims =~ 115 V) at 400 Hz.

3.3.3. Power Quality and Power Factor (HIL Results)

The power quality of the real-time inverter output was assessed by analyzing the
phase-A voltage waveform in the frequency domain. The harmonic spectrum is presented
in Figure 18, plotted on a logarithmic scale to clearly show the very low amplitude of higher-
order components. The fundamental frequency appears at 400 Hz with an amplitude of
Vi =165.8 V (Vims = 117.3 V). All harmonic components above the fundamental remain
well below 1% of the main component amplitude. The third, fifth, and seventh harmonics
are each under 0.1%, resulting in a total harmonic distortion of

/y 00 2
THD = Y22 Vit | 100 — 0.779%. (18)

1

Such an extremely low THD demonstrates that the inverter produces a highly sinu-
soidal output voltage, fully complying with the THD < 5% criterion specified in MIL-STD-
704F. The nearly zero phase displacement between voltage and current waveforms yields
an overall power factor of approximately

1
PF = cos ¢ x =~ 0.999. (19)
\/1+ (THD/100)?

Hence, the inverter delivers almost purely active power to the load, confirming the
effectiveness of the control strategy in real-time operation. The close numerical agreement
between the simulation and HIL results (PF and THD differences below 0.2%) validates the
accuracy of the real-time implementation.
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Figure 18. FFT spectrum of the phase-A output voltage obtained from the HIL test, showing a
dominant 400 Hz fundamental, THD = 0.77% and PF = 0.99.

3.4. HIL Overall Summary

The HIL validation comprehensively confirms the accuracy and real-time feasibility of
the proposed ISSLLC based inverter system. The DC-DC stage achieved a regulated output
of Vpc ~ 404 V with an output current ripple below 1 A, demonstrating the effective
current sharing and ripple cancellation of the four-channel interleaved topology. The
subsequent DC-AC inverter stage produced balanced three-phase voltages at 400 Hz with
RMS values of approximately 115 V per phase and perfectly sinusoidal waveforms.

The FFT analysis of the HIL-measured output voltage (Figure 18) indicates a funda-
mental component of 165.8 V and a total harmonic distortion of 0.77%, which is well below
the 5% limit specified in MIL-STD-704F. The inverter also operated with a displacement
factor close to unity (cos ¢ ~ 1) and a total power factor of approximately 0.999, supplying
almost all the active power to the load. Both the dynamic and steady-state responses were
consistent with the results obtained from the PLECS offline model, with deviations in
voltage amplitude, THD, power factor, and frequency remaining under 0.2%.

To place the proposed approach in context, its performance can be qualitatively
compared with representative baseline converter solutions commonly used in aerospace
and high-frequency power systems, such as conventional boost-based, transformer-isolated,
and multilevel inverter topologies. Compared to classical boost converters, the proposed
interleaved synchronous SLLC structure achieves higher voltage gain with reduced DC-link
ripple, which directly benefits inverter stability and harmonic performance. In contrast
to transformer-isolated solutions, the proposed topology eliminates magnetic isolation
stages, leading to reduced weight and volume while maintaining compliance with 400 Hz
aerospace power requirements. Furthermore, the interleaved architecture contributes
to improved transient response and current sharing, enabling high efficiency and low
harmonic distortion. These findings are further supported by the HIL results, which
validate that the proposed converter and control strategy satisfy the demanding power-
quality requirements of 115 V, 400 Hz aircraft electrical systems, confirming their suitability
for real-time embedded aerospace applications and compliance with MIL-STD-704F.

4. Conclusions

This study investigated the design, modeling, and real-time validation of a 24 kVA
three-phase inverter based on an interleaved synchronous Super-Lift Luo converter for
aircraft 115 V, 400 Hz power systems. The presented structure combines the high volt-
age gain of the Super-Lift Luo converter with the current-sharing and ripple-reduction
characteristics of interleaving. The use of synchronous rectification contributes to reduced
conduction losses and improved efficiency.
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The interleaved DC-DC stage distributes power among four channels, reducing
current stress and supporting stable DC-link regulation from a 28 V input to approximately
400 V. The cascaded PI control structure enables consistent voltage regulation under steady-
state and transient conditions.

Hardware-in-the-Loop testing showed close agreement with the PLECS simulations.
The inverter achieved a regulated three-phase output of 115 V, 400 Hz with a total harmonic
distortion of only 0.77% and a power factor of 0.999, indicating almost purely active power
delivery. The close agreement between PLECS and HIL results (less than 0.2% deviation)
validates both the converter model and the control implementation in real time.

The results indicate that the proposed ISSLLC-based inverter meets the steady-state
and transient power-quality requirements defined by MIL-STD-704F for aircraft electrical
systems. The topology provides a promising solution for next-generation more-electric
aircraft, and its modular structure allows adaptation to other high-gain, high-efficiency
applications such as renewable energy interfaces and electric propulsion systems.

Although the experimental cases presented in this study are in the kVA power range,
the proposed interleaved synchronous Super-Lift Luo converter based inverter is conceptu-
ally scalable to higher power levels. The interleaved architecture facilitates current sharing
and thermal balancing, which are essential for high-power operation. Nevertheless, scaling
to significantly higher power ratings would require advanced semiconductor devices, re-
inforced thermal management, and modular system design, which are considered to be
future research directions.
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AC Alternating Current

DC Direct Current

DC-DC Direct Current to Direct Current
DC-AC Direct Current to Alternating Current
DoD Depth of Discharge

EMC Electromagnetic Compatibility

EMI Electromagnetic Interference

FFT Fast Fourier Transform

HIL Hardware-in-the-Loop

ISSLLC Interleaved Synchronous Super-Lift Luo converter
MEA More Electric Aircraft

MIL-STD-704F
PF

Military Standard for Aircraft Electric Power Characteristics
Power Factor

PI Proportional-Integral
PLECS Piecewise Linear Electrical Circuit Simulation
PWM Pulse Width Modulation
RMS Root Mean Square
SLLC Super-Lift Luo converter
SSLLC Synchronous Super-Lift Luo converter
SPWM Sinusoidal Pulse Width Modulation
THD Total Harmonic Distortion
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