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Abstract— Unmanned aerial vehicles (UAVs) are widely used
for various applications, such as military surveillance and
reconnaissance; delivery of packages; monitoring of plants and
buildings; and search and rescue. Besides basic battery-electric
propulsion, in order to improve range and endurance, hybrid
electric propulsion systems based on combinations of batteries,
fuel cells, solar cells, and ultracapacitors are increasingly being
applied to these UAVs. For small- and medium-scale UAVs, the
solar and fuel cell converters have non-isolated DC-DC converters
that include a high-frequency switching device. In this paper, a
novel switch fault detection technique based on virtual admittance
is proposed for DC-DC converters. A fault index function is
formulated based on the virtual admittance to minimize potential
influence by highly dynamic load change while reducing
computation complexity to implement the technique in cost-
effective UAVs. The proposed technique has been verified by
simulations and experiments to validate the feasibility of the
approach.
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[. INTRODUCTION

Electrically powered unmanned aerial vehicles (UAVs) and
drones are widely used for various military and commercial
missions, including mapping, inspection, surveillance,
disinfection, delivery, and more. Electrical propulsion of these
aircraft provides several notable advantages over internal
combustion engines due to higher efficiencies at small size and
lower vibration [1]-[3]. Hybridized power systems for these
small-scale aircraft can offer further benefit, with longer
endurances surpassing the range limitations of single-power-
source unmanned aircraft [1]-[2].

These advanced hybrid electric UAVs and drones can be
deployed for wider application areas, including emergency
medical supply deliveries, rescue missions, and disinfection to
sanitize facilities, especially for natural disasters and global
pandemics. The demand for reliable long-range UAVs is
increasing significantly due to the newer applications that
require increased flight range. For a hybrid electric power system
structure, redundancy is one of the easiest ways to enhance
reliability. However, redundancy will increase system cost and
weight, which can be a significant burden for small-scale
aircraft.
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For the power MOSFETS used in UAVs, switch faults occur
mostly because of bond wire degradation, gate-oxide
degradation, cracks and delamination in the die-attach solder,
and connector failure [4].

The switch fault diagnosis for non-isolated dc-dc converters
has been reported in the literature [5]-[16]. Among the existing
switch fault diagnosis for non-isolated DC-DC converters, an
auxiliary winding [5] and a Rogowski coil sensor [8] are used
to extract fault indicators through the inductor voltage. The
auxiliary-winding and coil-sensor based approaches require
extra effort to install them in the existing inductors. The
inductor current derivative [6], [7], [9], DC-link current
derivative [10], and capacitor current derivative [11] are also
used to diagnose converter switch failure. The methods with
current derivatives are sensitive to signal noise due to the
derivative procedure. Magnetic near-field waveforms along
with a fast Fourier transform are utilized in [12] to detect switch
faults. However, the cost of the magnetic probes to capture the
waveforms and the computational burden for Fourier
transformation are obstacles to use the method. In the proposed
approach, extra coils or probes are not used due to the system
cost. In addition, derivatives and fast Fourier transformation are
also not considered. In this work, a method that can detect
switch faults accurately with reasonable computational effort has
been investigated. This approach focuses on a virtual admittance
of the converter inductance at a switching frequency based on
observations that both open-circuit fault and short-circuit fault
do not create high-frequency inductor current ripple due to no
switching operation occurring after the faults.

The proposed approach uses measured main inductor current
and constructed inductor voltage based on the PWM signal, duty
ratio, input dc voltage, and dc-link voltage. The current and
voltage go through several steps with signal processing to extract
a high-frequency component at the switching frequency. Then,
o-f to d-q transformations are introduced to derive dc
components to create a virtual admittance component that
changes as a variable dc signal to compare it to a fault threshold
to detect the fault. The virtual admittance configuration can
provide a stable fault index formulation since a load change can
influence both the inductor current component (numerator) and
the inductor voltage component (denominator), which would
eventually compensate for the influence. The proposed
approach has been tested both by simulations and experiments.
The feasibility of the fault detection method has been discussed
to verify the proposed work.
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II. PROPOSED APPROACH

For small- and medium-scale UAVs, the solar and fuel cell
converters have non-isolated DC-DC converters [1]-[3] that
include a high-frequency switching device and a diode, as
shown in Fig. 1. If the Sr or Sso switch (shown in Fig. 1 (b)) has
a short fault, the current flowing through the switch increases
rapidly, and hence the fast fuse (£ if Sr fails and Fiso if Sso fails)
will be activated and the switch leg will be open due to the high
current. Therefore, the short fault will eventually result in an
open circuit in this case.
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Fig. 1. (a) Hybrid configurations of long endurance hybrid electric UAVs with
additional power source options, (b) Fuel cells and solar PV converters under a
switch fault.

For both open switch fault (OSF) and short switch fault
(SSF), the current flow toward the high-frequency switch will
be disabled eventually. The hybrid electric UAVs can employ
several DC-DC converters, as shown in Fig. 1(a), for the fuel
cell, battery, solar cells, and ultracapacitor if all optional power
sources are present.

A PWM duty ratio generated in a microprocessor is used to
indirectly construct the inductor voltage based on the input
voltage and the DC-link voltage. The measured inductor
current and indirectly constructed inductor voltage are the
inputs to a band-pass filter to extract only high-frequency (at
the switching frequency, fsr) component as:

ki -2nfgp-S
Q

524 22SE 1 amfop)? M

Where, fsr is the switching frequency and Q is the Q-factor,
which is the reciprocal of the fractional bandwidth. The
bandpass filter outputs are a-axis inductor voltage (V4 sr) and
a-axis inductor current (ify gr). After the band-pass filter, the
high-frequency inductor current (ify sr) and voltage (V3 sr)
are applied to an all-pass filter (virtual § axis creation block) to
introduce a 90-degree angle shift for an artificially created S-
axis component as (2).

_ S — zﬂfsp (2)
S+ 27Tf SF
Then, the a-f axes signals include only the high-frequency
component at the switching frequency, and hence they
decrease to zero once a switch fault occurs. The next step is to
create easy-to-detect signals using the a-f to d-q
transformation based on the position fs created by the integral
of the switching frequency (fsr).

Osp = [ 21+ fop - dt 3)

Then, the magnitudes of the high-frequency voltage and
current using the d-¢ components can produce the inductor’s
virtual admittance (Y;; sr) as
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Fig. 2. Switch fault detection procedure based on a high-frequency inductor admittance observation for fuel cell and solar PV converters.
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Table I presents the dc-dc converter parameters used for
simulations and experiments. Fig. 3(a) presents the steady-state
response of ify g and if1 sr Waveforms after the bandpass and
all-pass filters. For the simulation, a 20 kHz switching frequency
has been used, and the bandpass filter’s center frequency is the
same as the switching frequency. Ideally, as shown in the
simulation waveforms, sinusoidal «-f axis currents are
observed. The bottom waveform of Fig. 3(a) is the d-g axes’
inductor currents after the a-f to d-¢g transformation at a steady
state.

TABLEI
PARAMETERS OF THE NON-ISOLATED DC-DC CONVERTER
Parameters Value
DC-link Capacitance (Cy4, Cg) 470 pF
Input Nominal Voltage 148V

Inductor Size 1 mH

Tested Switching Frequency 5 kHz and 20 kHz
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Fig. 3. Steady-state simulation waveforms of (a) k; - ify gr and k- ifl_s,,.
(upper) and iy s and iZLSF (bottom); (b) ky - V3 g and k; - VLiSF (upper) and
V4 g and VL‘LSF (bottom). *kl1 and k2: constant coefficients.

Fig. 3(b) depicts the steady-state inductor voltage
waveforms. As shown in the upper waveform of Fig. 3(b),
V{4 sr and VL[i s have 90° angle shift with a sinusoidal shape.
In addition, the bottom waveform presents the d-g axes inductor
voltage waveforms (V4 g7 and VL‘LSF). For the simulation study,
a 20 kHz switching frequency has been selected to test the
proposed fault detection strategy. For the detection performance
observation under load changes, an additional simulation study
has been done.

As shown in Fig. 4, an extreme load change was created on
purpose at 0.8 sec to observe the influence on the inductor
admittance amplitude at the switching frequency ( |YL1_SF| ).
The load change is from a heavier load to a lighter load, and
hence the output capacitor voltage (Vcz;) has been suddenly
increased after 0.8 sec, as shown in Fig. 4 (a). The sudden load
change at 0.8 sec creates significant perturbations on inductor
currents, inductor voltages, and capacitor voltage. However, the
fault index waveform (in Fig. 4(b)), which is created by the
virtual inductor admittance (at the switching frequency), is less
sensitive to the load variation created at 0.8 second since the load
change influences both numerator and denominator of eq (4).
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Fig. 4. Simulation results of the switch fault detection.
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After an open switch fault created at 1.3 sec, the fault index
signal based on the virtual inductor admittance decreases to zero
and a fault signal is triggered since the fault index is lower than
a pre-determined threshold value. It should be noted that the
fault index function can reduce false alarm occurrences
significantly during sudden load changes since it is less
sensitive to highly dynamic load variations.

To verify the feasibility of the proposed fault detection
method, an experimental study has been performed using the
Texas Instruments F28004x DSP as the main controller. For the
experimental test, a 5 kHz switching frequency has been used,
and the bandpass filter’s center frequency was set to 5 kHz as
well.

Fig. 5 presents dc-link capacitor voltage, inductor current,
and o-f inductor currents under a sudden load change (lighter to
heavier load change). The a-f axis current components are

virtual admittance ( |YL1_SF| ) that is used as a fault index
function.

After an open switch fault, the fault index based on the virtual
inductor admittance decreases to zero, and a fault detection
signal is triggered since the fault index is lower than a pre-
determined threshold value. Fig. 6(b) presents the fault index
function (CH3) and fault detection signal (CH4). The
experimental results verify the feasibility of the detection
technique based on the virtual admittance signal formulated at
the switching frequency under o-f and d-g transformations to
reduce the influence of load and flight condition changes in
UAVs. It is expected that this new detection approach can
improve accuracy without additional coils or sensors and have
reasonable software complexity.
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Fig. 5. Experimental waveforms under a sudden load change (CHI: dc-link
voltage, Vcpr; CH2: inductor current, izr; CH3: k1- if; o> CH4: kI-i L1_SF)'
*k1: a constant coefficient.

The amplitude of a-ff components at the switching frequency
decreases after a switch fault occurrence (OSF is exemplified),
as shown in Fig. 6. As aforementioned, the high-frequency
inductor admittance at the switching frequency is less sensitive
to load changes due to a cancellation effect by the division in eq
(4) because the load changes are reflected in both the inductor
current (numerator) and inductor voltage (denominator).

The two load changes (lighter to heavier and heavier to
lighter) were created on purpose to monitor the influence on the

(b)
Fig. 6. Experimental waveforms under sudden load changes and a switch
fault. *k7: a constant coefficient.

III. CONCLUSIONS

In this paper, a novel switch fault detection technique for
hybrid UAVs has been investigated to enhance the sensitivity
of fault identification, which can eventually improve the
reliability of the UAVs. The inductor currents and voltages at a
switching frequency were derived first based on a bandpass
filter. Then, a-f and d-q transformations were applied to extract
a fault signature that is less sensitive to load variations.
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A virtual admittance-based fault index function was
eventually developed to improve the accuracy of fault detection,
especially for the UAV application, which suffers significant
load changes. The proposed concept and the switch fault
detection technique were discussed, and their feasibility was
verified by simulation and experimental studies. It is expected
that the detection method can also be applied to various other
application areas with dc-dc converters.
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