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Abstract—Enabling All-Electric Aircraft (AEA) operations 
result in considerable EMC compliance challenges. Considering 
its architecture, secondary distribution systems will eventually 
interact with equipment not regulated by the DO-160 standard. 
Portable electronic devices (PEDs) introduced by passengers 
could result in compatibility issues. In this paper, two 
approaches were compared when assessing EMI on a parallel 
multi-load circuit. The conducted emissions of four different 
power supplies representing PEDs were individually measured, 
then combined resulting in an equivalent full-load assessment. 
The same loads were simultaneously measured, representing the 
in situ test. The differences in EMI levels are presented, 
depicting inherent harmonic components from each approach. 
The results are discussed, showing reduction in EMI levels 
between approaches, which can enable filter design optimization 
on a component level. 

Keywords—All-electric aircraft, Electromagnetic interference 
(EMI), Electromagnetic compatibility (EMC), EMI measurement, 
Filter optimization. 

I. INTRODUCTION 
Aviation alone is responsible for over 2% of global CO2 

emissions, which contribution continues to increase, tied to 
the economical development of the sector, and mainly 
originating from passenger operations [1]. Therefore, electric 
aviation aims to contribute in the reduction of CO2 emissions, 
while maintaining the same operations, and allowing the 
industry to develop in a more sustainable pace. Nevertheless, 
due to its high-power characteristics [2], all-electric aircraft 
(AEA) could become more susceptible to electromagnetic 
interferences (EMI) than typical aircraft.  This would be true 
when facing poor mitigation designs, thus, characterizing an 
elevated operational risk when not properly dealt with. 
Complementarily, as described in [2], the design choices of 
such high-power electric powertrain, as power levels and 
converters characteristics, will increase the challenges faced 
when designing mitigation solutions, such as filters and 
shielding. 

The loads of an AEA can be generally categorized into 
propulsion and secondary (subsystems) types (Fig. 1) [3]. 

 
Fig. 1. Possible example of All-Electric Aircraft power distribution system. 

For the propulsion supply, a high-voltage source is 
implemented, while for the secondary loads and its different 
voltage requirement levels, the architectures may differ 
according to predefined parameters. Nevertheless, each level 
is likely to possess redundant individual supplies for safety 
reasons [3]. 

Typical loads such as portable electronic devices (PED), 
and household appliances, have their EMI behavior regulated 
by a number of standards, for instance from CISPR and IEC. 
In large systems as airplanes, full vehicle EMC testing can be 
costly and technologically unfeasible, making assessments on 
a product and subsystem levels more attractive. Emission 
predictions are typically made by the conjunction of EMI 
assessments on different functional levels. This is a procedure 
considered as an industry good practice, resulting in a severe 
emission level, to which suitable mitigation will be designed. 
Devices externally introduced by passengers have different 
powering characteristics and can present distinct behaviors 
when introduced in a complex system. Such commercial of-
the-shelf (COTS) devices are already field-specific EMC 
compliant. Nevertheless, when introduced into a DO-160 [4] 
standardized system, their interaction could result in 
compatibility issues. When evaluating EMI of the introduced 
PED on the secondary distribution system, i.e., 115/230 Vac 
outlets,  the in situ full load-set measurement due to intra and 
intersystem interactions, can result in different emission 
levels. Thus, leading to the appearance of unexpected 
frequency components, which could influence the design of 
EMI filters, for example. 

This paper compares two EMI assessment approaches 
towards AC loads on a secondary distribution system. 
Initially, a representative measurement setup was designed, 
where the emissions of four different power supplies were 
individually measured. Thus, resulting in an equivalent EMI 
level. The full load-set was simultaneously measured, 
representing the in situ approach. The differences were 
evaluated, and possible overestimations, and optimization 
opportunities towards airborne systems EMI filter design were 
identified. 

The paper is structured as follows. In Section II, the 
architecture and power distribution of an AEA is introduced. 
In addition, the interaction of secondary loads and EMI is 
described in the context of AEA. The measurement setup is 
presented and explained in Section III. In Section IV, the 
results originated from the measurements are evaluated. 
Section V presents the discussion on the data obtained from 
both approaches. Finally, Section VI eventually presents the 
conclusions regarding the content covered in the paper. 

II. THE AEA POWER DISTRIBUTION SYSTEM 
As described in [2], AEA architecture can be mainly 

characterized by a high-power electric powertrain, i.e., 
propulsion, and secondary systems, i.e., non-propulsion. The 
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levels operating on non-propulsion distribution systems may 
vary according to size and application. However, it generally 
consists of different voltage levels to meet the operational 
requirements of equipment as avionics, flight controls, and 
PED. 

A. Secondary Power Distribution System 
For traditional aircrafts, where engine generators supply 

electrical power to the operating systems, typical AC voltage 
is rated at 115 or 230 Vac [5]. These levels are typically 
supplied at a fixed frequency of 400 Hz. In addition, such 
aircraft often provide a 28Vdc bus. When envisioning the 
power distribution system of AEA, legacy and modern 
equipment must operate in tandem. Therefore, such voltage 
levels are yet necessary. However, this multi voltage level 
system also provides ratings at 270 and 540 Vdc [6]. 

B. Secondary Loads and EMI 
While analyzing the AEA architecture (Fig. 1), the 

different systems can be considered as separate zones [7]. If 
we assume that the system has well defined boundaries from 
a mitigation point of view, the emission effects arising from 
the propulsion system would not be of a considerable concern 
to the secondary loads. When effectively mitigating the 
connection with the inverter, the implementation of PEDs 
becomes possible by relying solely on typical standardization 
for household appliances. Thus, this definition will in fact 
decouple the system into two separate zones, which are 
dictated by different regulation guidelines. 

Therefore, in order to evaluate the EMI levels on a 
secondary AC distribution system, four different loads (Fig. 
2) were predefined, representing connections onto a 
115/230 Vac bus. Complementarily, based on the zoning 
approach, the measured conducted emissions resulted from 
their intra and intersystem interactions, disregarding any EMI 
input from the propulsion system. 

III. THE MEASUREMENT SETUP 
In order to represent a secondary AC distribution system 

of an AEA, at a 115/230 Vac level, a measurement setup (Fig. 
2) was designed consisting of an isolation transformer, 
supplied by the mains.  

 
Fig. 2. Measurement Setup: A) Mains, B) Isolation Transformer, C) LISN, 
D) Power supplies 1-4. 

The voltage source (mains) was set to represent the level 
that would be supplied at the output of the inverter in the 
aircraft. In order to represent the decoupling between systems, 
a Tekbox TBLC08 line impedance stabilization network 
(LISN) was implemented, in accordance with CISPR 16, 
which prevents the emissions of the mains from coupling with 
the setup. Finally, the loads were connected to the LISN, 
completing the setup. 

With respect to the loads, there were implemented four 
power supplies of distinct characteristics, typically used for 
PEDs charging. In addition, the IEC 61000-3-2 has no load 

requirements for EUTs of 75 W or less, other than for lighting 
equipment (Class C). Therefore, the loads implemented for the 
each of the power supplies were connected to a 150 Ω resistor, 
in order to obtain a stable output on the DC side. The 
individual parameters of each power supply are described in 
Table I. 

TABLE I.  LOADS PARAMETERS 

# Loads Vin [V] f [Hz] Iin [A] Vout [V] Imax.out [A] R [Ω] Iload [A] 

1 Egstron 110/240 50/60 0.32 9 1.33 150 0.06 

2 Power Pax 110/240 50/60 0.18 9 0.66 150 0.06 

3 XP 110/240 50/60 0.18 9 0.55 150 0.06 

4 V-Infinity 110/240 50/60 0.60 6 3.00 150 0.04 

 
Complementarily, load four presents characteristic input 

values that deviate from the other loads, i.e., smaller voltage 
and current input levels. This was intentionally done, thus, 
expecting its results to stand out when interacting with the 
remainder loads. 

A. Measuring procedure 
The conducted emissions of the system were evaluated at 

the input (AC) side. In order to provide the most 
comprehensive measurement range, every possible 
combination between loads was evaluated (Table II). 

TABLE II.  LOADS COMBINATION MATRIX 

Load (L) Combination Matrix: L+Cth 
C1 C2 C3 C4 C5 C6 C7 

1 2 3 4 2, 3 2, 4 3, 4 2, 3, 4 
2 1 3 4 1, 3 1, 4 3, 4 1, 3, 4 
3 1 2 4 1, 2 1, 4 2, 4 1, 2, 4 
4 1 2 3 1, 2 1, 3 2, 3 1, 2, 3 

 
The common and differential mode currents (Icm and Idm) 

were evaluated via direct measurement (Fig. 3) using an ETS 
91550-2 RF current probe [8]. Based on section 21 of the 
DO160 standard [4], the initial frequency of each analysis was 
defined as 150 kHz. The data were then gathered with a USB 
PC oscilloscope, Picoscope 4824A. 

 
Fig. 3. Common and Differential  mode measurement procedure. 

B. Data processing 
The datasets were sampled at 25 ns, with a sampling rate 

of 40 MS/s, 20·106 samples, a maximum frequency of 
20 MHz, and a measuring time of 500 ms. The collected data 
were postprocessed via MATLAB, applying a Discrete 
Fourier Transform (DFT) via a Fast Fourier Transform (FFT) 
algorithm (1) [9], allowing the assessment on a frequency 
domain. In addition, based on the DO-160 standard section 21, 
a bandwidth (BW) of 1 kHz was implemented. 

𝐴𝐴(𝑘𝑘) = �𝑎𝑎𝑛𝑛𝑊𝑊𝑁𝑁
 𝑘𝑘𝑛𝑛

𝑁𝑁−1

𝑛𝑛=0

 (1) 
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𝑊𝑊𝑁𝑁 = 𝑒𝑒− 𝑖𝑖2𝜋𝜋𝑁𝑁  (2) 

For the equivalent full load-set measurement, the four 
FFTs of both CM and DM currents were summed up 
according to the combinations presented in Table II. Each load 
FFT was obtained as in (1) via MATLAB processing, as well 
as the resulting summations, which step is described in (3). 

𝐴𝐴𝑒𝑒𝑒𝑒(𝑘𝑘) = �𝐴𝐴(𝑘𝑘)𝑖𝑖

𝑁𝑁

𝑖𝑖=1

 (3) 

Where i is the number of power supplies. 
In summary, the frequency domain measurements of each 

load in a specific combination (Table II) were directly 
summed up at every frequency step for both CM and DM 
currents. The resulting data allow the interaction of the 
combined frequency components as if the different currents 
were in phase when measured. This provides an assessment of 
the worse case scenario for the current assessment, since every 
component can constructively interfere with each other. 

IV. MEASUREMENT RESULTS 
The data acquired has shown an overall higher emission 

level for the equivalent measurement approach. In addition, it 
has presented numerous different harmonic components 
inherent of each method throughout the entire frequency span 
(150 kHz – 20 MHz). 

A. Input (AC) common-mode current 
The individual input (AC) common-mode current (Icm) of 

each load, as expected, presented different emission 
responses. 

 
Fig. 4. Common-mode current spectrum of Load 1. 

 
Fig. 5. Common-mode current spectrum of Load 2. 

 
Fig. 6. Common-mode current spectrum of Load 3. 

 
Fig. 7. Common-mode current spectrum of Load 4. 

Therefore, when evaluating the input Icm of the full load-
set (Fig. 8), it is possible to spot patterns of the individual 
loads. In both equivalent and simultaneous approaches, the 
constructive and destructive interactions can be observed. A 
clear dominance of the equivalent method can be noticed 
throughout the entire span, with differences as high as 
15 dBµA (point 1). Furthermore, from 5 MHz it is possible to 
notice the contribution of load 4, with very distinguishable 
harmonic components. In addition, the simultaneous 
measurement presents inherent harmonic components 
accounting for an increase of up to 7 dBµA (point 2), 
noticeable on points 2 and 3. 

 
Fig. 8. Common-mode current: Comparison between Equivalent and 
Simultaneous (loads 1 to 4) measurements. 

Complementarily, every combination was evaluated in the 
same manner as the full load-set. The same response behavior 
could be noticed in each of the measurements (Fig. 9), with 
differences in emission levels varying according to which 
loads were implemented. The highest disparities between 
approaches can be seen in the combinations with load 4, 
presenting differences throughout the entire frequency span. 
As for the lowest variations, those were noticed in the 
combinations between loads 2 and 3, and 1 and 4. The 
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characteristic behavior arising from load 4, from 5 MHz, can 
also be seen in Fig. 9. 

 

 
Fig. 9. Load combination Icm: Equivalent against Simultaneous. 

Just as visualized in the full load-set (1 to 4), it is possible 
to notice in the remaining combinations that inherent 
harmonic components are present in both approaches. In 
addition, the spectra present a relative comparable behavior 
throughout all assessments, with the equivalent approach 
resulting in higher levels in every case. 

B. Input (AC) differential-mode current 
The individual input (AC) differential-mode current (Idm) 

of each load, presented different emission responses as seen 
for the Icm. 

 
Fig. 10. Differential-mode current spectrum of Load 1. 

 
Fig. 11. Differential-mode current spectrum of Load 2. 

 
Fig. 12. Differential-mode current spectrum of Load 3. 

 

 
Fig. 13. Differential-mode current spectrum of Load 4. 

Therefore, when evaluating the input Idm of the full load-
set (Fig. 14), it is also possible to notice some patterns of the 
individual loads. The disparities are as evident as seen in the 
Icm measurement. The dominance of the equivalent method is 
visible throughout the entire range, with differences reaching 
20 dBµA at point 1. In addition, inherent harmonic 
components are clearly visible throughout the entire 
frequency span.  
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Fig. 14. Differential-mode current: Comparison between Equivalent 
Simultaneous (loads 1 to 4) measurements. 

The results are inherent to each interaction, thus, 
presenting different level disparities between approaches. 
Therefore, similarly to Fig. 9, Fig. 15 presents the evaluation 
of Idm for all combinations. The spectra show a relative similar 
behavior in every combination, throughout the entire 
frequency span. In addition, inherent harmonic components 
can be seen throughout the entire range. 

 
Fig. 15. Load combinations Idm: Equivalent against Simultaneous. 

V. DISCUSSION 
Based on the data obtained from the measurements, it can 

be clearly stated that even though the equivalent measurement 
approach culminates into a proper EMI level for an adequate 
mitigation design, there is still room for optimization if 
required. This can be concluded by the increased emission 
levels noticed in Fig. 9 and Fig. 15, when comparing both 
measurements. 

Nevertheless, depending on the load characteristics such 
disparities can be virtually similar, hence, having nearly no 
effect for optimization. This is a case perceived in the 
combinations between 1 and 3, 2 and 3, and 1 and 4, being 
more evident in the Icm than in the Idm. When analyzing the 
combinations between loads 2 and 3 with load 4, exceedingly 
high levels are noticed on both Icm and Idm equivalent methods 
throughout the entire span. In fact, this is a recurrent 
characteristic of mainly every interaction between load 4 and 
remainder loads. However, when combined with load 1, the 
effect is less evident. Finally, in every combination of load 1 
with 2 and 3, the difference is noticeable but lower than seen 
with 4. 

When analyzing the individual spectra of loads 2, 3, and 4 
(Fig. 5Fig. 7), and their combined assessment (Fig. 9), it can 
be clearly seen that for the simultaneous approach the 
measured currents have lower overall levels. 

This can be explained by theorizing the different load 
impedances of each power supplies, which confirmation 
would require an entire different measurement campaign. 
Nevertheless, Ohm’s law states that the current through a 
resistive load is equals to the voltage across such resistor, 
divided by its resistance. It might seem quite an overstatement, 
but when attributing impedances instead of resistances, it 
becomes then applicable in practice.  

This would explain the high emission levels seen in the 
interactions with load 4. As mentioned in Section IV.A, when 
analyzing such combinations it becomes clear that these high 
levels at higher frequencies, arise from this load, and likely 
attributed to its circuit topology. Furthermore, when together 
with 2 and 3, the resulting simultaneous measurement presents 
lower amplitude at the mentioned frequency span. However, 
combined with load 1, both spectra behave with considerable 
similarity. In addition, loads 2 and 3 when together, and in 
combination with 1, reach similar levels in both equivalent 
and simultaneous methods. This would indicate that loads 2 
and 3 have relatively similar impedances, while 1 stands in 
between those two loads and 4. 

Furthermore, the conducted emissions measured in this 
assessment could be worsened by reflected disturbances, 
caused by impedance mismatches between mains and each 
load. Finally, when considering the unbalanced current 
distribution between loads, each device due to its particular 
architecture can behave as an unaccounted EMI filter, acting 
unintentionally on the mitigation of conducted emissions in 
the system. 

VI. CONCLUSION 
In this paper, two EMI estimation approaches were 

compared, evaluating the different emissions levels arising 
from each of them. The measurements targeted loads 
implemented into the secondary distribution system, onto 
115/230 Vac outlets. Such connections are typically used by 
passengers introducing PEDs, which are in compliance with 
EMC standards other than the DO-160. Therefore, it is 
important to assure that the externally introduced devices are 
of no EMI concern to the aircraft primary and secondary 
systems considering the difference in standardization. The 
EMI levels arising from the interaction of such loads presented 
a general considerable difference between approaches with 
the equivalent method resulting in overestimated spectra. 
Thus, in situ measurements have shown that the interaction 
between loads and other intra and intersystem particularities 
can result in considerable EMI level reduction. Therefore, 
when designing EMI mitigations for multi-load power 
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distribution systems, it is wise to perform in situ 
measurements whenever feasible. This becomes even more 
critical when dealing with areas of very strict constraints, as 
aerospace industry, where reductions in weight and volume 
are of utmost importance. 

Additional interactions of the secondary distribution 
systems aiming for the different power distribution levels and 
other aspects will be assessed in future research. 
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