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ABSTRACT 

All-electric aircraft present a new electromagnetic 

environment in which electromagnetic interference 

filtering is playing an important role. Together with a 

maximum take-off weight, the critical need exists for the 

optimized filtering solutions. A conventional conducted 

emission test provides insufficient information for the 

filter design and implementation since it evaluates only 

normal mode interference and only the total noise that is 

present in the system can be measured. This paper 

presents the measurement procedure using multichannel 

time-domain measurements to evaluate differential and 

common mode interference that propagate towards both 

sides of the system in the powertrain of all-electric 

aircraft. By implementing the described technique, the 

optimal volume, weight, and placement of filters can be 

found.  

1. INTRODUCTION 

All-electric aircraft (AEA) are much more power 

demanding, with an increased number of converters, 

which together with the other components of its high-

power electric powertrain, depicts a considerable change 

of its internal electromagnetic environment (EME) [1]. 

When compared to typical aircraft equipment, AEA 

systems operate solely electrically. With a newly 

implemented high-power electric powertrain, the AEA 

equipment needs to be robust to electromagnetic 

interference (EMI), due to high levels of interference 

introduced by switching devices. Moreover, the above-

mentioned electric powertrain requires optimized 

mitigation techniques to comply with the AEA 

constraints, such as maximum take-off weight, and 

volume restriction. Whether the primary power train and 

secondary power distribution network are interconnected 

or not, will determine the propagating path of 

interference. When interconnected with an inverter, 

differential mode (DM) and common mode (CM) 

interference could propagate from high to low power 

systems via the conductors. While in an electrically 

separated case, the dominating part of the noise would 

most likely come from crosstalk-like scenarios. 

Therefore, the propulsion stage will act as the most 

dominant source and should be filtered. Although EMI 

filters have been studied excessively, the filter design and 

its practical implementation remain to be a nontrivial task 

that leads to overdesigned systems or insufficient 

performance [2]. Existing filtering solutions can be 

divided into three groups depending on the method for 

noise mitigation: passive, active, and hybrid filters. 

Regardless of the type of filter, one of the key parameters 

for designing an optimal filter is evaluating the 

differential mode (DM) and common mode (CM) 

emissions separately. The effective performance of the 

filter can be achieved only when a specific mode of 

interference is targeted with the corresponding measures 

depending on the propagation paths of each mode of 

interference. Consequently, to design or select an 

effective filter, DM and CM signals should be measured 

separately.  

 A generic electric powertrain that is present in AEA 

depicts several straightforward stages: a battery, a power 

inverter, and an AC motor. Inverters are known to be one 

of the major sources of EMI, due to their fast switching, 

resulting in high-frequency emission [4]. In the presented 

powertrain the EMI generated by the inverter will 

propagate via input and output power lines and could 

interfere with the motor as well as possibly cause 

malfunctioning of the power source [5]. Therefore, there 

are several possibilities for the placement of an EMI 

filter: at the DC input of the inverter, at the AC output, or 

on both sides. Hence, an optimum with respect to the 

number of filters, placement of the filters and the 

topology has to be found. Figure 1 shows the schematic 

of a setup used in this paper, as a similar representation 

of the AEA powertrain, with possible positions for the 

filter’s placement. Although, following the conventional 

CE measurement procedure, only the normal mode (NM) 

voltage from the LISN output or the NM current can be 

measured which in essence is assuming the combination 

of the inverter and a motor to be a black box, hence 

eliminating the possibility to evaluate CM and DM 

emissions on the AC output of the inverter. Furthermore, 

since the number of conductors at the input of the inverter 

is different from the number of conductors at the output 

the CM and DM currents cannot be assumed to be the 

same. Consequently, the first step to finding an optimal 

solution for mitigating the EMI in the powertrain of AEA 

is a careful evaluation of existing DM and CM emissions 

propagating towards both sides of the system from the 

inverter. By simultaneously observing the emission 

produced by the inverter at the input and output, it is 

possible to determine the best possible solution for filter 

design and implementation. In this paper, a methodology 

for simultaneous observation and evaluation of DM and 



 

CM interferences on both ends of the converter for an 

optimized filter design is presented. Using a multichannel 

time-domain oscilloscope the measurement of NM 

emissions on both sides of the converter may be 

performed simultaneously and CM and DM currents and 

voltages can be obtained via post-processing [6]. The 

advantages of the presented technique lie not only in 

time-efficient measurements but also in the fact that it 

provides a better understanding of the propagation paths 

of the interference which allows finding an optimal 

solution for mitigating the EMI. 

 
Figure 1. Measurement setup 

2. MODE DECOMPOSITION  

As mentioned previously, the measurement procedure 

and the limits for CE tests, as defined in standards, are 

applied only to an NM interference, which is a 

superposition of DM and CM interference. At the same 

time, since the propagation paths for DM and CM are 

different, EMI filters are being designed to suppress a 

specific mode of interference. Hence, to select or design 

an optimal filter, the knowledge of DM and CM 

interference separately is required. On the DC side, the 

mode decomposition can be done analogous to a one-

phase AC system [6]. Even though numerous 

publications are addressing the issue of mode 

decomposition [6]–[8], even in a one-phase AC system, 

mode decomposition can be not straightforward. Two 

different definitions of CM and DM interference exist in 

the literature. In the first one, the line current or NM 

current is defined as a sum of DM and CM currents, and 

the neutral current as a difference between CM current 

and DM current, which yields to: 
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In this definition, the DM currents are equal in the 

amplitude but oppose each other in the direction (180 

degrees phase shifted with respect to each other), and the 

CM currents are equal in amplitude and the direction (0 

degrees shifted). Then, CM and DM voltage and current 

are defined “per conductor” as the average of the “total” 

DM and CM interference.  

 The second definition of the CM current is that it is 

equal to the sum of line and neutral currents. The main 

difference between those two definitions is that in the 

second one, the CM current in the line conductor and a 

neutral are not necessarily equal in amplitude [9]. 

Similarly, the CM and DM voltages are not being defined 

“per conductor”, but as a “total” voltage with respect to 

ground. The difference in those definitions will also lead 

to a difference in the results for noise separation and filter 

design. Furthermore, the absence of a clear and 

unanimous definition for CM and DM interference in the 

one-phase system leads to an even bigger confusion with 

an increasing number of conductors. To overcome the 

difficulty for a three-phase system, it is often seen that 

CM current is defined as the average of the total CM 

current (Eq. 3), and the DM is defined as a difference 

between the line current and the CM current per 

conductor (Eq. 4) [10]. 
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 Theoretically, the values of the filter components and 

the effectiveness of the filter will be dependent on the 

definition of CM and DM inference. Furthermore, the 

DM noise is becoming increasingly complicated with an 

increasing number of conductors. Although the mode 

decomposition in a three-phase system is beyond the 

scope of this paper, the approach of defining DM and CM 

currents as average per conductor is followed. This way, 

the noise on the DC and AC sides can be compared per 

conductor as well.  

 Once the required attenuation for each of the modes 

of interference is known, the values of the components 

for the EMI filter can be calculated. Ideally, following the 

procedure presented in [3], the information about the 

terminating impedances is necessary for the optimal 

filtering solution. However, measurement of the 

impedances of the noise source is outside of the scope of 

this paper. Hence, in the following sections, the 

terminating impedances are assumed to be 50 Ω. 

 The next section describes the measurement setup 

that has been used to obtain the NM currents in the time 

domain on the DC and AC side of the converter, then the 

DM and CM current spectra are obtained with Eqs. 1-4. 

3. MEASUREMENT SETUP 

 A programmable three-phase inverter with a 

switching frequency of 150 kHz is used as a noise source. 

Three resistors of 100 Ω are connected as a load in a ∆ 

configuration. The inverter is connected via a 5 μH 

Tektronix DC LISN. The schematic of the measurement 

setup is shown in Fig. 1. Self-made RF current probes are 

used to improve the dynamic range of the measurements. 

The frequency response and the effective frequency 

range of the current probes are presented in Figure 2. 

Frequency ranges for the used equipment are shown in 

Tab. 1. All the measurements are taken using a multi-

channel digital oscilloscope. The spectra of the signals 



 

are obtained according to the parameters given in the DO-

160.  

 As mentioned previously, to find an optimum in the 

placement of the filter, whether solely on a DC or AC 

side or on both sides, it is necessary to evaluate the 

emission on both sides of the inverter. Hence, NM or line 

currents have been measured simultaneously on the DC 

and AC side using RF current probes connected to the 

multichannel digital oscilloscope.  

 
Figure 2. Frequency response of current probes 

Table 1. Measurement equipment 

Measurement equipment Frequency Range 

DC LISN 150 kHz – 110 MHz 

RF current probes 10 kHz – 10 MHz 

4. RESULTS 

 According to the procedure described previously, to 

find the optimal solution for the filter design and 

placement, the first step is to measure the NM currents 

on the DC and AC sides of the inverter. Secondly, the 

CM and DM currents have to be evaluated. The spectra 

of CM currents on the DC and AC side together with the 

DO-160 CE limit line are shown in Figure 3. Similarly, 

the spectra of DM currents and a limit line are shown in 

Figure 5. The presented spectra already make it clear that 

both CM and DM filters are needed for this particular 

inverter. The next step for a filter design is defining the 

required attenuation. Since the standard defines the limit 

only for an NM current, but not for DM and CM 

separately, the required attenuation was calculated by 

subtracting the NM limit line from DM and CM spectra 

(Eqs. 5-6). The required attenuation for CM and DM 

currents on both sides of the inverter is shown in Figure 

4 and Figure 6, respectively. If the step that includes 

mode decomposition is avoided, it makes it impossible to 

know what type of interference has to be suppressed as 

well as how much attenuation is needed for each of the 

modes, hence, the order and the topology of the filter is 

left to guesswork. From the presented required 

attenuation it can be seen that the required attenuation for 

DM interference is higher at the AC side and for CM 

inference on the DC side. This information is significant 

for the filter design and the placement, since the 

dominant mode of interference on each side of the 

converter can be seen, hence the filters can be developed 

accordingly.  

 The following section describes the filter design 

procedure for the measured DM and CM interference for 

each side of the converter. The values of the components 

are found together with the rough estimate of the volume 

of the filter. 
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Figure 3. Common mode spectra: ICM, DC and ICM, AC 

 
Figure 4. Common mode ICM, DC, and ICM, AC required 

attenuation 

 
Figure 5. Differential mode spectra: IDM, DC and IDM, AC spectra 

 
Figure 6. Differential mode: IDM, DC and IDM, AC required 

attenuation 



 

5. ANALYTICAL FILTER MODEL 

This section describes the analytical filter model for 

DM and CM interference for the AC and DC side of the 

inverter. In an EMI filter design, it is a common practice 

to integrate DM and CM filters for achieving higher 

power density. For example, the DM inductor is often not 

being used as a physical discrete component, but the 

leakage inductance of the CMC choke is used for 

suppressing DM. Similarly, CY capacitors are going to 

affect DM. Although, using parasitics of the main filter’s 

components is beneficial for the power density and 

reducing the volume of the filter, in this work the main 

focus is to compare the predictions for the filter design 

for the AC and DC side of the inverter. Hence in this 

paper following assumptions are made: 1) CM 

components as CMC and Cy capacitors affect only CM 

interference, 2) DM components such as DM inductors 

and Cx capacitors affect only DM interference. Since this 

section is focused on only an analytical model to 

illustrate the design procedure when mode 

decomposition is applied to input and the output of the 

converter, the components of the filters are assumed to be 

ideal and all the couplings between the components are 

neglected. Similarly, the terminating impedances of the 

filter are chosen to be 50 Ω, hence, a usually very 

significant influence of the terminating impedances on 

the filter performance is not shown. Although those 

conditions do not hold in the real world, the 

aforementioned assumptions allow us to illustrate the 

methodology for the filter design as well as make a rough 

comparison between the volume of the filters. Once the 

required attenuation and the cut-off frequency are found, 

the needed IL of the filter can be determined as well as 

the order of the filter.  

 Two filter topologies have been considered: LC or Г-

filter and LCL or T-filter. The insertion loss (IL) of the 

filters has been calculated according to Eq. 7 and Eq. 8 

for Г and T filter respectively [11]. The following 

topologies were considered due to the sufficient IL that 

filters can provide for the required attenuation. An LC 

filter is one of the most used topologies for EMI filters. 

Although, it has been emphasized in previous studies that 

higher order of filter can be significantly smaller in 

volume while providing better attenuation. Hence, an 

LCL filter was included. Additionally, by increasing the 

number of LC stages in a Г-filter, the volume can be 

reduced as well, although the efficiency of the filter can 

be deteriorated by increased mutual coupling between the 

components since the number of components will 

increase. Therefore, only one stage LC filter is 

considered further to avoid the complexity that may arise 

for the aforementioned reasons.  

 The design procedure was based on optimizing the 

filter towards their minimal volume. It is important to 

note that filter volumes are calculated based on the 

volume of surface mount device (SMD) components. 

Those components cannot possibly withstand the power 

is applied in the electric power train. Hence, the 

calculated volumes are presented only for a mere 

comparison and illustration of the benefit of mode 

decomposition for both input and output for filter design 

and analysis of the system. Therefore, presented filter 

models do not represent the actual volume of an EMI 

filter that can be used in practice for the described 

application.  

5.1 LC filter 

Components values for the LC filters are presented in 

Table 2. The volumes of the filters are shown in Table 4. 

The IL of the LC filter together with the required 

attenuation for CM at the DC and the AC side is shown 

in Figure 7 and Figure 8 respectively. The IL of the LC 

filter together with the required attenuation for DM at the 

DC and the AC side is shown in Figure 9 and Figure 

10Figure 8 respectively. It can be seen that CM at both 

sides of the converter can be suppressed with an LC filter 

almost on the whole frequency range, only at the 

beginning of the range where the attenuation is required 

the ICM, AC  is above the IL line. The volume of the LC CM 

filter at the DC side is 1,6 times higher than for the AC 

side. As for the DM, at the AC side, the LC filter doesn’t 

provide the required attenuation. It is important to note 

that the volume of the LC DM filter on the AC side is 

significantly bigger than for the DM filter on the DC side. 

Hence, the higher order of the filter or increasing the 

number of LC stages have to be considered. 

5.2 LCL filter 

Components values for the LCL filter are presented in 

Table 3. The IL of the LCL filter and the required 

attenuation for CM at the DC and the AC side is shown 

in Figure 11 and Figure 13 respectively. The LCL filter 

provides better attenuation than the LC filter with a 

significantly smaller volume. The IL of the LCL filter 

and the required attenuation for CM at the DC and the 

AC side is shown in Figure 11 and Figure 12 respectively. 

With the LCL filter, as expected the required attenuation 

is provided for DM on both DC and AC sides, unlike as 

with the LC filter. Additionally, the total volumes of the 

LCL filters for the DC and AC sides are almost identical. 

Table 2. Component values for the LC filter  

LC 

filter 

 CM DM 

CMC,  μH Cy, nF L, μH Cx, nF 

DC 600 80 490 52 

AC 200 25 1000  850 

 
Table 3. Component values for the LCL filter 

LCL 

filter 

 CM DM 

2xCMC, μH Cy, nF 2xL, μH Cx, nF 

DC 69  4 46 22nF 

AC 36 4 152 11nF 

 



 

 

 
Figure 7. Common mode ICM, DC required attenuation with an 

attenuation provided by the LC filter 

 
Figure 8. Common mode ICM, AC required attenuation with an 

attenuation provided by the filter LC 

 

 
Figure 9. Differential mode IDM, DC required attenuation with 

an attenuation provided by the LC filter 

 
Figure 10. Differential mode IDM, AC required attenuation with 

an attenuation provided by the LC filter 

 
Figure 11. Common mode ICM, DC required attenuation with an 

attenuation provided by the LCL filter 

 
Figure 12. Common mode ICM, AC required attenuation with an 

attenuation provided by the LCL filter 

 
Figure 13. Differential mode IDM, DC required attenuation with 

an attenuation provided by the LCL filter 

 
Figure 14. Differential mode IDM, AC required attenuation with 

an attenuation provided by the LCL filter 
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Table 4. Filters volumes 

 CM, cm3 DM, cm3 Total, cm3 

LC 
DC 2,9 2,4 5,3 

AC 1,8 10 11,8 

LCL 
DC 1,97 2,4 3,4 

AC 1,9 2,4 3,4 

6. CONCLUSIONS 

A measurement procedure for evaluating the EMI at the 

input and output of the inverter in the powertrain of all-

electric aircraft is proposed. Since the noise in the 

powertrain will propagate via both input and output 

conductors, it is essential to optimize EMI filters in both 

instances. Measured NM current is decomposed into DM 

and CM mode via digital signal processing on the DC and 

AC sides of the converter. The CM and DM noise differ 

significantly at the input and the output of the noise 

source, hence if only a standard CE test is performed, it 

is impossible to find an optimal design for input and 

output filter. Additionally, an analytical model that 

optimizes EMI filters based on the minimal filter volume 

for each mode on both sides of the converter has been 

shown, as an example for the filter design methodology. 

Results for LC and LCL filters are presented. The 

proposed approach allows us to make a better judgment 

for a filter design for the AEA powertrain at input and 

output. Furthermore, the use of the multichannel 

measurement approach in combination with post-

processing allows performing time-efficient 

measurements, since only one measurement is needed for 

evaluating DM and CM interference at the input and 

output of the inverter.  
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