Keywords: DC/AC converters, Power Electronics, Conducted electromagnetic emission, Thevenin generalized model

This article deals with circuit modeling of power systems and more particularly of DC/AC converters used for controlling electric motors. The objective of the model is to be able to assess conducted emission currents at both inputs and outputs in order to apply appropriate mitigation design rules such as filtering. First, we propose a linear Thevenin block-model of the converter considering it as a 5-port linear black-box allowing possible interaction between the DC and AC ports. To this extent, the block-model is made of an impedance matrix and a Thevenin voltage generators vector. We also propose theoretical relationships allowing the processing of data in order to be able to generate this model from measurements. Then, we test the linear simplifications on a real DC/AC converter and compare the results to measurements. For this, S-parameter measurements in offmode and currents at the 5 ports in on-mode are used for the characterization of the model on a first test setup. The model is then applied and checked by comparing circuit simulated and measured current responses on a modified test setup for which the lengths of the connection cables are modified. Finally, the capability of this block-model to extrapolate by calculation the response of other installation configurations is showed considering the design of a filter and its insertion at input/output ports of the converter with much longer cables.

I. INTRODUCTION

ew technologies for automobile electric traction and aeronautics electric propulsion are increasingly integrating electronic power systems in on-board equipment for the conditioning of electric motors. Most of electronic power equipment uses switching technologies, which makes it possible the conversion of a direct current (DC) at the input into a three-phase alternative current (AC) at the output for driving and controlling the electric motors. Unfortunately, DC/AC High Voltage (HV) power converters are sources of significant EMI (Electromagnetic Interference) signals propagating in the Electrical Wiring Interconnection System (EWIS). The resulting currents are known in the Aeronautics EMC community as "conducted-emissions" currents. Characterizing those currents in the frequency domain is the specific subject of section 21 (Emission of Radio Frequency Energy) of the L. Guibert, J-P. Parmantier, I. Junqua and M. Ridel are with ONERA/DEMR, Université de Toulouse, F-31055 Toulouse -France (email: laurent.guibert@onera.fr) aeronautic equipment standard RTCA D0-160 [START_REF]Environmental Conditions and Test Procedures for Airborne Equipment[END_REF] for qualification of on-board equipment. It is therefore imperative to be able to control the level of unwanted currents, for example by inserting appropriate filtering devices [START_REF]IEEE Standard for Methods of Measurement of Radio-Frequency Power-Line Interference Filter in the Range of 100 Hz to 10 GHz[END_REF]. In aeronautics as in the whole transportation industry, the main challenge of high-power filtering generally results in a trade-off between performance and additional mechanical weight.

For an optimal EMC-design accounting for all vehicle integration constraints, being able to model DC/AC devices in the frequency domain and to include this model in an overall circuit model is thereby essential in order to assess the impact of the equipment insertion in various installation configurations. Modelling the full power electronic chain from DC generation to AC activation together with the installation conditions allows for example optimization of filter designs, being able to account for the entire wiring topology. From this perspective, sophisticated filtering techniques can be derived ranging from lumped filters combined with specific cables [START_REF] Jullien | Developement De Harnais De Cable En Vue De L'Optimisation Cem D'une Chaine De Conversion De Puissance Pour L'Aeronautique[END_REF] to active filters switching at specific frequencies [START_REF] Baisden | High frequency modeling of a converter with an RF-EMI filter[END_REF]. A significant research activity is carried out on this topic. However, because the functioning of HV DC/AC converters relies on nonlinear circuitry, full modelling of such devices including at the same time the HVDC inputs and HVAC outputs is a real challenge due to their nonlinear nature. Most converter EMC characterization references investigate "black-box" models [START_REF] Foissac | Black box' EMC model for power electronics converter[END_REF]. The models generally focus on EMI sources and lead to explicit equivalent circuit models of converters, which makes this black-box model concept not "fully black". Besides, the circuit models generally address the problem from the two HVDC input ports for given conditions of the HVAC output only ( [START_REF] Wang | Model conducted EMI emission of switching modules for converter system EMI characterization and prediction[END_REF], [START_REF] Liu | Frequency-domain EM1 Noise Emission Characterization of Switching Power Modules in Converter Systems[END_REF]) or eventually the three HVAC output ports for given conditions of the HVDC ports only [START_REF] Costa | Modeling of conducted common mode perturbations in variable-speed drive systems[END_REF] . Nevertheless, the full modelling of both HVDC and HVAC ports is not addressed at the same time, especially because of the difficulty to establish an explicit and complete equivalent circuit model accounting for the interaction between the HVDC and HVAC ports.

In this article, we thereby want to investigate the possibility to establish a 5-port "fully-black" model for which no knowledge on the DC/AC internal circuit components is required. If applicable, such a decomposition would not have any limitations on the number of ports and would be general enough to include the efficient Differential Mode (DM) and 
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Common Mode (CM) decomposition models as done for HVDC inputs in usual references ( [START_REF] Foissac | Black box' EMC model for power electronics converter[END_REF], [START_REF] Wang | Model conducted EMI emission of switching modules for converter system EMI characterization and prediction[END_REF], [START_REF] Liu | Frequency-domain EM1 Noise Emission Characterization of Switching Power Modules in Converter Systems[END_REF], [START_REF] Amara | Control of conducted emissions of power electronics[END_REF]). Particularly, the full 5-port characterization of a DC/AC would include implicitly the possible reaction between the HVDC input and HVAC output ports, which is not considered in usual practice but which is required for optimized mitigation of EMI once the power chain is installed in a vehicle with its specific geometry. For this, such block models could thereby easily be introduced in larger circuit models for which load conditions as well as connection cables and possible filters could be modified as desired, either at the HVDC input or at the HVAC output.

Such models of course exist for real linear circuits. In this article, despite the highly nonlinear nature of the DC/AC converters, we want to challenge the relevance of deriving such a linear block model from basic measurements only, based on very simple hypothesis. For this purpose, we consider a generalized Thevenin block-model, classically made in our case of a 5x5-impedance matrix and a 5-component voltagegenerator vector [START_REF]Chapitre 2 : Couplage aux structures filaires[END_REF]. As far as the input impedance matrix is concerned, we do not want to investigate the topology of the circuit model inside the black-box: the impedance matrix terms are measured at the 5-port level with a VNA (Vectorial Network Analyzer). Moreover, we want to make the crude a-priori assumption that the impedance can be measured when the system is "off" in order to allow very simple measurement processes. As far as Thevenin generator components are concerned, we want to measure them directly in the frequency domain with a power spectrum analyzer in order to avoid time domain measurements and the subsequent Fourier transform, as in previously mentioned references ( [START_REF] Foissac | Black box' EMC model for power electronics converter[END_REF] to [START_REF]Chapitre 2 : Couplage aux structures filaires[END_REF]). All our a-priori assumptions will be validated a-posteriori for specific power operation conditions by a simulation in which the DC/AC linear block-model will be introduced. The comparison with frequency domain measurements results will allow us to determine the application domain of the converter model and the required modelling practices for this applicability.

From this perspective, this article is organized as follows. In section II, we present the generalized Thevenin model theoretical concepts and relationships that will be used to postprocess specific measurements for the establishment of the block-model. In section III, we apply the methodology to characterize the block-model of a laboratory test-bench consisting of a real 5kW DC/AC converter and its associated loads. We apply the relationships introduced in section II and we evaluate the interactions between the HVDC input and the HVAC output ports. We then assess the robustness of the derived block-model by comparing calculated and measured conducted-emission currents on a specific test-bed configuration. In section IV, we illustrate how this model can be used to define an appropriate filter in order to be compliant with a given conducted emission standard. For this, we introduce the DC/AC block-model into a Multiconductor Transmission Line Network (MTLN) model allowing the management of complex cable bundle models and linear blockmodels [START_REF] Parmantier | CRIPTE : Code de réseaux de lignes de transmission multiconducteur[END_REF].

II. EQUIVALENT BLOCK-MODEL AND MATHEMATICAL PROPERTIES

A. Presentation of the equivalent linear block-model

In order to be representative of our DC/AC multiport circuit problem, we present here our Thevenin linear block-model problem made of 5 ports: 2 ports for the HVDC input and 3 ports for the three-phase HVAC output (Fig. 1). We consider a model for which all voltages at all ports are defined with respect to the same electrical ground reference [START_REF]Chapitre 2 : Couplage aux structures filaires[END_REF]. components Ii, as usually done in linear circuit theory [START_REF] Wing | Classical Circuit Theory[END_REF], at each port i. Note that the Thevenin model is based on the hypothesis of linearity and independence of sources, which implies the theorem of superposition. This means that the [Z], [Y] and [S] matrices are independent from the Thevenin generators. At this stage of our analysis, we may ask ourselves if those matrices must be determined setting the power of the multiport either on "on" or "off". However, there is no doubt that the determination of the Thevenin generator requires the power of the multiport to be "on".

We can then group together all the voltages, currents and voltage generators at the 5 ports in vectors:

[𝑉] 5 = [ 𝑉 1 𝑉 2 𝑉 3 𝑉 4 𝑉 5 ] , [𝐼] 5 = [ 𝐼 1 𝐼 2 𝐼 3 𝐼 4 𝐼 5 ] , [𝐸 𝑡ℎ ] 5 = [ 𝐸 𝑡ℎ , 1 𝐸 𝑡ℎ , 2 𝐸 𝑡ℎ , 3 𝐸 𝑡ℎ , 4 𝐸 𝑡ℎ , 5 ] (1) 

B. Relationships between impedance, admittance and Sparameter matrices

In the following of the article, we will determine the [Z] matrix from S-parameter measurements. We thereby remind hereafter some interesting transformation properties between [Z], [Y] and [S] matrices, together with their application domains [START_REF]Chapitre 2 : Couplage aux structures filaires[END_REF]. Whatever the number of ports of the multiport system, [Z], [Y] and [S]-matrices are defined with respect to the voltage and current vectors, [V] and [I], as defined in (1):

{ [𝑉] = [𝑍]. [𝐼] [𝐼] = [𝑌]. [𝑉] [𝑉] -[𝑍𝑟𝑒𝑓]. [𝐼] = [𝑆 𝑍𝑟𝑒𝑓 ]. ([𝑉] + [𝑍𝑟𝑒𝑓]. [𝐼]) (2) 
[SZref] is the S-parameter matrix for which [Zref] is the impedance matrix on which the S-parameters are determined (or "referenced"). By elimination of the [V] and [I] vectors in the two first equations of (2), the third equation then makes it possible to determine various relationships between those matrices. Among them, we will focus on two particular ones:

[𝑌] = [𝑍] -1 (3) 
and

[𝑍] = ([𝐼𝑑] -[𝑆 𝑍𝑟𝑒𝑓 ]) -1 . ([𝐼𝑑] + [𝑆 𝑍𝑟𝑒𝑓 ]). [𝑍𝑟𝑒𝑓] (4) 
where [Id] is the identity matrix.

Note that, whereas the [Z] and [Y] matrices are not always defined (for respectively open and short circuit conditions), the [SZref] matrix has the property to be always defined, provided the [Zref] matrix is itself defined. On the other hand, the [SZref] matrix depends on the reference [Zref] matrix whereas [Z] and [Y] matrices do not depend on any reference matrices. This is the reason why, in the following of this paper, we will write down all [S] matrices as [SZref] to avoid any ambiguity on their reference impedance. Finally, note that, unlike [Z] and [Y] matrices, [S] matrices are not generally symmetric. They are symmetric only for very specific conditions of [Zref], for example when [Zref] is diagonal with all diagonal terms equal to each other. This is for instance the case for S-parameters referenced on 50 for which [Zref]=50. [Id]. This is of particular interest for measurements since the VNA provides the 50 loading on its measurement ports and the possibility of very large-frequency band measurements.

C. Determination of the S-parameter matrix

From the third equation of (2), we can show that the SZref,i,j matrix terms of the j h column of the [SZref] matrix are mathematically defined as follows, for the off-diagonal terms:

𝑆 𝑍 𝑟𝑒𝑓 ,𝑖,𝑗 𝑗≠𝑖 = 2.𝑉 𝑖 𝐸 𝑗 ) [𝑉]+[𝑍 𝑟𝑒𝑓 ].[𝐼]=[0],𝑒𝑥𝑐𝑒𝑝𝑡 𝑓𝑜𝑟 𝑗 (5)
and for the diagonal terms:

𝑆 𝑍 𝑟𝑒𝑓 ,𝑗,𝑗 = 2.𝑉 𝑗 𝐸 𝑗 -1) [𝑉]+[𝑍 𝑟𝑒𝑓 ].[𝐼]=[0],𝑒𝑥𝑐𝑒𝑝𝑡 𝑓𝑜𝑟 𝑗 (6)
where Ej is the voltage generator exciting port j, all other ports ij being with no voltage generator and, Vi and Vj the resulting voltages at ports i and j.

From an electrical circuit point of view, the condition, "[V]+[Zref].

[I]=[0] except for j", in ( 5) and ( 6), can be obtained by loading all ports of the multiport system by [Zref]. Such a method can be applied for measuring any [SZref] matrix terms applying sequentially a generator Ej to each port j of the blockmodel to be characterized. For instance, for determining the 3 rd column of the [SZref]5x5 matrix in Fig. 1, the block-diagram described in Fig. 2 can be applied. In this figure, the voltage generator E3 is applied on port 3 of the equivalent block-model. Same types of equations as ( 5) and ( 6) would apply for the determination of the j h column terms of [Z] and [Y] matrices. Nevertheless, for the Zi,j terms of the column j, all ports except port j have to be left open. For the Yj,j terms of the column j, all ports except port j have to be set in short-circuit. Consequently, the drawback of such methods is that the conditions of loads on the ports depend on the matrix column to be determined. On the contrary, the interest of S-parameters is that the load condition remains the same on all the ports whatever the column to be determined. This is a significant advantage from a practical point of view when the determination of the [S Zref ] matrix is obtained from laboratory measurements on a large number of ports. Note also that the same advantage also happens in numerical techniques for embedding sub-networks as blackboxes with large numbers of ports (see for example [START_REF] Parmantier | Various Ways to Think of the Resolution of the BLT Equation with an LU Technique[END_REF] for MTLN subnetwork compaction applications). 

D. Determination of the Thevenin generator vector

The Thevenin generator vector of the block-model is independent of the load conditions of the multiport system. Indeed, its terms can also be defined as the induced open-circuit voltage generators. The vector can therefore be deduced from measurements of voltages on any [Zo] matrix. As said before, unlike for S-parameter determination, the power of the multiport system must this time be turned "on" which generally implies to load the ports by a [Z o ] matrix defining the operating conditions of the system. In Fig. 3 

III. TEST-BENCH STUDY-CASE

A. Approach and objective

The objective is now to establish the block-model of a real DC/AC HV converter from measurements using the relationships and load conditions defined in section II. Then we will measure the currents of a specific DC/AC converter setup and we will build the block-model-based circuit of this setup. The calculated currents will be compared to direct measurements. This comparison will have the intent to validate our model as well as the hypothesis made on the derivation of the linear block-model.

B. Presentation of the laboratory test-bench

In the context of EMC in power electronics, we have developed a 5kW laboratory test-bench from the Commercial Off-The-Shelf (COTS) elements of a real high-performance electric mountain biking system. Fig. 4 presents a picture of this test-bench consisting of two brushless types of motors mounted on wheels coupled by a transmission belt system (Fig. 4).

The operating principle is as follows: when one of the two motors receives its power through the DC/AC converter called "BMSWC" (Brushless Motor Sinus Wave Controller), the other motor serves as a variable load operating in alternator mode. Fig. 4 shows in the left-hand side foreground the converter with its two LISNs (Line Impedance Stabilization Networks) in the right-hand side connected to the two converter HVDC inputs. In the background a 72 VDC power supply is connected to the inputs of the LISN for the complete HVDC conditioning of the test-bench. 

C. Presentation of the test-bench electrical network model

Fig. 5 presents the electrical scheme of the test-setup. The DC/AC is the 5-port system to be characterized. It is made of 2 HVDC input ports and 3 HVAC output ports. The electrical connection between the HVDC input and the LISN can be ensured by two types of 2-wire cables: cable n°1 is a short-length cable (1.0 m), and cable n°2 is a long-length cable (5.0 m). For the connection between the HVAC output and the motor, two types of 3-wire cables (3 phases) are also possible: cable n°3 is a short-length cable (1.0 m), and cable n°4 is a long-length cable (5.0 m).

The electrical network block-model equivalent to Fig. 5's electrical circuit is represented in Fig. 6. The circuit blockmodel equation writes as follows:

[ 𝐸 1 𝐸 2 𝐸 3 𝐸 4 𝐸 5 ] = ( [ [ 𝑍_ 𝑆ℎ𝑜𝑟𝑡_ 𝐶𝑎𝑏𝑙𝑒_ 𝐿𝐼𝑆𝑁 ] 2𝑥2 [0] 2𝑥3 [0] 3𝑥2 [0] 3𝑥3 ] + [ 𝑍_ 𝐵𝑀𝑆𝑊𝐶_ 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟_ 𝐻𝑉𝐷𝐶_ 𝐻𝑉𝐴𝐶 ] 5𝑥5 + [ [0] 2𝑥2 [0] 2𝑥3 [0] 3𝑥2 [ 𝑍_ 𝑆ℎ𝑜𝑟𝑡_ 𝐶𝑎𝑏𝑙𝑒_ 𝑀𝑜𝑡𝑜𝑟 ] 3𝑥3 ] ) * [ 𝑖 1 𝑖 2 𝑖 3 𝑖 4 𝑖 5 ] (8) 
[Z_Short _Cable_LISN]2x2 is the 2x2 impedance matrix of the 2-port LISN system seen from the HVDC input of the converter, thereby taking into account the 2x2 impedance matrix of cable n°1 connected to the 2x2 impedance matrix of the two LISNs. The 3x3 [Z_Short _Cable_Motor]3x3 impedance matrix is seen from the HVAC output of the converter, thereby taking into account the 3x3 impedance of cable n°3 together with the 3x3 impedance matrix of the motor. Finally, the [Z_BMSWC_Converter_HVDC_HVAC]5x5 impedance matrix is seen from the 5 input and output terminals of the converter.

In [START_REF] Costa | Modeling of conducted common mode perturbations in variable-speed drive systems[END_REF], the building of the matrices is such that the impedance matrices of the LISN and the motor are added in series to the two HVDC input ports and to the three HVAC output ports of the DC/AC converter respectively. To this extent, the 2x2 and 3x3 matrices are inserted as upper and lower diagonal blocks in a null 5x5 matrix ([0]nxm is a null block with n lines and m columns). Then, we make our simplification hypothesis that the impedance of the DC/AC can be determined in "off" mode. This hypothesis implies that the impedance matrix can be considered as unchanged when high power is delivered in real operating conditions with [Z_Short _Cable_LISN] 2x2 and [Z_Short _Cable_Motor]3x3 loading connections. Thereby, the [Z_BMSWC_Converter_HVDC_HVAC]5x5 matrix is also obtained from the derivation of S-parameters measured on the 5 ports of the DC/AC converter loaded on 50 loads, Therefore, [Zref]2x2=50.[Id]5x5 is applied in transformation (4) on the 5x5 [S] matrix. Specific adaptation devices had to be developed on purpose for applying the required 50 loading conditions and mechanical connection of the two VNA measurement ports to the two DC/AC HVDC input-ports connected to cable n°1 on the one hand and the 3 DC/AC HVAC output-ports connected to cable n°3 on the other hand. Electric cable connections have been made as short as possible with respect to the mechanical constraints of the test-setup in order to be as close as possible to the ports under measurement (Fig. 7). Note also that since we used a two-port VNA, particular attention has been brought to load the ports not connected to the VNA to a 50 resistance load. This measure is absolutely required in order to ensure the theoretical coherence of the [S] matrix. Forgetting the 50 loads on "VNA-unused" ports is a common mistake in such measurements. The interest of the Y-parameters is that they can be easily mapped to the admittance values Y e ij of the parallel circuit elements of the equivalent circuit network seen from the 5 ports. Such circuit elements can be obtained by deriving the [Y]5x5 matrix from which they can be easily extracted with the following equations [START_REF] Wang | Model conducted EMI emission of switching modules for converter system EMI characterization and prediction[END_REF]:

𝑌 𝑖𝑗,𝑖≠𝑗 𝑒 = -𝑌 𝑖𝑗 ( 9 
)
𝑌 𝑖𝑖 𝑒 = ∑ 𝑌 𝑖𝑗 5 𝑗=1,5 (10) 
In Fig. 8, typical admittance values Y e ij are plotted as samples of:

-common mode admittance on HVDC ports (Y All the plots display high resonance peaks that must be exclusively attributed to the electrical behavior of the converter (switching commutations). 𝑌 𝑖∈ [START_REF]Environmental Conditions and Test Procedures for Airborne Equipment[END_REF][START_REF]IEEE Standard for Methods of Measurement of Radio-Frequency Power-Line Interference Filter in the Range of 100 Hz to 10 GHz[END_REF],𝑗∈ [START_REF] Jullien | Developement De Harnais De Cable En Vue De L'Optimisation Cem D'une Chaine De Conversion De Puissance Pour L'Aeronautique[END_REF][START_REF] Foissac | Black box' EMC model for power electronics converter[END_REF] 𝑒 admittance values between input and output ports have significant amplitude, which proves the existence of this interaction.

E. Derivation of the DC/AC block-model source vector

The derivation of the Thevenin voltage generators at the level of the 5 ports of the converter is obtained from the measurement of the 5 currents i1 to i5 on the 5 ports of the converter, with respect to the block-model network represented in Fig. 6. The setup used applies short-cable connections for both HVDC (cable n°1) and HVAC (cable n°3) ports. The derivation is directly obtained from relation [START_REF] Costa | Modeling of conducted common mode perturbations in variable-speed drive systems[END_REF].

Currents in Fig. 5's test-setup are measured with a current clamp, compatible with our wide band analysis and connected to a spectrum analyzer. Unfortunately, the spectrum analyzer only provides amplitudes whereas our block-model-based electrical circuit modelling technique explicitly requires phase management. To this extent, we had to make another straightforward assumption: we post-processed all measured current amplitudes enforcing a-priori and logically expected phase shifts, i.e.:

-for HVDC, Arg(i1)=0 and Arg(i2)=π -for HVAC, Arg(i3)=0, Arg(i4)=2π /3 and Arg(i5)=4π/ 3The results of the Thevenin generators resulting from the derivation of ( 8) are presented in Fig. 9 and Fig. 10. It is important to observe that equivalent voltage sources of similar amplitudes are derived on both HVDC input ports and HVAC output ports. 

F. Verifications of the DC/AC block-model

As a matter of fact, the [i]5x1 vector figured in [START_REF] Costa | Modeling of conducted common mode perturbations in variable-speed drive systems[END_REF], with the components i1 to i5, represents the conducted emission currents obtained in a specific configuration when cable n°1 and cable n°3 are used. In order to verify the robustness of our DC/AC block-model, we propose a simulation consisting in calculating those currents in a configuration different from the configuration used for building the converter block model.

The simulation consists in computing the conducted emission currents when we substitute short cables by long cables, i.e. cable n°1 by cable n°2 and cable n°3 by cable n°4. For the derivation, we will use the following relationship, directly updated from (8) with [Z_Long _Cable_LISN]2x2 and [Z_Long _Cable_Motor]3x3 matrices and solve the circuit model in Fig. 11. We obtain: _Cable_Motor]3x3 for cable n°4 loaded by the motor are obtained from VNA S-parameter measurements on 50 in the same way as before, for the short-cables configuration. The results of Fig. 12 and Fig. 13 present the comparison between calculated and measured current amplitudes. Despite some deviations in the high frequency regime, above some few MHz, that we can attribute to the limited precision of the calibration due to our finite size measurement loading device, the agreement is quite satisfactory with respect to the various approximations made in the DC/AC converter block model derivation. Consequently, those results may be considered as fully acceptable for the evaluation of the conducted emission currents. Even if they do not answer the question of the independence of the Thevenin model with the delivered power, they seem to confirm the fact that the determination of the impedance of the converter in "off" mode is acceptable for the derivation of the impedance block-model. In this section, we want to illustrate the interest of such a block-model strategy in terms of modelling the entire system circuit chain. For this, we have chosen the preliminary design of a filter to be introduced at the HVDC input and HVAC output of the converter in order to comply with a given standard level. We have arbitrarily chosen a conducted-emission level (Power Lines -Cat H) provided in section 21 of the aeronautics EMC DO-160G standard [START_REF]Environmental Conditions and Test Procedures for Airborne Equipment[END_REF]. This standard defines the maximum total current (complex sum of the 2 DC port currents on the one side and the 3-phase currents on the other side respectively) not to be overcome on the cables connecting the HVDC input to the RSIL and the HVAC output to its load, between 100kHz and 200MHz. The usual practice to mitigate those currents consists in the insertion of multiport filters in the input and output circuits. In aeronautics, oversizing the filtering performance must be absolutely avoided because the use of filters generally comes together with a significant increase of weight. This is why the design of the filter must account for the converter performance together with all other parameters that also contribute to the current response and the filtering effect. Here, we mainly think of the installation configuration (type of cables, length of cables and cable running paths in to the 3D hosting structure) and end-loads. To this extent, we have used a MTLN modelling tool based on the resolution of the Baum-Liù-Tesche (BLT) equation [START_REF] Parmantier | CRIPTE : Code de réseaux de lignes de transmission multiconducteur[END_REF] that allows us to use S, Z and Yparameter block matrices in large circuit topologies involving large varieties of cable-bundle models and EM driven current and voltage generator models.

[ 𝑖 1 𝑖 2 𝑖 3 𝑖 4 𝑖 5 ] = ( [ [ 𝑍 𝐿𝑜𝑛𝑔 𝐶𝑎𝑏𝑙𝑒 𝐿𝐼𝑆𝑁 ] 2𝑥2 [0] 2𝑥3 [0] 3𝑥2 [0] 3𝑥3 ] + [ 𝑍_ 𝐵𝑀𝑆𝑊𝐶_ 𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟_ 𝐻𝑉𝐷𝐶_ 𝐻𝑉𝐴𝐶 ] 5𝑥5 + [ [0] 2𝑥2 [0] 2𝑥3 [0] 3𝑥2 𝑍 𝐿𝑜𝑛𝑔 𝐶𝑎𝑏𝑙𝑒 𝑀𝑜𝑡𝑜𝑟 3𝑥3 ] ) -1 . [ 𝐸 1 𝐸 2 𝐸 3 𝐸 4 𝐸 5 ] (11) 
For the demonstration, we have considered a "Very long cable" configuration in which a 5m-long cable and a 30m-long cable have been connected to the HVDC input and HVAC output ports respectively. At both extremities, those cables have been connected to the previously defined short-cable loads (based on cable n°1 and cable n°3).

First, in Fig. 14 and in Fig. 15 we show the total common mode currents at the HVDC input and HVAC output of the converter, computed by the MTLN tool, including the blackbox model and the different cables, and compared to the DO-160G standard threshold in 3 different configurations:

• With no additional cables,

• With a 30m-long cable at the HVAC output only • With additional cables at both the HVDC input (5mlong cable) and HVAC output (30m-long cable) The figures show the impact of the additional cables together with the DO-160G threshold level. This threshold level is clearly overcome below 10MHz and at specific frequencies over 10 MHz for all configurations. The influence of the long cables combined with the existence of significant interaction between the HVDC input and HVAC output of the transformer signs on the current responses with a larger average level below 1 MHz at the HVDC input and additional frequency peaks (at about 300 kHz, 2 MHz for example) at both the HVDC input and the HVAC output. Second, we have considered the generic filter circuit template model represented in Fig. 16 and we have studied its impact when it is inserted either on the HVAC output or both at the HVDC input and the HVAC output. The values of the circuit element have been set in such a way to lower the total current level under the DO-160G standard, over the whole frequency range of interest, at both the HVDC input and the HVAC output. In Fig. 17 and Fig. 18, we show the common mode currents obtained when 2 additional cables are inserted at input and output of the converter with and without filters and compare them to the DO-160G standard threshold level. When the filter is at the HVAC output only, the attenuation is obviously obtained at the output but there is a significant impact on the HVDC input. The only way to attenuate the total current at the HVDC input is to use another filter at this input as well (we made the hypothesis of the same filter design). However, we note in Fig. 18 that the total current, even if still acceptable, is modified again at the HVAC output. Such results give an idea of the complexity for optimizing filters while accounting for all installation parameters as well as the characteristic of the DC/AC converter. Of course, the optimized design of a real filter should lead to more sophisticated circuit designs, both at the converter HVDC input and the HVAC output. However, our first-level approach shows that any design must account for a precise knowledge of the impedance matrix of the converter and, especially, of the coupling between the HVDC input and HVAC output ports of the converter. 

V. CONCLUSIONS

We have presented a frequency-domain generalized Thevenin block-model of a DC/AC converter. This model has been tested and validated on a 5kW-72V DC driven DC/AC converter, using electric COTS components of an electric bicycle. The model has been established considering several a-priori simplified hypotheses that have all proved to be successful in our a-posteriori verifications, which makes our experimental model characterization really efficient by its simplicity, i.e:

-

The system is supposed to be linear which makes it possible the characterization in the frequency domain of its input impedance circuit block model as Z-Y-Sparameter matrices, -The [Z] matrix has been derived from matrix transformation of VNA-measured S-parameters on 50, the converter being in "off" mode, making the assumption that our model is independent from the delivered power.

-

The Thevenin generator vector model has been derived from electrical-current measurements when the DC/AC converter is in "on" mode and when its HVDC input ports and HVAC output ports are loaded on two LISNs and a 3-phase electric motor respectively, both of them being connected to short-length cables (1 m). The amplitudes of those currents have been measured with a spectrum analyzer and with current probes suitable in the 1kHz -400MHz frequency band. The phases of the signal have been appropriately and ideally assigned to the current amplitudes in order to build complex number currents.

At the end, those simplifications allowed us to establish a simple block-model, as we would have done it for a regular linear circuit. The robustness of this model has been verified considering a setup with longer cables. The comparison between calculated and measured currents proved to be very satisfactory. In particular, we put to the fore significantly large input-output interaction terms in the [Y] matrix. The confidence in the block-model finally allowed us to show the interest of block-models for design purposes in order to define the characteristics of a filter while accounting for installation cables. Our design had the simplified objective to maintain the conducted emission current level under a given value that came in our case from the RTCA DO-160G aeronautical standard.

In the future, the conclusions of this paper will have to be further confronted with different types of DC/AC converters and loads, especially for confirming the independence of the DC/AC block-model with operating power. Indeed, the evaluation and the validation showed in this paper have been performed for a specific converter and specific power configuration imposed by the same two LISNs and the same electrical motor as for the characterization of the converter model. Indeed, even if the model has been tested considering electrical cable connections of various types, those configurations do not significantly modify the absorbed power due to their limited losses. Measurement with real filters as the one defined in simulation might give a first answer to this question.

To this extent, the property that our method is based on the measurement of S-parameters referenced to any [Zref] matrix appears as a real advantage. Indeed, for a multiport system requiring continuous polarization or nominal operating power, [Zref] can be chosen as the load ensuring the suitable operating power condition. The application at ports of the voltage generator required for the S-parameter injection can be performed by a transformer (typically a current clamp) [START_REF] Parmantier | S-parameter determination with a pair of current injection and measurement probes[END_REF], which allows the user to keep as such the loading by the [Zref] reference impedance that remains connected during the whole measurement process while imposing the required power operating conditions. By this way, the [S] matrix determination also becomes a fully non-intrusive method which is not the case with a VNA direct-port connection. Besides, [Zref] can be also used to determine the Thevenin generator vector components. Nevertheless, compared to a direct voltage generator application as done in this paper with a VNA (with the requirement of 50 port loading conditions), the use of such transformation devices following procedures as indicated in [START_REF] Parmantier | S-parameter determination with a pair of current injection and measurement probes[END_REF] may limit the capability of wide band analysis. For instance, current clamps have generally a high-pass behavior and the size of those current clamps limits precise calibration at high frequencies.

Fig. 1 .

 1 Fig. 1. Generalized Thevenin block-model, in the case of a 5port multiport system. The equivalent block-model is composed of the following components: -The impedance matrix, [Z]5x5 (or its equivalents Yparameter admittance [Y]5x5 matrix or S-parameter [S]5x5) matrix. -The 5 Thevenin voltage generators, Eth,i, at each port i of the multiport system. -The 5 voltages, Vi, and 5 incoming current vectorcomponents Ii, as usually done in linear circuit theory[START_REF] Wing | Classical Circuit Theory[END_REF], at each port i. Note that the Thevenin model is based on the hypothesis of linearity and independence of sources, which implies the theorem of superposition. This means that the [Z], [Y] and [S] matrices are independent from the Thevenin generators. At this stage of our analysis, we may ask ourselves if those matrices must be determined setting the power of the multiport either on "on" or "off". However, there is no doubt that the determination of the Thevenin generator requires the power of the multiport to be "on".We can then group together all the voltages, currents and voltage generators at the 5 ports in vectors:

Fig. 2 .

 2 Fig. 2. Principle of measurement of the [SZref] matrix referenced on [Zref]: determination of the 3 rd column of Fig. 1's [S] matrix.

  , we show the block-modelbased equivalent circuit with Fig. 1's multiport system loaded by the [Zo] matrix block-model. Under these loading conditions, we can write the simple matrix relation of the circuit in a compact matrix form: [𝐸 𝑡ℎ ] = ([𝑍] + [𝑍 𝑜 ]). [𝐼] (7) Thereby, the determination of the components of the [I] current vector delivered on the [Zo] matrix impedance load provides, by means of the knowledge of the [Z] matrix of the multiport and the [Zo] matrix impedance, the components of the [Eth] Thevenin vector.

Fig. 3 .

 3 Fig. 3. Principle of measurement of the Thevenin generator vector on a [Zo] impedance load block-model in Fig. 1's setup example.

Fig. 4 .

 4 Fig. 4. The 5kW laboratory test-bench setup.

Fig. 5 .

 5 Fig. 5. Test-setup electrical scheme of the 5-port system DC/AC converter

Fig. 6 .

 6 Fig. 6. Block-model-based electrical network with the converter in "short-cable" configuration.

Fig. 7 .

 7 Fig. 7. S-parameter measurement setup. On the right handside, the adaptation device allowing connection of the VNA measurement-ports and the 50 loading of "VNA-unused" ports. Y-parameters of the DC/AC converter are derived from Zparameters as follows: -Calculation of the Z-parameter [Z]5x5 matrix from the [SZref]5x5 matrix as in (2) -Calculation of the Y-parameter [Y] 5x5 matrix by inverting the [Z]5x5 matrix as in (3) Note that the numerical processing for the derivation of the [Y] matrix preserves the symmetry of the [Y] matrix and that the 2 input DC ports and the 3 outputs AC ports have similar behaviors.
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 11 -common mode admittance on HVAC ports (Y e 33) -admittance between the 2 input HVDC ports (Y e 12 ) -admittance between the 3 output HVAC ports (Y e 34) -admittance between an input and an output ports (Y e 15)

Fig. 8 .

 8 Fig. 8. DC/AC-converter admittance values Y e ij associated to electrical circuit derived from S-parameter measurements.

Fig. 9 .

 9 Fig. 9. Thevenin generator source terms of the HVDC input of the DC/AC converter.

Fig. 10 .

 10 Fig. 10. Thevenin generator source terms of the HVAC output of the DC/AC converter.

Fig. 11 .

 11 Fig. 11. Block-model-based electrical network with the converter in "long-cable" configuration The new impedance matrices [Z_Long _Cable_LISN]2x2 for cable n°2 loaded by the two LISNs and [Z_Long

Fig. 12 .Fig. 13 .

 1213 Fig. 12. Long cable configuration: comparison between measurements and calculations of the conducted emission currents at the HVDC input.

Fig. 14 .

 14 Fig. 14. Very long cable configuration: RTCA Section 21 DO-160G (Power Linescat H), conducted emission threshold compared with the HVDC total currents.

Fig. 16 .

 16 Fig. 16. Generic filter circuit template.

Fig. 17 .

 17 Fig. 17. Filtering effect on very long cable configuration: RTCA Section 21 DO-160G (Power Linescat H), conducted emission threshold compared with the HVDC total currents.
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