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Abstract

:

In this work, we analyze the impact of output filter design techniques aimed to reduce conducted emissions at the output of a DCDC power converter. A thorough analysis, based on high-frequency circuit models of the converter, is performed to assess expected improvements offered by different design strategies. This analysis is then confronted with measurements of conducted emissions at the output of a 300 W 48 V to 12 V Phase Shift Full Bridge (PSFB) prototype. Those experimental results demonstrate that a symmetric arrangement of the output LC filter and a direct bonding of the return output terminal of the converter to chassis are effective to reduce common mode conducted emissions at the output. Those results also demonstrate that the symmetry of the output LC filter can reduce conducted emissions in differential mode at high frequencies, where common mode to differential mode conversion is the predominant contribution to differential mode noise. However, direct bonding to chassis of the return output terminal may be ineffective at high frequencies due to the parasitic inductance associated with this connection. Main conclusions drawn for this analysis are applicable in general for isolated converters with a high voltage step between high and low voltage sides. Since the techniques of reduction of conducted emissions studied here do not increase the number of filter components, they are especially suitable for applications where high power density is an important requirement, e.g., aerospace or automotive applications.
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1. Introduction


High efficiency and high power density are key requirements in power converters in several fields, such as automotive [1], aeronautics [2,3] and telecommunications [4]. In this context, current trends are aimed towards the use of higher switching frequencies and fast switches (e.g., wide bandgap semiconductor switches) to reduce volume and weight of passives without increasing converter switching losses [5]. However, rapid voltage and current changes associated with high switching frequencies increase electromagnetic compatibility (EMC) issues such as conducted and radiated emissions [6]. This makes it necessary to optimize the design of the converters to ensure compliance with mandatory EMC regulations while avoiding weight penalties associated with filtering requirements.



In general, techniques to reduce electromagnetic emissions of power converters fall either into strategies that inherently generate low noise [7,8], or techniques aimed to recirculate noise within the converter, thus keeping it away from the power leads [9]. A simple and effective design technique such as enforcing symmetry of the electromagnetic interference (EMI) filter at the input leads of the converter can be included within the latter category [10]. Furthermore, other passives such as transformers and inductors can be designed or arranged in a favorable manner in order to contain noise within the converter. For example, placement of equal inductors in both positive and return buses (symmetrical inductances), has already been implemented in an isolated boost converter [11] and a forward converter [12] as a strategy to reduce input filtering requirements. This same idea of splitting the inductance in two buses will be implemented at the output filter of an isolated converter in this work. Although we study a different topology and different measurement points for conducted emissions, [11,12] define a background for the filtering concepts that will be developed in this work. Similarly, effects of reduction of the equivalent noise sources at the input power leads of converters have been achieved by using current balancing techniques [11,13,14,15].



Valuable insights in common mode (CM) currents paths in isolated PSFB and resonant converters are provided in [13,16]. In those works, the transformer interwinding capacitances between the high voltage (HV) primary side and the grounded low voltage (LV) secondary side are identified as a main cause for common mode currents at the converter input leads. Nevertheless, no attention is paid to output conducted emissions. In [12], a reduction of the voltage difference in output terminals due to inductors symmetrization is reported in a forward converter, although the underlying mechanism of this phenomena is not thoroughly examined.



In general, the effect of techniques aimed to reduce conducted emissions of converters are analyzed solely at the input leads of the converter [10,11,12,13,14,16]. This is related to the fact that, in practice, most EMC regulations impose explicit limits to conducted emissions at the power leads (input) of the device under test (DUT). However, a power converter is a specific kind of DUT presenting output power leads, which can also become a source of conducted and radiated emissions that are able to cause EMI issues in nearby susceptible devices. This issue is also dealt with by EMC regulations [17,18]. For example, in the annex I of CISPR 25 [17], applicable to automotive equipment, measurement setups and limits of conducted and radiated emissions are defined for automotive devices with both high voltage (HV) and low voltage (LV) sources or loads, which is the case of DCDC converters. In that standard, conducted emissions at the LV power leads are limited. On the other hand, the aeronautical standard RTCA-DO-160 [18] establishes limits to conducted emissions on interconnecting bundles, which makes it necessary to control and limit conducted emissions at the output of DCDC converters. Moreover, this limitation in converter output conducted emissions is consistent with the susceptibility limits (RTCA-DO-160 Section 22) of a load device that is connected to the LVDC network generated by a DCDC converter. Finally, it is also worth pointing out that CM currents at the output power leads are the main source of radiated emissions [19]. Therefore, reducing CM conducted emissions at the output of the converter is a key technique to ensure compliance with limits imposed to radiated emission by the applicable EMC regulation.



This work analyzes the impact of several alternative configurations of the output LC filter on output CM and differential mode (DM) conducted emissions of an isolated PSFB converter. In particular, the effect of both symmetrization of the output filter inductors and direct connection to chassis of the return output terminal of the converter are thoroughly studied and measured. We demonstrate that the configuration of the output filter of this converter can be optimized to reduce CM emissions with no significant penalty in terms of weight or volume of the converter. Furthermore, we show that DM emissions can be reduced by proper mitigation of CM to DM conversion. The output filter design techniques discussed here are especially interesting in applications with a high voltage step between the isolated HV input and LV output, where relatively high CM currents flow from the HVDC side to the LV side through the transformer parasitic capacitances [20].



This manuscript is organized as follows. In Section 2, the noise sources of the PSFB converter are presented, as well as a generic equivalent Thèvenin model of the converter at the output LC filter. The qualitative impact of the proposed LC filter configurations on output CM and DM conducted emissions will also be discussed. Section 3 describes the setup and measurement method used to obtain the measured conducted emissions presented in Section 4. Measurements have been performed for the different filter configurations in an isolated 48 V to 12 V PSFB prototype. The main conclusions of this work are summarized in Section 5. Finally, details about the characterization of the components of the measured converter with most impact in output conducted emissions are given in Appendix A.




2. Analysis


2.1. Topology of the DCDC Power Converter and Noise Sources


The PSFB is a suitable topology for isolated and unidirectional power transfer in mid power applications, in the range of units of kilowatts [21,22,23]. This topology, shown in Figure 1, features a controlled full bridge in the HV side, which generates an AC voltage at its output at the switching frequency. The high frequency transformer is used to reduce the AC voltage between HV and LV sides and to provide galvanic isolation. A center-tapped transformer enables the use of only two switches to rectify the AC output of the transformer. The DC component of the rectifier output is filtered by an output LC filter.



The Line Impedance Stabilization Networks (LISN) in Figure 1 is intended for measuring conducted emissions of the converter at its input leads [18,24]. A LISN offers a controlled impedance to the noise sources of the converter, thus ensuring repeatable measurements. Depending on the particular standard, a LISN might also be required at the output leads [17], or the load impedance should be similar to that found in the real device operation [18]. In the measurement setup in Figure 1, AC coupled resistors to ground (  R  C M    and   C y  ) have been included to ensure a repeatable measurement of noise at the output terminals of the converter. In that schematic,   R  D M    and   L  D M    account for the resistive and inductive parts of the impedance of the load.



The goal of this work is to study and compare the impact of different output LC filter configurations on noise currents flowing to the load. In particular, we are interested in limiting CM noise currents because they can easily compromise compliance of the converter with EMC regulations [19,25]. In PSFB and similar isolated topologies, CM noise in the LV side is greatly determined by HV switching operation, switches parasitic capacitances to ground, transformer parasitic interwinding capacitances, and output terminals filtering to ground/chassis [13,16,26]. In Figure 1, parasitic capacitances that offer paths for CM currents have been encircled by dashed lines.



Under the presence of such CM perturbations in the LV side, the output LC filter must be optimized to reduce output CM emissions and also to mitigate CM to DM conversion that could lead to undesirable DM conducted emissions. In order to reduce CM currents flowing to the load, it is usual to connect capacitors between the output terminals and the chassis (  C  y 1    and   C  y 2    in Figure 1) or to make a direct chassis ground connection of the return terminal (if allowed by specifications). In this work, we study and compare the impact on noise emissions of both configurations. For the sake of conciseness, the configuration with a high frequency (HF) capacitor between each bus and the chassis will be referred to as ‘CC’, whereas the configuration in which the return output terminal is directly connected to chassis will be referred to as ‘C0VG’. Furthermore, we will study the effect on noise emissions of increasing symmetry of the output LC filter. With this aim, we will compare an asymmetric case (denoted as ‘AS’), where the whole inductance of the LC output filter is in the positive bus (   L 1  = L  ,    L 2  = 0   in Figure 1), with a symmetric case (referred to as ‘S’) where the same inductance is split into two equal inductances in the ‘12 V’ and the ‘0 V’ buses (   L 1  =  L 2  = L / 2   in Figure 1).




2.2. HF Model of the Converter at the Output


In order to facilitate the analysis of the effect of the output filter on noise flowing to the load, in Figure 2 the converter is replaced by its equivalent model. This model includes two frequency-dependent voltage sources (  V  C M    and   V  D M   ), and also three frequency-dependent source impedances (  Z  t h 1   ,   Z  t h 2    and   Z  t h 3   ) [27]. The CM source,   V  C M   , is related to switched voltages, (especially HV side MOSFETs), and   Z  t h 3    is closely related to the impedances seen by CM currents when flowing between the HV side and LV side, thus transformer interwinding capacitance greatly determines this impedance [20]. In general, obtaining the exact frequency-dependent parameters of the model in Figure 2 is not easy [28,29]. Nevertheless, this model simplifies the analysis of the impact of the different filter configurations in the conducted emissions at the output terminals of the converter.



The circuit model in Figure 2 includes all the output filter and load impedances, including some parasitic inductances that were not represented in Figure 1, but that play an important role in conducted emissions at high frequencies. In particular,   L  p 1    and   L  p 2    model the parasitic inductance of leads connecting power printed circuit board (PCB) and the converter output connectors.   L  p C Y 1    and   L  p C Y 2    model the parasitic equivalent series inductance (ESL) of   C  y 1    and   C  y 2   , respectively, including the inductance associated with the bonding to the grounded chassis. In the ‘C0VG’ configuration,   L  S C    models the parasitic inductance of the bonding of the output terminal to the chassis. The   L c   inductances account for the parasitic inductances of the output power leads connecting the output of the converter to the load.




2.3. CM Conducted Emissions


In order to qualitatively understand the filter impact on CM output currents, the circuit model in Figure 2 can be further simplified as shown in Figure 3. This simplified circuit model is valid for all filter configurations with a caveat for the ‘C0VG’ configuration at high frequencies which will be addressed later. It is important to point out that the simplified circuit model in Figure 3 has the purpose of making the undelaying CM filtering mechanisms more evident that the complete model in Figure 2.



Two key assumptions have been made to get to the simplified model in Figure 3 from that in Figure 2:




	
The impedance of the array of capacitors that conform   C o   is typically much lower than that of   C y   at low frequencies, and those of the parasitic inductances   L  p 1   ,   L  p 2   ,   L  p C Y 1   ,   L  p C Y 2    and   L  S C    at high frequencies. Therefore, this array of capacitors can be regarded as a short circuit.



	
The impedance of   Z  t h , 3    in series with both   Z  (  L 1  )  +  Z  t h , 1     and   Z  (  L 2  )  +  Z  t h , 2     is much larger than the rest of impedances of the filter. This assumption, together with the fact that voltage drops in   L  p 1    and   L  p 2    are expected to be roughly the same in ‘CC’, allows us to neglect the effect of   L  p 1    and   L  p 2   . Note that at low frequencies at which   L  p 1    and   L  p 2    can be ignored, the model in Figure 3 is also valid for both ‘CC’ and ‘C0VG’ cases.








The impedances in this simplified model are grouped in Figure 3 into four key impedances: one is   Z  t h 3   , another one is given by   Z  L C M   , which accounts for the contribution of   Z  t h 1   ,   Z  t h 2   ,   Z (  L 1  )   and   Z (  L 2  )  . A third impedance, denoted as   Z  C M , C Y    in Figure 3, is the contribution of the impedances associated with the capacitances or the direct connection between the power leads and the grounded chassis. Furthermore,   Z  C M , L O A D    in Figure 3 stands for the impedance to ground seen at the load of the converter by the CM currents. Note that, since the   C Y   capacitors are expected to divert most of the CM current back to the chassis, the current   I  C M , L O A D    flowing towards the load impedance should be much lower than the net CM current   I  C M   .



The circuit model in Figure 3 shows that, in general, CM conducted emissions at the output of the converter can be reduced by increasing   Z  L C M   . Therefore, it is interesting to estimate   Z  L C M    for the different filter configurations. For the ‘AS’ case,   Z  L C M    can be obtained as:


     Z  L C M , A S      =     (  Z  t h 1   + j 2 π f L )   Z  t h 2      Z  t h 1   + j 2 π f L +  Z  t h 2              ≡  { 2 π f L > >  Z  t h 1   ,  Z  t h 2   }  ≡  Z  t h 2       



(1)







In the ‘S’ case,   Z  L C M    can be calculated as:


     Z  L C M , S      =     (  Z  t h 1   + j 2 π f L / 2 )   (  Z  t h 2   + j 2 π f L / 2 )     (  Z  t h 1   + j 2 π f L / 2 )  +  (  Z  t h 2   + j 2 π f L / 2 )             ≡ { 2 π f L > >  Z  t h 1   ,  Z  t h 2   } ≡ j 2 π f L / 4     



(2)




where in (1) and (2) it is assumed that    | Z  ( L )  | = | 2 π f L | ≫ |   Z  t h 1    | , |   Z  t h 2    |   . Considering that at the frequencies of interest   Z ( L )   is quite large, this must be true for typical values of   Z  t h 1    and   Z  t h 2   . From (1) and (2), it can be inferred that    |   Z  L C M , A S    | ≪ |   Z  L C M , S    |   . Consequently, the ‘AS’ case should give rise to higher CM conducted emissions (  I  C M , L O A D   ) at the output of the converter, regardless of the grounding configuration of the output terminals.



To analyze the effect on CM noise emissions of the converter of the two strategies considered for connection of the output terminal to chassis (‘CC’ and ‘C0VG’), it is also useful to examine the circuit model in Figure 3. In this circuit model, it can be seen that the main difference between ‘CC’ and ‘C0VG’ configurations is that they lead to different values of   Z  C M , C Y   . In fact,   Z  C M , C Y    in ‘C0VG’ is determined by the parasitic   L  S C   , and therefore it is expected to be lower than   Z  C M , C Y    in ‘CC’, which is given instead by the parallel impedance of both   C y   capacitors. Therefore, assuming that the total CM current   I  C M    is approximately the same for the ‘C0VG’ and the ‘CC’ configurations, this makes the ‘C0VG’ configuration preferable to the ‘CC’ connection for reduction of CM conducted emissions. The assumption that   I  C M    is approximately the same for the ‘C0VG’ and the ‘CC’ configurations can be justified by noting that   I  C M    is mostly determined by   Z  t h 3    and   Z  L C M    because   Z  t h 3    is a high impedance. Therefore,    Z  t h 3   +  Z  L C M     will be typically much greater than the rest of the impedances in Figure 3. In other words,   V  C M    along with    Z  t h 3   +  Z  L C M     behaves as a current source feeding the parallel connection of   Z  C M , C Y    and   Z  C M , L O A D   . Since this current is split into   I  C M , L O A D    and the current diverted to the chassis through   Z  C M , C Y   , it can be readily concluded that a lower   Z  C M , C Y    will reduce   I  C M , L O A D   . However, a caveat should be added with respect to the validity of the circuit model in Figure 3. As earlier pointed out, this simplified model is not strictly correct for the ’C0VG’ case at high frequencies, because neglecting the parasitic   L  p 1    and   L  p 2    inductances in Figure 2 does not seem justified in that case. Nevertheless, and despite the fact that a rigorous analysis is more cumbersome in that particular case, it can be demonstrated that a lower   Z  C M , C Y    should also reduce CM emissions in that case.



Summing up, CM conducted emissions are expected to be reduced by a parallel arrangement of the inductances of the output filter (‘S’ configuration) because this configuration increases the impedance seen by the CM currents. Furthermore, a direct bonding to chassis of the ‘0V’ power lead (‘C0VG’ configuration) is also expected to reduce CM conducted emissions of the converter by allowing internal recirculation of CM currents.



Finally, it is interesting to note that the difference between the performances at filtering CM noise emissions of ‘C0VG’ and ‘CC’ configurations should be higher at low frequencies, where the impedance of   C y   is capacitive and much greater than that of   L  S C   . In this frequency region, this difference should increase with decreasing frequency and for smaller   C y  .




2.4. DM Conducted Emissions


Conducted emissions in DM are determined both by DM noise sources and also by CM to DM conversion [10]. This mode conversion is expected to be especially relevant in DCDC converters with a high voltage step (hence a significant CM noise source at the primary) and transformers with large interwinding capacitances (e.g., planar transformers [30]).



Since the grounding configuration has little effect on DM noise currents flowing at the output of the converter, any measurable effect caused on DM conducted emissions by changes on output filter and/or grounding configurations should be accounted for by the effect of the filter and/or grounding on CM/DM conversion.



To analyze the mechanism of CM/DM conversion and its impact on the different filter configurations studied here, Figure 4 represents the general circuit model at the output filter under a CM excitation. In that figure, the CM current entering the output filter,   I  C M   , is split into currents   I  L 1    and   I  L 2   , flowing through   L 1   and   L 2  , respectively. Furthermore, in Figure 4,   I  C Y 1    and   I  C Y 2    represent currents that flow to ground through   C  Y 1    and   ∗  C  Y 2     (or the short circuit in ‘C0VG’), respectively. Current   I  C 0    flows through   C 0  , due to an impedance unbalance in the filter. Furthermore, a current   I  D M , L O A D    can flow to the DM load (  Z  D M , L O A D   ) due to CM to DM mode conversion, as we will discuss. Note that since   Z  D M , L O A D    is typically much larger than the output impedance of the converter at the frequencies of interest, conducted emissions are expected to be mostly contained within the converter.



We will first study CM/DM conversion for each filter and grounding configuration at low frequencies (i.e., typically from a hundred kHz to units of MHz), where parasitic inductances can be neglected in the circuit model in Figure 4. First, we will focus on the ‘S’ cases. As discussed in Section 2.3, in ‘S’ cases,   I  C M    is expected to be smaller than in ‘AS’ cases. Moreover, in ‘S’ cases,   I  C M    is expected to be equally split into the   L 1   and   L 2   branches in Figure 4, i.e.,    I  L 1   ≃  I  L 2    . In the particular case of the ‘S,CC’ configuration, those equal currents see the same impedance to ground. Therefore, a very low CM/DM conversion is expected. On the other hand, in ‘S,C0VG’,   I  L 2    flows to ground through the ground bonding (  L  S C   ), whereas most of   I  L 1    (≃   I  C M   / 2  ) will flow to ground through the low impedance offered by   C 0  . Therefore, a certain CM/DM conversion should be expected. For the ‘AS’ cases,   I  C M    will mostly flow through the ‘0V’ bus, i.e.,    I  L 2   ≃  I  C M   ≃  I  C Y 2    . In ‘AS,C0VG’,   I  C Y 2    finds a very low impedance path to ground, whereas    I  L 1   ≃  I  C 0   ≪  I  C M    . Therefore, a low CM to DM conversion is expected for the ‘AS,C0VG’ configuration at low frequencies. By contrast, for the ‘AS,CC’ case, the presence of the   C  Y 2    capacitors means that the relatively large CM current    I  L 2   ≃  I  C M     is not so efficiently diverted to ground at low frequencies. Instead,   I  L 2    finds a current divider with similar impedances through   C  Y 2    and the series impedance of   C  Y 1    and   C 0  . Therefore CM/DM conversion is expected to be more significant in this case compared with the ‘AS,C0VG’ case. Table 1 summarizes the main conclusions obtained in this discussion. Since the effect of parasitic inductances has not been considered in the above discussion, those conclusions are expected to remain valid as long as frequencies are sufficiently low as to make negligible the effect of parasitic inductances.



It is interesting to analyze whether the above conclusions must be modified at high frequencies. At high frequencies (i.e., tens of MHz), parasitic impedances at the output play an essential role in CM to DM conversion, which is expected to modify the qualitative analysis performed for low frequencies. In fact, in this scenario, DM current   I  D M , L O A D    is given by the expression:


   I  D M , L O A D   =    I  C 0     Z  C 0   + 2 π f j  L p   (  I  C Y 2   −  I  C Y 1   )    Z  D M , L O A D     



(3)




where   Z  C 0    stands for the impedance of   C 0  . Furthermore, in (3) a symmetrical layout is assumed. Therefore, the parasitic inductances of the traces of the PCB connecting the LC output filter to the output connectors of the converter are assumed to be equal, i.e.,    L  p 1   =  L  p 2   =  L p   . The simplified expression (3) helps to clarify the CM to DM conversion mechanism, which is difficult to be ascertained from a direct analysis of the model in Figure 2.



Equation (3) shows that at high frequencies, DM conducted emissions are greatly determined by parasitics, which depend on the particular implementation (layout) of the converter. This makes it difficult to obtain general conclusions regarding DM conducted emissions. However, we can focus on a representative case in which   Z  C 0    impedance is smaller than the impedances of   L p  ,   L  p C Y 1    and   L  p C Y 2   . This is to be expected because   Z  C 0    is a capacitive impedance, which is usually implemented by an array of capacitors in parallel (hence with low parasitic inductance). We will also assume that    L  p C Y 1   =  L  p C Y 2    , which is the case of a symmetrical layout. Finally, it is reasonable to assume that the bonding to chassis of the return lead has been carefully implemented in such a way that the inductance of the bonding to ground,   L  S C   , is smaller than   L  p C Y 1   . Under these assumptions, the main conclusions obtained at low frequencies regarding CM to DM conversion for the ‘CC’ configurations remain unaltered at high frequencies. However, an exception occurs in the ‘C0VG’ cases. In the ‘S,COVG’ case, a slight difference between low and high frequencies comes from the fact that a part of   I  L 1    is also expected to flow through   C 0  , but a non-negligible   I  C Y 1    is also expected. The reason is that, as frequency increases, the ratio between the impedance of the short circuit bonding path and the   C  Y 1    path increases from 0 to a certain value less than a half, which depends on the parasitic inductance values. For this same reason, conclusions greatly change at high frequencies in ‘AS,C0VG’: the large current    I  C M   ≃  I  L 2     (much larger than in ‘S’) partly flows through   L  p 2    and   L  S C   , but a non negligible part of this large current also flows through   C 0  ,   L  p 1    and   L  p C Y 2   . In short, the ‘AS,C0VG’ filter configuration is expected to lead to a high CM to DM conversion, but only at high frequencies due to the effect of parasitic inductances. Predicted currents associated with CM/DM conversion at high frequencies have been summarized in Table 2.





3. Materials and Methods


In order to validate the predicted behavior of the studied output filter configurations, we have measured both DM and CM currents at the output of a 300 W PSFB converter prototype between 100 kHz and 30 MHz, which is a frequency range where EMC standards typically limit conducted emissions [17,18,24]. To measure noise currents we have used a clamp-on broadband current probe (BCP-512 of AH-Systems). A picture of the measurement setup is shown Figure 5. This setup has the same structure as the schematic in Figure 1. Namely, the converter is connected to the DC source through a LISN and the output load is a resistor between output terminals. Furthermore, a RC network is connecting each load terminal to the ground copper plane. In Figure 5, we can also see the current probe at the output leads. Such a current probe is connected to the EMI receiver, and it can be conveniently clamped to measure either CM or DM currents.



Table 3 shows the parameters of the circuit model of the output leads of the converter (Figure 2) obtained for this measurement setup by following the approach described in Appendix A. This characterization of the measurement setup has allowed us to verify that the key assumptions made in our analysis about typical expected values of impedances are in concordance with measurement conditions determined by the measurement setup. For the sake of clarity, some parasitic capacitances   C p   or parasitic resistances   R p   that have been included in Table 3 have been omitted in Figure 2, Figure 3 and Figure 4 when not relevant to the discussion.




4. Results


4.1. CM Conducted Emissions at the Output of the Converter


In this section, we analyze the effect of output filter symmetry on the emission of CM currents at the output leads of the converter. In the graphs in Figure 6, we compare the performance of a filter with a symmetric configuration of the inductors (‘S’ case) with the asymmetric or ‘AS’ case. In particular, in Figure 6a, we carry out the comparison when one of the output terminals is connected to the ground and a 10 nF   C y   capacitor is placed in the other terminal (‘C0VG’ case). The same comparison is presented in Figure 6b for the ’CC’ case: two 10 nF   C y   capacitors connected to each output terminal. Figure 6c,d represent the same cases than in Figure 6a,b, but 50 nF   C y   capacitors are used instead.



These results reveal that the ‘S’ configuration yields a reduction of CM currents of roughly 8 dB in the 10 MHz–30 MHz frequency range, regardless of   C y   value or configuration. In the mid frequency range from 2 MHz to 5 MHz, CM output currents are also lower in general for ‘S’, with a maximum reduction of 10 dB for the ‘CC’ case with    C y  = 10   nF (Figure 6b).



It can be observed in Figure 6 that in all the cases, the CM output currents present a peak between 4 MHz and 7 MHz, which is more pronounced in the ‘S’ case. We have checked that capacitors   C y   are involved in this CM peak and that damping resistors of 1.5  Ω  reduce those peaks in approximately 10 dB without significantly altering the rest of the curve (results not shown).



In general, we can conclude from results in Figure 6 that the symmetrization of the output inductors in the two buses contributes to an overall reduction of CM currents in the output power leads, especially in the high frequency range (10 MHz to 30 MHz). These experimental results are consistent with the conclusions of the analysis presented in Section 2.



To facilitate the analysis of the effect on CM noise of the configuration of the   C y   capacitors, in Figure 7 we have rearranged the results in Figure 6 in such a way that in each plot, ‘CC’ and ‘C0VG’ cases are compared for the same configuration of the output inductors. Therefore, in Figure 7a, we compare ‘CC’ and ‘C0VG’ for the ‘S’ case, whereas in Figure 7b, we compare ‘CC’ and ‘C0VG’ for the ‘AS’ case. In both plots with    C y  = 10   nF. In Figure 7c,d, the same comparisons are performed for    C y  = 50   nF. The results shown in Figure 7 reveal that, when compared with the ‘C0VG’ alternative, the symmetric ‘CC’ configuration of the   C y   capacitors gives rise in general to higher emissions of CM currents at mid and high frequencies. The analysis presented in Section 2.3 anticipates this result as a consequence of the low impedance path that the direct bonding to ground employed in the ‘C0VG’ case offers to noise currents. An additional support to this argument is provided by the fact that the difference between ‘CC’ and ‘C0VG’ cases is reduced as   C y   capacitance increases, as it can be observed in the curves in Figure 7. This is especially true at frequencies below 10 MHz because at those relatively low frequencies, the effect of parasitic inductances on impedances to ground can be neglected. At high frequencies (above 10 MHz), ‘C0VG’ also exhibits lower output CM currents than ‘CC’, but this difference has a much weaker dependence with the value of the   C y   capacitance, since at these frequencies, the impedances to ground are mainly determined by parasitic inductances. As an additional remark, it is interesting to note that at 100 kHz, ‘CC’ outperforms ‘C0VG’ by 5–10 dBuA. However, this is most probably associated with a resonance at that frequency, which does not affect the general conclusions of this work.



The results presented in this section allow us to conclude that symmetry of the inductors of the output LC filter and a ‘C0VG’ bonding scheme reduce CM conducted emissions. However, note that a direct bonding of the ‘0V’ output terminal to ground might not be possible in some particular cases due to isolation requirements of the converter.




4.2. DM Conducted Emissions at the Output of the Converter


Regarding DM conducted emissions, the analysis presented in Section 2.4 and summarized in Table 1 indicates that symmetry of the inductors of the LC output filter should reduce in general CM to DM conversion, although the ‘AS,C0VG’ case could be advantageous at low frequencies. In order to verify these theoretical conclusions, in the plots in Figure 8, we have compared the measured output DM currents for the ‘S’ and ‘AS’ cases. This has been done for the ‘C0VG’ and the ‘CC’ configurations, respectively, in Figure 8a,b for    C y  = 10   nF. In Figure 8c,d, the same comparisons are presented for    C y  = 50   nF.



Results in Figure 8 reveal that ‘S’ filters outperform ‘AS’ filters, especially in the high frequency range of 15 MHz to 30 MHz. In fact, at 30 MHz the difference reaches 10 dB regardless of the grounding configuration or   C y   value. In contrast, at mid frequencies, from 1 MHz to 15 MHz, the differences are almost negligible. Results for   C y   = 50 nF (see Figure 8c,d) show slight improvements of up to 4 dB provided by the ‘S’ case with respect to the ‘AS’ case.



In order to analyze the effect of the   C y   configuration in the DM output currents, in Figure 9 we have rearranged the measurements presented in Figure 8, so that ‘CC’ and ‘C0VG’ cases are represented in the same plot for the sake of comparison. In all the comparative measurements shown in Figure 9, we can observe that DM noise current emissions are very similar for the ‘CC’ and ‘C0VG’ cases. In fact, only the resonance around 6MHz changes to a higher frequency for ‘CC’ with respect to the ‘C0VG’ case. Furthermore, ‘CC’ case offers a slight improvement (≃4 dB) with respect to the ‘C0VG’ case for frequencies above 15 MHz.



Summing up, results in this section confirm that a reduction of DM emissions thorough adequate output filter arrangement can only be achieved at frequencies where CM/DM conversion is the predominant source of DM emissions. In this case, this occurs at high frequencies. For this reason, a symmetric arrangement of the output filter inductances (‘S’ case) offers some advantages above 15MHZ. By contrast, a ‘C0VG’ scheme has a slight negative impact in DM emissions at high frequencies. As discussed in Section 2.4, the effect of parasitic inductances, which are highly dependant on the particular layout, accounts for this decline of the performance of the ‘C0VG’ configuration at high frequencies.





5. Discussion


This work analyzes and quantifies reduction on conducted CM and DM emissions at the output power leads of a power converter achieved by design techniques based upon symmetric/asymmetric placement of components of the output filter of the converter. These design techniques have been applied to an isolated PSFB 300 W DCDC power converter with a high voltage step between the HV side and the LV side, for which high-frequency circuit models has been proposed to analyze key factors affecting CM and DM conducted emissions.



By measuring CM and DM noise currents at the output of the converter in a frequency range between 100 kHz and 30 MHz, we have demonstrated that high-frequency CM noise currents flowing to the load can be reduced by using a symmetrical placement of the inductors of the LC output filter of the converter. In particular, above 10 MHz, an average improvement of ≃8 dB has been measured for the converter analyzed here.



We have also studied the effect of placing HF thin film capacitors between output nodes of the converter and the chassis, and we have compared the effect of directly grounding the ‘0VDC’ output terminal (‘C0VG’) with a symmetric case where equal capacitors are placed at both terminals (‘CC’). Experimental results show a reduction of CM conducted emissions at the output of the converter for the ’C0VG’ configuration.



Regarding DM conducted emissions, it has been shown that those emissions can be reduced at high frequencies by using a symmetric configuration of the inductances of the output LC filter of the converter. We have demonstrated that this effect is caused by a reduction of CM/DM conversion, which is the dominant mechanism causing DM noise emissions at high frequencies.



The good agreement found between experimental results and the conclusions obtained from the analysis of the high-frequency circuit models of the power converter has allowed us to confirm the key role played by parasitic inductances associated with the physical setup of the converter for the prediction of conducted emissions at high frequencies.



The conclusions drawn in this work can be generalized to topologies of DCDC power converters providing a high voltage step, where the HV side is typically a significant source of CM noise that propagates to the LV side through the transformer interwinding capacitance.
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Appendix A. Extraction of Parameters of the Circuit Model


This section describes the characterization of the components of the LC filter and of the load impedance of the converter, which has been performed in the whole frequency range of interest. We have used a network analyzer to extract circuit model parameters, and also datasheet information and estimations from analytical expressions [31,32]. Circuit parameters obtained are listed in Table 3.



In Section 2.3, load impedance to ground (  Z  C M , L O A D    in Figure 3) was assumed to be much higher than the impedances of the connections to the chassis. In order to validate this assumption, we have measured the passive values that determine   Z  C M , L O A D   . Figure A1 shows the transmission coefficient measured for the shunted load (with cables), along with the transmission coefficient given by the circuit model in the inset of that figure with the circuit model parameters   L c  ,   R  C M    shown in Table 3. Results reveal that the 33  Ω  resistors in series with the load   C Y   capacitors are the component that determine impedance to ground from frequencies below 100 kHz and up to 5 MHz. Note that the impedance of the capacitors   C Y   = 470 nF is much lower than that of the 33  Ω  resistors in the studied frequency range. The inductance of the output power leads becomes the dominant effect above 5 MHz. In fact, a good concordance between the measured and simulated curve is observed in Figure A1 by modeling each cable as an inductance    L c  ≃ 300   nH.



We have also checked the assumption than load DM impedance (  Z  D M , L O A D    in Figure 4) is in general much higher that filter DM impedance. In fact the extracted load inductance    L  D M   ≃   2 uH determines   Z  D M    up to 6 MHz, and then up to 30 MHz,    Z  D M   ≃ 2   R  C M     = 66  Ω .
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Figure A1. Measured and simulated transmission coefficient   S 21   of the shunted CM load with the cables. 
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The impedance capacitor array   C 0   in Figure 2 is dominated by the four 22 uF ceramic capacitors which, according to the datasheet, exhibit parasitic inductances of 3 nH. Since traces connecting these capacitors in the array are 2 cm wide, the inductance of the traces between capacitors is expected to be very low (≃1 nH). These parameters reveal that, in accordance with assumptions made in the analysis presented in Section 2, the impedance of   C 0   is much lower than other filter impedances (i.e.,   C y  ) in the whole frequency range of interest.



We have also characterized the inductors of the LC output filter. For the symmetric (‘S’) case we have used two inductors,    L 1  =  L 2    with an inductance of 4.7 uH (part id:‘SRP1770TA-4R7M’), and for the asymmetric (‘AS’) configuration we have used a single inductor   L 1   with an inductance of 10 uH (part id: ’SER2918H-103KL’). Figure A2 shows the transmission coefficients of these inductors as measured by using the setup shown in the inset in that figure [32].
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Figure A2. Transmission coefficient (  S 21  ) of the inductors   L 1   and   L 2   employed in ‘S’ and ‘AS’ configurations of the output LC filter of the converter. 
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It can be observed in Figure A2 that up to 8 MHz, the series impedance of    L 1  +  L 2    in ‘S’ case is almost the same as that of   L 1   in ‘AS’ case. Therefore, the output filters should exhibit equal responses under a purely differential excitation (i.e.,   V  C M    = 0 in Figure 2). At higher frequencies, above ≃15 MHz, the impedance of the inductors is determined by their parasitic capacitances   C p  . For   L 1   in ‘AS’ we have obtained    C p  = 7.4   pF. For the ‘S’ case, the measured capacitance of both   L 1   and   L 2   is    C p  = 30   pF. As a consequence, the equivalent capacitance in a DM setup as in Figure A2 is    C p  / 2 = 30 / 2   pF   = 15   pF, i.e., higher than for the ‘AS’ case. Therefore, under a DM excitation caused by converter operation, the symmetric (‘S’) filter is expected to provide less attenuation than the asymmetric (‘AS’) filter at frequencies above 15 MHz. This eliminates a difference on the LC output filter as a possible cause of the fact that ‘S’ outperforms ‘AS’ at reducing DM conducted emissions. Therefore, this fact can only be accounted for by the effect of the symmetric or asymmetric configuration of the LC filter on CM/DM conversion.



Other important parasitic elements in the circuit model of the converter in Figure 2 are the inductances of the cables connecting the PCB of the converter to the output connector. Those inductances are approximately    L  p 1   =  L  p 2   ≃   10 nH. Finally, as for   C y   capacitors, we have used thin film capacitors with values of 10 nF and 50 nF. The parasitic ESL of those capacitors given in Table 3 have been measured by following the approach described in [32].
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Figure 1. PSFB topology schematic. Paths that account for CM emissions are also represented.   ∗  C  Y 2     accounts either for a direct bonding connection or for a capacitive coupling to the converter grounded chassis. 
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Figure 2. Equivalent model of the converter at the output. In ‘S’ configurations:    L 1  = L / 2 ,  L 2  = L / 2  . In ‘AS’ configurations:    L 1  = L ,  L 2  = 0  . In ‘CC’ configurations:    C  Y 1   =  C Y    and    C  Y 2   =  C Y   . In ‘C0VG’ configurations:    C  Y 1   =  C Y    and   C  Y 2    is a short circuit. Asterisks in   L 2   and   C  Y 2    indicate that these components might not be present depending on the filter configuration. 
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Figure 3. Simplified model of the CM path, depicted from the model in Figure 2. 
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Figure 4. Model to predict CM to DM conversion in the proposed filter configurations, derived from the circuit model in Figure 2. 
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Figure 5. Experimental setup for measuring conducted emissions at the output leads of the converter. 
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Figure 6. Measured CM output currents for symmetric (‘S’) and asymmetric (‘AS’) cases. (a)   C y   = 10 nF. ‘C0VG’ configuration. (b)   C y   = 10 nF. ‘CC’ configuration. (c)   C y   = 50 nF. ‘C0VG’ configuration. (d)   C y   = 50 nF. ‘CC’ configuration. 
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Figure 7. Measured CM output currents for ‘C0VG’ and ‘CC’. (a)   C y   = 10 nF, ‘S’ case. (b)   C y   = 10 nF, ‘AS’ case. (c)   C y   = 50 nF, ‘S’ case. (d)   C y   = 50 nF, ‘AS’ case. 
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Figure 8. Measured DM output currents for symmetric (‘S’) and asymmetric (‘AS’) cases. (a)   C y   = 10 nF. ‘C0VG’ configuration. (b)   C y   = 10 nF. ‘CC’ configuration. (c)   C y   = 50 nF. ‘C0VG’ configuration. (d)   C y   = 50 nF. ‘CC’ configuration. 
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Figure 9. Measured DM output currents for ‘C0VG’ and ‘CC’. (a)   C y   = 10 nF, ‘S’ case. (b)   C y   = 10 nF, ‘AS’ case. (c)   C y   = 50 nF, ‘S’ case. (d)   C y   = 50 nF, ‘AS’ case. 
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Table 1. Comparison for the different filter configurations studied here of the magnitudes of the expected currents flowing at the output filter, as represented in the circuit model in  Figure 4. This comparison assumes that the frequency is sufficiently low so as to make negligible the effect of parasitic inductances.
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Low Frequencies




	

	
   I CM   

	
    I  L 1   /  I CM    

	
    I  L 2   /  I CM    

	
    I CO  /  I CM    

	
    I  CY 1   /  I CM    

	
    I  CY 2   /  I CM    

	
   I  DM , LOAD    






	
S,CC

	
− −

	
0.5

	
0.5

	
≪1

	
0.5

	
0.5

	
− −




	
S,C0VG

	
− −

	
0.5

	
0.5

	
0.5

	
≪1

	
1

	
−




	
AS,CC

	
+ +

	
≪1

	
1

	
0.5

	
0.5

	
0.5

	
+




	
AS,C0VG

	
+ +

	
≪1

	
1

	
≪1

	
≪1

	
1

	
−
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Table 2. Comparison for the different filter configurations studied here of the magnitudes of the expected currents flowing at the output filter, as represented in the circuit model in  Figure 4. This comparison assumes that frequency is sufficiently high as to make significant the effect of parasitic inductances. Signs + and − in the table account for comparatively high and low currents, respectively.
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High Frequencies




	

	
   I CM   

	
    I  L 1   /  I CM    

	
    I  L 2   /  I CM    

	
    I CO  /  I CM    

	
    I  CY 1   /  I CM    

	
    I  CY 2   /  I CM    

	
   I  DM , LOAD    






	
S,CC

	
− −

	
0.5

	
0.5

	
≪1

	
0.5

	
0.5

	
− −




	
S,C0VG

	
− −

	
0.5

	
0.5

	
<0.5

	
<0.5

	
>0.5

	
−




	
AS,CC

	
+ +

	
≪1

	
1

	
0.5

	
0.5

	
0.5

	
+




	
AS,C0VG

	
+ +

	
≪1

	
1

	
<0.5

	
<0.5

	
>0.5

	
+ +
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Table 3. Parameters of the output filter and load setup.
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   L 1   ,    L 2    ‘S’

	
   L 1   , ‘AS’






	
L (μH)

	
  C p   (pH)

	
  R p   (k Ω )

	
L (μH)

	
  C p   (pH)

	
  R p   (k Ω )




	
10.5

	
7.4

	
2

	
5.1

	
30

	
4




	
  L SC  , ‘C0VG’

	
   C o   

	
  C Y   ‘10 nF’

	
  C Y   ‘50 nF’




	
L (nH)

	
C (μF)

	
C (nF)

	
L (nH)

	
C (nF)

	
L (nH)




	
<5

	
88

	
10

	
10

	
50

	
20




	
  L  p 1   ,   L  p 2   

	
Load




	
L (nH)

	
  R  D M    ( Ω )

	
  L  D M    (μH)

	
  L c   (nH)

	
RCM ( Ω )

	
  C Y   (nF)




	
10

	
1

	
2

	
300

	
33

	
470
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