

  wevj-12-00217




wevj-12-00217







World Electr. Veh. J. 2021, 12(4), 217; doi:10.3390/wevj12040217




Article



Simulation of Shield Current in Automotive High Voltage Systems



Jozsef Gabor Pazmany 1,*, Denes Fodor 2 and Bernard Bäker 1





1



Institut für Automobiltechnik Dresden (IAD), 01062 Dresden, Germany






2



Faculty of Engineering, University of Pannonia, 8200 Veszprém, Hungary









*



Correspondence: pazmany.jozsef@gmail.com







Academic Editor: Joeri Van Mierlo



Received: 31 August 2021 / Accepted: 27 September 2021 / Published: 3 November 2021



Abstract

:

In automotive high voltage (HV) systems, the switching operation of a power electronic converter causes current and voltage ripple in the frequency range of [10 Hz–150 kHz]. Automotive system engineering provides requirements that define the behaviour of HV components in that frequency range. Shielded HV cables must stand induced current in the frequency range of the ripple. One of the relevant requirements is the maximal current stress of the shielding. Several individually shielded cables are used in automotive HV systems, and these shields influence differential mode disturbance currents, such as the ripple current from the traction inverter. In this work, we provide a model and an analysis of shielded cables integrated into an automotive HV system in relation to system-level design parameters. To fill the gaps of existing research, we focused on two questions: How do design parameters influence the shield current value in the frequency range of the current ripple in a vehicle, and how should a shield and connector system be designed with respect to shield currents over the life-time? We applied analytical and simulative solutions to these problems through a co-simulation approach on the architecture of a real vehicle. The presented approach extends existing research by integrating simulations and vehicle measurements to life-time prediction. Moreover, the proposed methods enable the replacement of the state-of-the-art constant 10 A requirement to a driver profile based predicted shield current requirement on individually shielded HV cables in battery electric vehicles (BEV).
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1. Introduction


In battery electric vehicles, the DC side HV cables of the traction inverter are often assembled with individual shields. A cost- and design-relevant property of the shield and its connector system is the current stress resistance. Data sheets of an HV cable and connector define only a constant root-mean-square (RMS) value for the shield current stress resistance, typically 10 A [1]. Due to the switching operation of power transistors in the traction inverter, differential mode (DM) ripple current is emitted into the HV system in the frequency range of [10 Hz–150 kHz] [2,3]. Ripple current can have an amplitude of up to 40% of the useful DC current [2]. In the frequency range of the ripple current, the dominant inductive coupling between the cable core and the shield induces shield current [4]. With the electrification of sport cars and heavy-duty vehicles, the nominal power of xEVs and the nominal DC current increase [5]; hence the specified shield current limit can be violated, yielding sporadic faults and accelerated ageing processes [6]. In this work, we provide a model and an analysis of shielded cables integrated into an automotive HV system in relation to system-level design parameters. The simulations aim to show the influence of design parameter changes to shield current. We also propose a new requirement for the current stress resistance of the shield and the connectors. The new requirement aims to predict the shield current stress over life-time of the vehicle. The results of this paper are validated with measurement data from real vehicles.



The HV power net of an electric vehicle can be designed with different shielding concepts. This work focuses on a vehicle with individually shielded HV cables, assembled between the traction inverter and the HV battery. Auxiliary loads with power of ≤10 kW are mostly connected to cables with a small radius (4–6 mm   2  ) and common shielding. Individually shielded cables are usually used to connect the battery with the traction inverter usually individually shielded cables are used due to industrialisation advantages, but they can have both common mode and differential mode disturbances due to the inductive coupling of DM current. Numerous researchers have recently examined the modelling of the voltage ripple emission of automotive traction inverters [7,8,9]. Studies motivated by electromagnetic compatibility (EMC) covered the properties of shielded systems in automotive applications in the frequency range of >150 kHz, such as [6,10,11]. Moreover, the impact of the ripple voltage on the passive components such as the DC-link capacitors and on the HV battery were scoped in several studies, such as in [5,7,12,13]. Voltage ripple issues are also covered by automotive standards, such as in [14]. Many researchers [1,6,10,15,16,17,18] have examined the properties of shielding and shield current in automotive HV systems. They examined the AC cabling between the traction inverter and the electric machine, in the 3-phase AC system. If shielded cables are used, a part of the useful AC current occurs on the shielding due to inductive coupling, mostly in the frequency range of [0–1 kHz]. Section 5 [15] briefly defines the role of individual shielding in the DC side ripple current calculation, following [3]. However, existing research covers the modelling of the voltage ripple emission of a traction inverter, the ripple caused faults and accelerated ageing of some components in the HV system, and the modelling of an individually shielded cable, the existing literature poorly covers the behaviour of a shielded cable in real vehicular environment. Reference [15] covers the basic modelling of an individually shielded cable in the HV system, but without the assessment of requirements on the cable or of the behaviour in drive-cycles. The standardised method on shield current stress provided in [14] does not cover the voltage ripple modelling and the life-time shield current stress. Moreover, parameter optimisation in HV systems with respect to voltage ripple in the literature focuses on capacitor sizing [13], but also the design parameter optimisation of the shielding system with respect to voltage ripple behaviour is a promising direction for avoiding accelerated ageing or sporadic faults.



Our objective in this research is to combine the knowledge about voltage ripple and cable modelling and system-level knowledge to define the current stress resistance requirement for shields, and grounding resistors and to examine the influence of shielding parameters on HV system modelling in the frequency range of [10 Hz–150 kHz]. We conducted a detailed system analysis and a simulation in a real vehicular environment with real system parameters to answer the research questions. We also analysed the system gradients with respect to design parameters, such as cable length, resistances, and capacitor sizes.



In designing shield connectors, the HV system specifications provided state that the maximal allowable RMS current, measurable in the shielding of HV cables, is typically 10 A. Meanwhile, in the automotive HV system specifications, the maximum shield grounding resistance is 10 m Ω  [13]. The grounding resistance determines the functional robustness of the connector against current stress. In recent measurements, high currents have been observed on individually shielded cables between the inverter and the battery. The spectral analysis of these currents has shown that the origin of these DM disturbances is the switching operation of the traction inverter. In this work, we analysed the physical phenomena of the shield current. Based on the analysis, we defined the maximal current levels emitted by the inverter in the frequency domain to secure maximal RMS current on the shield connectors. In addition, we examined the trade-off between reducing current ripple in the HV cables and preparing the shielding for higher RMS current stress. We also defined the properties and calculation of the shield current in the frequency range of [10 Hz–150 kHz], followed by the extrapolation of drive cycles and life-time current stress approximations. For life-time approximation, a new definition of shield current stress requirement was provided. The modelling built on the results of the latest modelling research on automotive HV systems, particularly ripple voltage properties [2,7,13]. In this paper, we show the results of high-fidelity shield modelling integrated into a real vehicular environment, with a focus on modelling error and requirement definition on the shielding’s current stress resistance. According to [2], the analytical modelling approach for system-level ripple simulations contains different errors. The individually shielded cables contribute to the modelling error, hence we propose a new approach to estimating this uncertainty and a co-simulation to enhance the fidelity of shield current simulations.



From a system integration perspective, the modelling of shield currents is essential in designing a shield and connector system. The proposed method aims to predict shield currents over realistic drive-cycles and use case near life-time approximations.



This work is structured as follows: Section 2 presents the cable, system and drive cycle modelling approach. Section 3 shows the results of the analysis for shield current calculation and modelling error determination, while in Section 4 the extrapolation of drive-cycles is discussed. Section 5 focuses on simulation and measurement results and our suggestions for requirement definitions.




2. Materials and Methods: Modelling Shield Current


To provide high-fidelity shield current modelling the cable, the HV system and the disturbance source were analysed in the frequency range of [10 Hz–150 kHz]. This section outlines all modelling aspects and assumptions. The defined models were used in the simulation method using a co-simulation of Matlab and a finite element method (FEM) solver, in this case finite element magnetics (FEMM).



2.1. Cable Model


Figure 1 shows the cross-section of the 50 mm   2   Cu HV cable, which is assembled between the traction inverter and the battery. The FEMM model of the shielded cable contains the cable core model and the shield and calculates the skin effect in the cable core. To create the cable model, the following assumption was made;

Assumption 1.

The capacitive coupling between the core and the shield should be neglected in the frequency range of [10 Hz–150 kHz]. Inductive coupling is dominant between the core and the shield in this frequency range. This assumption is proven by FEM simulations.







The shield current model contains three sub-models. The simplified system model, containing all three sub-models is illustrated in Figure 2. A detailed ripple source model, (i.e., an inverter model) is analogous to the one described in [15]. As shown in Section 5, the adjusted impedance of the HV system is yet to be modelled. Additionally, a model of the shielded cable and its connection to the vehicular ground should be modelled. We assume the impedance of the HV system and the inverter model as given. Further discussion on the ripple source and HV system modelling can be found in [3,4,7], respectively. The analysis assumes an 800 V system with one traction inverter, one battery, and two parallel connected auxiliary loads, where the traction inverter operates with space vector modulation (SVM).



Shield current stress calculation requires a high-fidelity cable model in the frequency range of the current ripple following [1]. The modelling approach used considers two variable design parameters, cable geometry and ground resistance, encompassing grounding resistance (  R  u e   ) and vehicle ground resistance (  R  G N D   ). System gradients with respect to these design parameters were obtained using algebraic steps. In the given ripple source, the shield current analysis follows Kirchhoff’s law for current equations at marked point 1 in Figure 3, Figure 4 shows the examined currents. The system parameter determined the current over the DC-link capacitor (  C x  ) and the current over the HV cable. Figure 5 is the model of a shielded cable in the frequency range of [10 Hz–150 kHz]. We conducted sensitivity analysis to examine the effect of design guidelines and feasible parameter changes. From the circuit analysis of the cable model it was found that    I  − R i p p l e , S h i e l d   = Φ  (  I  − R i p p l e , c a b l e   , k ,  R  c o n t a c t   ,  L S  ,  L C  )   .



For the simulations and measurements of DM shield current, a 50 mm   2   copper—a cable around 1 m in length—was examined [20]. The simulation always assumes a straight cable, with   d > > r  , where r is the cable radius and d is the distance between the   H V +   and   H V −   cables.



To examine the contribution of ripple current to shield current, a high-fidelity cable model was developed in the frequency range of the inverter ripple, that is, [10 Hz–150 kHz]. Therefore the following assumptions were made:

Assumption 2.

The cables are short   l < <  λ  150 k H z    .





Assumption 3.

The parasitic capacitance between the cable core and the shield should be neglected.





Assumption 4.

  H V +   and   H V −   cables are parallel and straight.





Assumption 5.

The shield is thick such that skin effect can be neglected in the shield model.





Assumption 6.

Ground impedance is idealised to a concentrated resistive element.







Connectors, such as the standard HVA280 in [21], were modelled as serial   R L   elements without thermal or transient parameter changes.



The simulation was based on a system model developed with Matlab tools and was co-simulated with an embedded FEMM cable model. Matlab scripts provided the parametrisation and the solution of Kirchhoff equations and the inverter ripple emission calculations. FEMM simulations established the cable models. Simscape models provided accusal circuit simulations.




2.2. System Model


The HV system of a BEV is a power-electronics-interfaced DC power system. In this work, we assumed an 800 V system with a 240 kW traction inverter. The main ripple current source is the traction inverter. According to [2,10], the inverter should be modelled in this frequency range with its Northron equivalent circuit where the inner impedance of the source contains the DC-link capacitor. Notably, in this work we only considered one traction inverter and neglected the ripple emitted by auxiliary loads.



The scope is the cabling between the inverter and the HV distributor. This cable has symmetrical connector systems in both ends of it. The system impedance was based on measurements fitted for equivalent circuit representation, following [19,22].



The cable modelling contains the frequency dependency of the inductance and the resistance of the cable core—following the calculated results presented in Figure 6—which corresponds to [23].




2.3. Analytical Model


The real vehicular system model contains three subsystem models. The traction inverter model to reproduce the ripple current source in the vehicle followed [1]. Input for the drive-train configuration in the inverter model included the actual mechanical torque, machine speed, modulation index, and DC voltage. Using the Bessel approximation, we calculated real ripple current with amplitude, phase, and corresponding frequency   I i  , using the ripple spectrum that contains only finite discrete frequencies where the ripple amplitude is ≥  ϵ  . The inverter model also contains the DC-link capacitor model.



A system impedance model reproduces the effect of the other components in the HV system such as the battery or an auxiliary HV component (e.g., DCDC converter or HV heater), following the results of [16]. The HV system impedance was taken into account in the calculation as the concentrated DM parameter,   Z  H V   .



A detailed cable model was produced to calculate the ripple current transfer between cable and core. The detailed model contains the RL model of the cable and the mutual capacitance and inductance of cable and shield.



The system model in Figure 2 shows three Kirchhoff equations (marked with 1, 2, 3) that constitute the core of further analytical examinations.


   I i  =  I c  +  I l   



(1)






  0 =  I l     R l  +  Z HV  +  L l   w  1  i  +    I c   1  i    C x   w   +  I s   M  w  1  i  



(2)






  0 =  I s     R sum  +  L s   w  1  i  +  I l   M  w  1  i  



(3)







With measured system parameters and some algebraical steps, we solved the shield current (  I s  ), cable core current (  I l  ) and the DC-link capacitor current (  I c  ) in regard to system parameters.



Further examinations assumed a real drive situation, with passive auxiliary loads, so the DC current could flow from the battery to the inverter, meaning driving, or in the other direction, meaning braking [7]. Ripple current flowed from the inverter towards the HV system, suggesting that the inverter is the ripple source, and the HV system is the ripple sink. The analytical model obtained the coupling factor between the cable core and the shield from the FEM simulations of corresponding cables.




2.4. Inverter Ripple Current Model


The inverter ripple current calculation followed the Bessel approximation of the emitted ripple current of an inverter, as shown in [21]. Inverter ripple emission was modelled as a current source with a complex frequency spectrum that depended on the actual switching frequency, operation point, and modulation strategy [2].





3. Analysis


In this section, we present analytical calculations of parameter dependencies between shield and cable current. The bases for the analyses were calculations of the transfer function from the inverter current to the shield current and to the cable current. The analysis confirmed the influence of the shield parameters on the ripple current in the inner conductor. We also examined the effect of system parameters on the shield current. A sensitivity analysis was conducted to gauge the effect of design parameters on current properties.



The transfer function from inverter ripple current to shield current suggested a band-pass filter-like system. The exemplary HV system impedance had two parallel coupled LC DC-link filters with a high Q factor. Figure 7 shows that resonance points also cause local maxima in the transfer function. The simulation results are presented in Figure 7 with three different values for the grounding resistance. The simulation results showed the damping effect of the connecting resistance of the shield.



Corollary 1.

The shield current in relation to system parameters can be written in closed mathematical form. The shield current function has a negative gradient against contact resistance, so     ∂  I  S h i e l d     ∂  R  u e     < 0  . In practical terms, the lower connector resistance means higher shield current.





The transfer function from the inverter ripple current to the cable core current showed similarities with the transfer function of a low-pass filter, which can be explained by the DC-link capacitor of the inverter. The two resonance points can be observed due to the input filter of the HV auxiliary loads. Figure 7 presents the exemplary transfer function with two HV loads and a real DC-link capacitor, with three different contact resistances. The influence of the design parameters on the filter performance of the DC-link capacitor has been studied; hence the following properties were simulated.



Corollary 2.

For every system configuration and    R  u e   0   exists a frequency   f 0   such that:



                                                     If   f <  f 0    then     ∂  I  C a b l e     ∂  R  u e     > 0  



                                                           Else     ∂  I  C a b l e     ∂  R  u e     ≤ 0  .



There exists a frequency, below which the shield behaves as a reduction conductor, and above which the shield amplifies the measurable current in the conductor core.





3.1. Parameter Dependencies of Shield Current


To examine the effect of the design parameters and observe possibilities of the system-level parameter tuning, the transfer function between the inverter ripple current and the shield current was derived. The transfer function between the inverter ripple current and the shield current was also derived. The simulated transfer function is shown in Figure 8. Calculations of the three different parameters showed significant changes in behaviour at the resonance frequencies of the auxiliary HV loads. Damping properties also changed in the grounding resistor parameter.



Figure 9 presents the calculated transfer function between the ripple current in the inverter and in the cable core. The effect of parameter changes was similar to that of the transfer function presented in Figure 8.



Since the parameters in the transfer functions were not linearly independent, the simulation of    I  C a b l e R i p p l e    I  I n v e r t e r R i p p l e     was conducted to visualise their effect on the ripple current. Figure 10 shows The simulation results, indicating switching frequencies in the traction inverter. This suggest a resonance phenomena (e.g., at 11 kHz) tuning other system parameters and shield grounding resistor   R  u e    damping the resonance current in the system. Moreover, with the tuning of the inverter switching frequency and the shield grounding resistance the shield current can be minimised, or the dumping of the shield on cable inductance can be maximised.




3.2. Effect of Shielding on System-Level Ripple Modelling


Figure 11 shows the qualitative impact of the design parameter changes on the transfer function from inverter ripple current to shield current. The results show the modification of the band-pass properties of the shielded system, the higher resistance values cause better damping, the modification of the cable length also modifies the shield currents. Table 1 summarizes the qualitative impact of design parameters to transfer function from inverter ripple to shield current, the table also provides information on the possibilities of damping undesired shield current related phenomena in the HV system.



In the HV-system, the effect of an individually shielded cable on conducted DM disturbances in the low frequency range is caused by mutual inductance in the shield and the cable core. The individual shield slightly shifted the resonance points of the system and the current distribution between the DC-link capacitor of the inverter and the HV-system. The resonance point shift is critical in terms of maximal ripple current on side loads. As an analysis example, an auxiliary load is assumed with a DC-link capacitor   C x  , a DM choke   L  d m   , cable inductance   L l   and shield inductance   L s  . The resistance of the cable, connector and equivalent series resistor (ESR) of the capacitor is summarized in   R  s y s   . The effect of shield parameters on the resonance shift is obtained analytically in the following equations. In the formula below,  ω  is the resonance frequency for the shielded system, and   ω n   is in the unshielded system.


  ω =  1    C x     L  d m   + 2   L l  + 2  k     L l    L s         



(4)






   ω n  =  1    C x     L  d m   + 2   L l       



(5)






    ∂ ω   ∂  L s    = −    C x    L l   k   2      C x     L  d m   + 2   L l  + 2  k     L l    L s        3 / 2       L l    L s       



(6)






    ∂ ω   ∂ k   = −    C x      L l    L s         C x     L  d m   + 2   L l  + 2  k     L l    L s        3 / 2    .  



(7)







Figure 12 shows the numerical results of the sensitivity analysis with respect to the coupling factor. The effect of shielding on the function of cable inductance was calculated as follows:


       ∂ Δ ω   ∂  L l    =    C x       L s   k     L l    L s     + 2    2      C x     L  d m   + 2   L l  + 2  k     L l    L s        3 / 2     −       −   C x      C x     L  d m   + 2   L l      3 / 2    ,     



(8)




where   Δ ω = ω −  ω n   .





4. Shield Currents over Drive-Cycles


In this section, we aim to predict the shield current in a real drive cycle, to extend current stress requirements for shields and connector systems. Actual specifications and data sheets included a constant RMS current stress. Measurements (Section 5.3) revealed that in some drive situations the shield current can be higher than the specified 10 A RMS. The thermal and ageing effect simulation of shield current on a connector system requires a predicted current profile as input.



In a real vehicular environment, the examination of the shield current considers parameter uncertainties, such as the shield contact resistance being temperature dependent or the spectrum of the inverter ripple current depending on the state of the electric motor [2].



After setting up the drive-train, system impedance, and cable model, the drive-cycles were defined. During a drive cycle, electric machine speed, torque, and DC voltage must be measured. With these input parameters, the ripple emission of the traction inverter was simulated, and shield current was calculated in every discrete measurement point. Simulation outputs were shield current pulses with their frequency spectrum and amplitude, and length in the time domain. We examined two different drive cycles of a real electric vehicle. A Worldwide Harmonised Light Vehicle Test Procedure (WLTP) standardised and a sporty driver profile. Figure 13 and Figure 14 presents the simulated RMS current stress on the shield contact resistor in the two different drive-cycles.



Figure 13 shows the DC current and the RMS values of the ripple emission of the traction inverter as well as the cable core ripple current and the shield current. From these results we can determine the worst-case shield current pulses and a current profile for the thermal simulations. For the system design, we obtained the length of a high shield current period from the dataset.



Figure 14 visualises the comparison of the two driver profiles. Showing the effect of driver profile and the percentage of the share of time when a shield current appears larger than a specified level. With these results, we can validate a new requirement level, as they indicate the frequency of limit violations, as a percentage. These results also helped us to define a shield current stress level extended with the pulse length in the time domain.




5. Result Discussion and New Design Guidelines for the Shielding of HV Cables


In this section, we propose a method to predict current stress on the shield and connectors in BEV applications. The method is designed such that it can be applied in the early phase of vehicle development, using the inverter data sheet and the specified HV system topology. With this method, vehicle developers can predict shield currents in drive cycles and validate the usability of standard or custom shields and connectors for the vehicle life-time. The designed shield current profile can serve as an input for the thermal simulation of shields. We propose an estimated shield current profile for vehicle concepts. Accurate prediction method requires prior knowledge about the inverter, the HV system, and the drive cycles. The predicted current profile enables a lifetime prediction of shield grounding resistors.



We suggest conducting the shield current analysis during the vehicle concept design phase because shield current stress can influence the selection and type connector geometry and material.



5.1. Drive-Cycle Modelling


Current stress on a shield or on a contact resistance depends on the actual state of the drive-train. Reality near drive situations and driver profiles are modelled with standard drive-cycles like the WLTP - WLTC Class3 cycle or NEDZ [24], which are also used for the homologation of the vehicle. In this research, we assume that the standard drive-cycles correspond to the behaviour of a real driver. For the simulations, the inputs a measured were a WLTP and a sporty drive cycle with aggressive acceleration and braking manoeuvres to model a worst-case scenario.



In the real drive situation the actual torque and speed of the electric machine and the HV voltage were measured over a drive-cycle with synchronised data acquisition equipment. For the simulations, we generated an input data set from the measurement results, which consisted of actual electric motor speed, torque, and HV voltage with a sampling frequency of 1 kHz. Simulation results of the ripple current stress on a shield provided the input for thermal simulations.




5.2. Simulation of Real Drive-Cycles


The high-level algorithm of the shield current simulation is presented in Figure 15. This algorithm ensured satisfactory shield current predictions for the system engineering. To conduct the simulation, we first measured different driver profiles with 1 kHz sampling in an existing BEV. We then fed the shield current simulation with the measurement data from the battery and electric drives. Afterwards, the current ripple and the shield current for the two drive cycles was to be calculated and a profile was calculated with the frequency and length of shield current pulses. We propose using such a profile for the current stress resistance requirement of the shield.




5.3. Validation


The research questions are about unpredicted ageing phenomena and sporadic faults in real vehicle applications. We validated these by theoretical and simulation results (i.e., research related measurements). The measurement required a customised break out box that enables the measurement of the shield current and the cable core current without changing the cable length, geometry, and the system parameters. For the measurements, two Rogowski coils from the LEM company, with a maximal frequency of 200 kHz, were used on the interrupted shield and the cable core. Measurements were provided on a system test bench, where the measurement equipment can be assembled without any volume problem.



Regarding the measurement results shown in Figure 16, the cable core current was filtered with a band-pass filter between [10 Hz–150 kHz], and the shield current was filtered with the same filter parameters. In Figure 16, the measurement of a short acceleration and braking cycle of a real vehicle is presented, where the observed shield current corresponds to the predicted shield current in acceleration periods of the WLTP drive cycle, presented in Figure 13. Notably the measurements are performed with real vehicular parameters without parameter optimisation.



The measurement results revealed that in the specified frequency range the current resulting from the inductive coupling between the cable core and shield allows the measurement of shield current with an amplitude of more than 40 % of the ripple current on the cable core. Moreover, the measurements showed that the 10 A RMS shield current limit can be violated during real drive situations. As a conclusion, the measurement results fulfil their validation purpose.





6. Conclusions and Future Work


In the presented paper, we have two main contributions to the state of the art. First, we presented an analysis of the ripple current modelling error caused by neglected individual cable shielding, with respect to the inductive coupling between cable core and shield. Second, we developed a method to set up drive-cycles and life-time shield current profiles. This method enables the redefinition of static current stress tolerance requirements on shielding and shield grounding resistors in connector systems and helps develop satisfactory drive cycles and driver behaviour, based on predicted shield currents over the life-time. The method also enables the prediction of the effect of system parameter changes on the expected shield currents. The results were validated on numeric simulations and measurements conducted in real vehicular systems. The proposed method provides a significant improvement for adding system-specific information to the design of an EV; moreover, it extends the requirement proposed in [14].



These examinations enable a better understanding of the automotive HV systems and contribute to a more robust design that facilitates the higher reliability of xEVs. In the future, it is worth extending the shield current profiles with the thermal simulation of the shielding and injecting possible faulty behaviours to the simulation models to enrich worst-case scenario analysis.
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Figure 1. FEMM model of a single 50 mm   2   copper HV traction cable. 
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Figure 2. Simplified equivalent circuit representation of the examined system, with an individually shielded HV cable. 
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Figure 3. Subsystems for the examination of the shield currents. The inverter and current emission model is discussed in Section 6. The system impedance model is discussed in [7,19]. The DC-link capacitor is modelled as an RC element [13]. 
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Figure 4. System relevant currents at the marked point (1) in Figure 3, that are the bases for the Kirchhoff’s analysis. 
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Figure 5. Modelling of one individually shielded HV cable where both ends of the shielding are connected to the vehicle ground (GND). The resistor   R  u e    represents the connecting resistance, which is a design value in the system requirement sheet.  κ  is the coupling factor between the shield and the cable core. The resistance and inductivity of the cables (  L  c a b l e    and   R  c a b l e   ) are discussed in Figure 6. 
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Figure 6. Inductance and resistance of a 50 mm   2   copper cable for EV usage in the frequency range of [10 Hz–150 kHz]; the results are provided using FEMM simulation. Notably, this work focuses on the shield current in the frequency range of [10 Hz–150 kHz]. The further simulations use the provided inductance and resistance values for the HV cables in the specified frequency range. 
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Figure 7. Simulated proportion of shield and inverter currents in the function of frequency with three different contact resistance values. With low shield resistance at the resonance frequency of the HV system the individual shield can amplify the inverter ripple current. 
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Figure 8. Proportion of shield and inverter ripple currents in the frequency function with three different contact resistance. 
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Figure 9. Proportion of cable core ripple and inverter ripple currents in the function of frequency with three different contact resistance. 
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Figure 10. Simulated mapping of proportion of cable and inverter currents in the function of frequency and the shield grounding resistance. 
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Figure 11. Qualitative effect of parameter changes on the transfer function from inverter ripple current to shield current. 
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Figure 12. Impact of coupling factor ( κ ) on the resonance frequency in an exemplary HV system. 
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Figure 13. Simulated current levels of HV system currents over a WLTP-WLTC Class3 drive cycle, where the actual state of the electric drive-train and the DC voltage is based on real vehicle measurements. Simulations showed the presented current levels. 
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Figure 14. Simulation results of RMS current stress on shield contact resistors   R  u e    = 5 m Ω  in two different drive cycles. The results estimate the frequency of limit violations in different driving profiles. 
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Figure 15. Derivation of the design requirement for the current stress profile of the shield grounding resistance. For this analysis, three inputs are required in the integration. Analysis can be conducted if the first inverter and the system impedance model are available. A starting point for the cabling parameters must be defined by the system developer. 
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Figure 16. Measured shield and cable core current in the frequency range of 10 Hz to 150 kHz in the time domain on a 50 mm   2   copper cable, assembled between the HV-distributor and the front inverter, over an acceleration cycle ranging from 0 to 8000 rpm. 
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Table 1. Qualitative effect of design parameter changes on shield the current. The analysis is based on the results shown in Figure 11.
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	Parameter
	Change (↗ | ↘)
	Effect





	   R  u e    
	↗
	higher resonance frequency,

steeper low-high pass properties



	   R  u e    
	↘
	lower resonance frequency,

smoother low-high pass properties



	   R  s h i e l d    
	↗
	higher resonance frequency,

steeper low-high pass properties



	   R  s h i e l d    
	↘
	lower resonance frequency,

smoother low-high pass properties



	Cable length
	↗
	lower resonance frequency,

smoother low-high pass properties



	Cable length
	↘
	higher resonance frequency,

steeper low-high pass properties



	   L  c a b l  e −  c o r e    
	↗
	lower resonance frequency,

smoother low-high pass properties



	   L  c a b l  e −  c o r e    
	↘
	higher resonance frequency,

steeper low-high pass properties



	   L  s h i e l d    
	↗
	lower resonance frequency,

smoother low-high pass properties



	   L  s h i e l d    
	↘
	higher resonance frequency,

steeper low-high pass properties
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