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Abstract

:

Road transport is shifting towards electrified vehicle solutions to achieve the Conference of the Parties of the United Nations Framework Convention on Climate Change (COP27) carbon neutrality target. According to life cycle assessment analyses, battery production and disposal phases suffer a not-negligible environmental impact to be mitigated with new recycling processes, battery technology, and life-extending techniques. The foundation of this study consists of combining the assessment of vehicle efficiency and battery ageing by applying supercapacitor technology with different topologies to more conventional battery modules. The method employed here consists of analysing different hybrid energy storage system (HESS) topologies for light-duty vehicle applications over a wide range of operating conditions, including real driving cycles. A battery electric vehicle (BEV) has been modelled and validated for this aim, and the reference energy storage system was hybridised with a supercapacitor. Two HESSs with passive and semi-active topologies have been analysed and compared, and an empirical ageing model has been implemented. A rule-based control strategy has been used for the semi-active topology to manage the power split between the battery and supercapacitor. The results demonstrate that the HESS reduced the battery pack root mean square current by up to 45%, slightly improving the battery ageing. The semi-active topology performed sensibly better than the passive one, especially for small supercapacitor sizes, at the expense of more complex control strategies.
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1. Introduction


The European Union, in June 2022, took a preliminary decision to allow the commercialisation of only zero carbon emission light- and medium-duty vehicles starting from 2035. Even though turnaround and modification can still be considered by 2026, governments and industries are investing significantly in the transport sector, promoting the diffusion of electric vehicles (EVs) [1]. This action should be contextualised in the 2022 Conference of the Parties of the United Nations Framework Convention on Climate Change (COP27), which has set carbon neutrality with the main goal of limiting the global temperature rise to 1.5 °C by 2050 [2].



The assessment of EVs’ environmental impact is very complex. It depends on numerous factors varying continuously over years and scenarios. Many works have analysed the impact of EVs through the life cycle analysis (LCA) and compared them to internal combustion engine vehicles (ICEVs). Despite the differences among these studies, the following points appear to be generally accepted: first, the production phase of xEVs is more carbon-intensive than ICEVs mainly due to the battery production; second, by adopting the global warming potential (GWP) as a key performance indicator (KPI) in the LCA, there is a break-even point in terms of the distance travelled for which the GHG emissions of xEVs and ICEVs are the same. For greater distances, the xEVs are less carbon-intensive. That threshold strongly depends on the fuel used in the ICEVs and the energy mix adopted to produce the electricity used to charge the BEVs [3]. Zheng et al. [4], assuming a case study China, suggested that due to the high carbon-intensive energy mix, it is hard to make the BEVs’ impact less than that of ICEVs’ in three decades. According to Kawamoto et al. [5], the production impact of BEV can be roughly double that of ICEVs in terms of the GWP, mainly due to the high-voltage battery pack (BP). The BP share can reach up to 20% of the LCA greenhouse gases (GHG) emissions if a battery pack replacement is made during the vehicle operating life. A viable solution to mitigate the impact of the latter could be: on the one hand, encouraging battery recycling and remanufacturing as a short-term response; on the other hand, finding new battery recycling technologies and materials as a long-term one [6]. In this context, battery ageing plays a relevant role. If an appropriate battery life extension is reached, it is possible to avoid battery replacement during the vehicle operating life. The battery lifetime relates to the battery operating conditions such as the state of charge (SoC), deep-of-discharge (DoD), current (Amperes or C-rating), and temperature [7]. Other than the GWP, the LCA evaluates other resource utilisation and environmental impact indicators. Helmers et al. [8] depicted a complex and not fully clear BEVs environmental impact using other indicators along with GWP, mainly due to the acidification potential linked to the adoption of elements such as Ni, Cu, and Co used in battery and electronic components.



Energy storage systems (ESS) could be classified according to power and energy density. Supercapacitors (SC) belong to the category of high-power density ESS, while lithium-based batteries to the high energy density ESS. A comparison of the ESS in terms of energy and power density at different integration levels (cell, module, and pack) is reported in Figure 1. The data shown were collected from many manufacturers and technical resources. It is possible to distinguish that the mass-related specific power and energy decreased passing from the cell to the module and from this to the pack level. Comparing the BP and SC modules, the first offered about a 35-times greater specific energy and 20-times lower specific power.



For EV applications, the combination of a battery and a supercapacitor in a hybrid energy storage system (BS-HESS) can potentially improve the battery pack life, regenerative braking efficiency, and acceleration performances of the vehicles [9]. SCs have a long operative life, with a negligible ageing effect compared to batteries [10]. Moreover, they are also characterised by a wide operating temperature range and low internal resistance [11]. Notwithstanding the BS-HESS topology that can potentially improve the overall energy storage system performances, a cost–performance trade-off is required to assess the increasing cost of such systems. Moreover, increasing the number of energy sources complicates the development and management of the vehicle powertrain [12]. Chong et al. [13] investigated different BS-HESS topologies for a photovoltaic system, demonstrating that passive topology has a lower cost but with a negligible improvement and uncontrollable behaviours. Song et al. [14] analysed the semi-active topology against the battery cost and temperature variation, concluding that BS-HESS is a cost-effective solution for vehicles considering at least a ten-year lifetime of the system. Both the semi-active and active topologies require more complex control strategies to manage the power split among the multiple sources. Many control strategies have been studied, developed and analysed in this framework. These range from those characterised by a low computational burden and ease of deployment to a new generation of multi input multi output (MIMO) controllers capable of exploiting vehicle data (i.e., from sensors and connectivity). Among the latter, Model Predictive Control (MPC) has to be considered one of the most relevant in the near future to improve the comfort, safety, and energy consumption [15]. Azad et al. have successfully used a nonlinear MPC to cope with the energy management problems on a BS-HESS system [16]. However, they analyse only one driving cycle and one BS-HESS topology, and compare only the battery currents. Although the increase in the vehicle onboard computational power has made the online use of MPC in automotive applications possible, the actual online applications usually adopt rule-based controllers or look-up tables [17]. So, in the future, an increase in the MPC and more advanced controller use in the transport sector can be expected.



Many works in the literature have addressed specific aspects of the BS-HESS, including modelling, topologies, energy management, and thermal effects [18]. Carter et al. [19] focused on the impact on the BP current when the SC was used. Zhu et al. developed a framework for the optimal sizing of the BS-HESS, minimising the lifetime vehicle costs [20]. A comparison of different topologies has been reported, testing the system through a dynamometer driving cycle of a small EV showing the superior performance of semi-active topology [21]. Other experimental activities have compared different control strategies for an active topology on a real driving cycle in terms of the performance and ease of tuning and implementation [22]. Additionally, many studies focus on developing control strategies ranging from optimal offline ones to simple look-up tables for a fixed BS-HESS topology [23]. However, finding quantitative comparisons among different BS-HESS topologies in different driving conditions is difficult.



In this context, this manuscript aims to assess numerically different topologies under various real driving conditions while considering battery ageing and cost. There is little information on the combined analysis of the real driving cycle and BS-ESS topology on the vehicle energy consumption and battery ageing in the specific literature. To the authors’ knowledge, the methodology and the joint comparison of different aspects of BS-HESS proposed in this manuscript is a novelty. In particular, two BS-HESS system topologies have been analysed using a multiphysics vehicle model and an empirical battery ageing model. The proposed configurations have been tested under different driving cycles covering a wide range of vehicle operating conditions. A rule-based, or finite state machine, is developed for the energy management strategy (EMS). This approach is widely adopted in the automotive industry, although optimal control-theory-based strategies are gaining more attention recently [24]. To summarise, the presented work focuses on:




	
Modelling and validation of a light-duty BEV starting from the available literature data needed to assess the performance of the BS-HESS topologies;



	
Assessment of two different BS-HESS topologies, passive and semi-active, in many different testing conditions, and SC size sensitivity analysis;



	
Development of a causal rule-based controller, which is more suitable for online applications of the semi-active topology;



	
Comparison of the battery ageing through a semi-empirical model, among different BS-HESS topologies and driving cycles;



	
Comparative cost assessment of the BS-HESS topologies.









2. Materials and Methods


This section describes the main steps, assumptions and data adopted for the modelling activity of the vehicle, HESS, and control strategy. A proper model was developed to assess the influence of BS-HESS on xEVs’ vehicles adequately. In particular, the commercial multiphysics software GT-SUITE v2022 (Gamma Technologies, Westmont, IL, USA) was used for the vehicle modelling, while the controller was implemented in MATLAB/Simulink. The battery, supercapacitors, and electric motor were modelled using electromagnetic templates. The baseline model used for the validation was representative of the Volkswagen e-Golf of 2015. The main data used for the modelling are reported in Table 1.



A schematic view of the vehicle model architecture analysed is presented in Figure 2. All the developed controllers shared the same input and output interface layer to ensure flexibility, rapid comparison, and modification. The GT-Suite and Simulink co-simulation was realised by compiling the Simulink model in a “.dll” library file and then importing it into the vehicle model. The adopted methods and tools are compatible with the typical processor-in-the-loop validation procedure for the vehicle control unit “v-cycle” development [27].



An extensive validation process was carried out using online available data from the Argonne National Laboratory (ANL) database [13], whose selected driving cycle is summarised in Table 2. The driving cycles included steady-state driving, passing manoeuvre, high road slope, and different vehicle configurations (e.g., closed/open windows). The terminology adopted is aligned with the ANL one.



In all tested conditions, the accomplishment of the target driving cycle speed was within ± 2 km/h, according to standard regulations frameworks [28]. The remaining part of this section discusses the most relevant topics for model generation.



2.1. Battery Pack


To correctly assess the vehicle efficiency and battery ageing, it is essential to predict the current and voltage of the BP accurately. The BP OCV curve is often unavailable from vehicle data, as in this case. So, the open-circuit voltage (OCV) was fitted post-processing the experimental vehicle data. In particular, the operating points characterised by very low C-ratings were selected from the current and voltage traces during the tests. This procedure can help to improve the current prediction of BPs. In the region of interest (i.e., SoC between 20% and 90%), the experimental data were fitted with the following formula proposed by Yu et al. [29].


  O C V = a −   b   S o C   − c · S o C + d ·   ln  ⁡    S o C     + e · l n ⁡ ( 1 − S o C )  











The fitting parameters are the coefficients a, b, c, d, and e. The adopted OCV curve is reported in Figure 3, which shows the experimental data relative to two different battery pack temperatures and the fitting curve used in the models.



The battery cycle ageing was included in the model as an empirical relationship assuring good prediction capabilities and low computational requirements, avoiding detailed Electrochemical–Thermal–Mechanical models. The drawback of this approach is that a lot of experimental data are required for generating the regression curve [30]. For this specific case, due to a lack of data on the specific cells adopted for the real vehicle, the parameters of the ageing model adopted were relative to a 26550-type cell. In fact, the reference vehicle had a battery pack with 264 cells with an 88s3p configuration (i.e., 88 groups of 3 parallel cells were linked in series) with a rated 323 V nominal voltage and 75 Ah capacity [31]. However, there were no specifications on the adopted cell type. The following equation describes the cycle ageing model.


    L   q   =  ∫  g   S o C   h     T   c e l l     f   q   d q   ,  








where   g  ,   h  , and   f   are the penalty functions relative to the state-of-charge (SoC), the cell temperature, and the charge, respectively.     L   q     is the capacity loss. The penalty functions are defined as follows:


  g   S o C   =   A   g   +   B   g   · S o   C     C   g      










  h     T   c e l l     = 0.01 · e x p (   A   h   / (   B   h   · T ) )  










  f   q   =   A   f   +   B   f   ·   ( q / 3 )     C   f      











    A   g    ,     B   g    .     C   g    ,     A   f    ,     B   f    .     C   f    ,     A   h    , and     B   h     are model constants to be fitted as preliminaries with experimental data. In this work, the values used in the model were extrapolated from experimental data and correlations by Onori et al. [32], and then converted as requested by the model. The regression of available experimental data for battery ageing was divided into three terms, each linked to a specific dependent factor. The adopted values are reported in Table 3.




2.2. Regenerative Braking


It is worth highlighting that, as demonstrated in various works, the use of SCs can improve the efficiency of the regenerative braking system. Jin et al. demonstrated this advantage on a passenger car under hard braking and FTP-75 cycles [33], while Zou et al. on a heavy truck [34]. Other experimental assessments have demonstrated achieving about 70% of the regenerative braking efficiency [35]. From this point of view, the developed model was limited because of the lack of integration of a detailed regenerative braking system. Consequently, the efficiency calculated in the following sections could be slightly underestimated depending on the driving cycle.




2.3. Test Driving Cycles


After the model validation, additional driving cycles were included in the analysis to assess the BS-HESS performance in different real driving scenarios. The speed traces were derived from experimental acquisitions via onboard diagnostic tools on a class B vehicle. The driving cycle profiles are reported in Figure 4, where they are referred to with prefix ‘EXP’ followed by a progressive number.



The characteristic parameters describing a driving cycle [36] are reported in Table 4 for both the validation and experimental driving cycles. In particular, the time-based percentage of the driving cycle in which the vehicle is in idling (Pi), cruising (Pc), accelerating (Pa), and decelerating (Pd) are reported. The classification of each operating time for one of the conditions is based on the vehicle speed and acceleration. According to the literature, the adopted thresholds are 1.389 m/s for the speed and 0.1389 m/s2 for the acceleration [37]. For a fair comparison, it is essential to use real driving cycles, since it is known that the homologation ones are often not representative of the battery ageing in real driving conditions [38].




2.4. Supercapacitor and BS-HESS


The use of SCs was investigated through the evaluations of two system topologies. The SC was modelled using an equivalent electrical circuit with one Thévenin branch. In particular, the OCV vs. SoC characteristic curve of the single SC module is reported in Figure 5.



Many topologies can be designed to exploit the SC and BP, such as passive, semi-active HESSs and full-active ones, with an increased complexity and cost but with higher potential in terms of the operational flexibility and management [39]. An overview of the potential configurations is reported in Figure 6. The first three are investigated in this work.



Regarding the cost, the battery cost ranges from about 3.2 to 4.6 k€, and the specific cost ranges from 130 to 190 €/kWh [39]. For the sake of complexity, the full-active control strategy was not considered because an additional DC/DC converter should have been used with a dedicated control unit. Instead, the specific cost of a DC/DC converter is 20–30 €/kWh, resulting, for the power range considered (100 kW), in a total cost of 2–3 k€ [40]. So, for a full-active topology requiring two separate DC/DC converters, the cost of the needed converters is similar to the battery one. So, its results are economically less sustainable for light-duty applications and is therefore excluded from the assessment in the current study. The passive and semi-active topologies do not require additional converters, but the latter requires dedicated EMS development. Instead, the passive topology does not require a control strategy since it is impossible to control its operation actively, which is also its major drawback. In this case, the charging and discharging of the SC were only dictated by the electrical characteristics of the component chosen in the BS-HESS design phase as the battery internal resistance, and SC resistance and capacitance [41]. The SCs, in this case, acted as a low-pass filter. The BPs and SCs were connected electrically in parallel, with the first showing mainly a resistive behaviour and the latter a capacitive one. So, this topology makes an RC branch in the first approximation. The semi-active topology, instead, does not require an additional converter and can ensure better performance [42]. In the following, the configuration nomenclature reported in Figure 6 was adopted.




2.5. Energy Management Strategy


It is worth highlighting that only the semi-active CFG3 topology requires an EMS control strategy. In fact, for the other topologies, there is only one way for the ESS to fulfil the power request from the vehicle (i.e., no degree of freedom to control) since there is only one energy source onboard that can satisfy the requested electric power. A rule-based controller was developed for the CFG3 to assess the BS-HESS performance because of its low computational burden, which made it easily deployable on standard onboard control units. In this preliminary assessment, the thermal effects are neglected, and the temperature was considered constant. The rule-based controller was implemented as a finite state machine in MATLAB/Simulink using Stateflow. In the following, the developed controller is discussed.



The requested electrical power is a function of the vehicle speed, acceleration and configuration (i.e., window position, A/C and auxiliary systems operation), and road slope. Since the gear ratio of the transmission is fixed for a given vehicle speed and acceleration, from which can be determined the tractive force, the motor operating point is defined. The electrical motor power can be expressed as reported in the following:


    P   E M   =     A + B V + C   V   2   + m a + m g   sin  ⁡    α       V     η   m o t       Ω   m o t   ,   T   m o t        








where A, B, and C are the coast-down road load coefficients, V the vehicle speed, a the acceleration, g the gravity, α the grade slope,     η   m o t       Ω   m o t   ,   T   m o t       the motor efficiency defined by the rotational speed     Ω   m o t    , and     T   m o t     the torque. The coast-down load coefficients were adopted from the ANL data. The total requested electrical power, including the auxiliary system power     P   a u x    , can be expressed as:


      P   E L   = P   E M   +   P   a u x    











The schematic drawing in Figure 7 shows the feasible system operating mode.



In both traction (PEM > 0) and braking mode (PEM < 0), the following relation holds.


    P   E L   =   P   S C   +   P   B P    











    P   a u x     trace is characterised by a high characteristic time (i.e., low frequency), which makes it reasonable to draw the auxiliary power from the BP. With this hypothesis, it is possible to introduce a power-split ratio of the exchanged power by the BP,     γ   B P   ∈ [ 0 , 2 ]  , as follows:


    P   B P   =     γ   B P   P   E M   +   P   a u x    











The power exchanged by the SC is the complementary part     γ   S C   =   1 −   γ   B P       P   E M    . However, in traction mode, it is possible to consider a recharge from the BP to the SC with a correlated power defined as     P   S C , c h a r g e    , while the BP also provides the electric motor (EM) power. In this case     γ   B P   > 1  . When the vehicle is in braking mode,     γ   B P   > 1   does not make sense. In fact, in this condition, the EM should charge the BP, and then the BP should recharge the SC, which produces a double exchange dissipating more energy than using part of the EM energy to charge the BP and the remaining for the SC. Additionally, this behaviour is not allowed due to the energy buffer nature of the SC and its limited capacity.



A rule-based controller (i.e., a finite state machine) was implemented to control the behaviour of the HESS. The finite-state machine is represented in Figure 8. Four states were defined:




	
BP only, characterised by     γ   B P   = 1  .



	
Regenerative braking, characterised by     γ   B P   = 0  . It is applied when     P   E L   < 0 ,   and the SCs’ SoCs have a value allowing its recharge.



	
Mixed SC and BP operations, characterised by     γ   B P   ∈ [ 0 , 1 ]  .



	
SC charging from BP operations, characterised by     γ   B P   > 1  .








The transition rules allow the change from one state to another. As an example, if the vehicle is in braking condition, the recharge of the SC should be a priority if SC SoC is lower than its maximum threshold. The full definition of the transition rules is reported in Figure 8. The proper definitions of the transition rules guarantee that only feasible HESS operations are achieved, according to Figure 7. The transition rules are defined based on some threshold levels that can be tuned to change and optimise the controller behaviour. The adopted thresholds are listed in the following:




	
SOCSC,min: SC SoC minimum threshold, set to 0.35. Lower SoC values should be avoided as the OCV is almost linear with SOC (Figure 5) since the efficiency of the DC/DC schematically presented in the CFG3 of Figure 6 could be heavily affected [43].



	
SOCSC,max: SC SoC maximum threshold, set to 0.95 to ensure safe SC operation [44].



	
TP: Power threshold under which the use of only the BP is preferred.



	
TP,max: Power threshold over which the use of SC is preferred.



	
PSC,charging: Target power to be drawn from the BP to recharge the SC.








The tuning parameter values used in this work are reported in Table 5. These values were obtained as a result of a heuristic optimisation for an SC size of 2.8 kWh. The SC size was chosen according to literature results in which the supercapacitor characteristics are mostly around 10% of the BP energy capacity [45]. It is worth underlining that the tuning parameters (Table 5) of the controller must be recalculated for each use case [46].



To clarify, the developed rule-based EMS instantaneously defines the discharging rate of the SC coherently with its goal. It depends on the actual requested power from the vehicle and the SC’s SoC. The charging rate of the SC depends on the system status. In particular, it can be charged from the BP or during regenerative braking. In the first case, the charging power is a tuning parameter of the EMS, while in the second one, it is linked to the electrical power produced during this phase.



A moving average filter has been used for the output of Stateflow to achieve a smoother control law.




2.6. Test Methodology


The developed model has been used to investigate the topology and driving cycle effect on the efficiency and battery ageing. The workflow of the analysis carried out is graphically reported in Figure 9. The main steps of the work have been articulated as follows.




	
Base configuration development and validation.



	
Battery ageing and current estimation for the base BEV configuration in standard and real driving cycles.



	
Integration of the supercapacitors in passive and semi-active topologies.



	
Sensitivity analysis of the SC size versus battery ageing, current peaks, and root mean square (RMS) value reduction.



	
Cost analysis of the explored BS-HESS solutions.










3. Results


This section reports and discusses the main results obtained by the numerical investigations. First, the results of the base model validation are presented. Then, the performances and cost assessment of the two investigated BS-HESS systems are compared to the base configuration without the SC.



3.1. Validation


A summary of the main validation results is reported in Table 6. The experimental SoC data are discretised with a resolution of 0.4%. A good prediction capability over a wide range of operating conditions was reported with a mean error for the SoC and energy consumption of less than 5%. In Figure 10, instead are reported the driving cycle and the SoC curve among the experimental and simulation data. The figure shows that the model response was coherent with experimental data, with similar SoC trends.



A globally good numerical and experimental data agreement was achieved in standard conditions. In less usual conditions, in the driving cycle 61511010, characterised by a higher average speed, the energy error grew to 5.1%. Indeed, it was reasonable to assume that the adopted efficiency map had lower values than the real one in the high-speed region. Additionally, the lack of detailed modelling of auxiliary systems should be considered. The energy errors could be further improved by using a more accurate EM map, which is unavailable in this specific case. The EM efficiency map is presented in Figure 11. The light green area covers the EM operating regions for which experimental data were available. It is worth emphasising that instead of using an EM map model, future activities will be finalised using a model with higher fidelity for the proposed analyses, which can further improve the reliability of the results. However, as is known, high-fidelity modelling will be subordinated to the availability of experimental data, which is often a prerogative of manufacturers only.



The previous activities demonstrated the goodness of the proposed model and approach, due to the good match with experimental data. In the following, further numerical analyses are carried out on new vehicle configurations exploiting the BS-HESS.




3.2. BS-HESS Investigation


This section compares two BS-HESS topologies in terms of ageing using metrics such as the capacity and ohmic losses, maximum, minimum, and RMS BP currents, and costs.



As is known, the ESS hybridization effectiveness depends on many factors, such as the BP and SC characteristics, EMS, and mission profiles [47]. Different driving cycles have been tested to assess the mission profile influence, characterised by high slope conditions, passing manoeuvres, and real driving cycles. A sweep of the SC size from 0.05 to 6.8 kWh was carried out at constant BP capacity. The BP and EMS tuning parameters were kept constant, while the SC characteristics were varied, assuming that the size increase was achieved by increasing the capacitance.



Regarding the predicted capacity loss, the sweep results are reported in Figure 12. The continuous line is the mean value, while the scatter band indicates the variation among driving cycles, showing the minimum and the maximum values obtained. A reduction in up to 1.25% on a specific driving cycle and 0.5% on average were achieved with high SC capacities, while a 0.25% capacity loss reduction was achieved in the most interesting area, characterised by a SC size less than 1 kWh. The displayed trend was expected to be a “U” shaped function of the SC size [20]. However, for the particular case adopted, linked to the electrical properties of the HESS, the found average had a decreasing trend, but the slope tended to become flatter.



The sweep of the SC size was stopped around a value of 7 kWh (about one-third of the BP size) since a higher value seems unreasonable for a BS-HESS system since the main energy source should be the BP.



The best ageing reduction performance is shown by CFG3, as shown by analysing the trends in Figure 11. For both configurations, as soon as the SC capacity overcame 8–10% of the BP one, the trend was quite flat, and no further improvements were expected by increasing the SC size, and the optimisation goal should have only been oriented to the performances. In this regard, Ostadi et al., found that the optimal energy share of an SC system is 17% from an optimisation of the sizing of SC and BP [45]. The CFG3, especially in the region of small SC sizes of less than 3 kWh, showed a longer battery life. For further smaller SC sizes lower than 0.5 kWh, the battery ageing was reduced by about one order of magnitude compared to CFG2.



This is an important aspect considering that in recent years the cost reduction in the BP has been higher than the SC ones. Thus, the optimal SC/BP size ratio has to be defined through the cost/efficiency trade-off.



As seen in Figure 12, the HESS can reduce the BP ohmic losses, assuring a reduction in the energy consumption [48]. A comparison of the CFG2 energy consumption reduction in comparison to CFG1 was evaluated. Reductions of −1.1%, −1.5%, and −2.4% can be achieved on average, with SC sizes of 0.34, 0.68, and 1.7 kWh, respectively. The lower energy consumption was mainly linked to the reduction in the ohmic losses of the battery, which, for the presented SC sizes, varied between 25% and 42%, in line with literature results [49]. It is worth highlighting that the ohmic losses were proportional to the square of the current and were directly proportional to the internal resistance, and the SCs have an order of magnitude smaller internal resistance, with a consequent ohmic losses reduction. Regarding the driving cycle influence, the BS-HESS in the real driving cycle conditions was less effective than its operation under 61511009 and 61511020 tests, composed of UDDS, HWY, and US06 homologation driving cycles.



Looking at smaller SC sizes, the SC capacity of about 1.5%, 3%, and 7% have been investigated for the following analyses. In the following, currents exchanged from the BP are analysed. As is known, they are strictly involved in cycling ageing [43]. In this regard, the maximum, minimum, and RMS BP currents for each driving cycle are reported in Figure 13 for both CFG2 and CGF3.



The maximum current was effectively reduced using CFG2, reaching mean values of about −16%, −27%, and −41% for each size considered. This trend was due to the reduced cut-off frequency of the BS-HESS. In fact, increasing the SC capacity size and keeping the internal resistance constant reduced the cut-off frequency of the SC, acting as a low-pass filter. The reduction was irrelevant in test 61611007 due to the high slope conditions, which required high power and were characterised by a very low-frequency current. In fact, the power request was high in this test condition, with fewer current peaks, and the HESS was less effective. The BP current related to driving cycle 61511002 and an SC of 0.8 kWh are reported in Figure 14. The CFG3 reduced the current peak of the battery actively, at least until the SCs had enough residual SoC. At a time of 250 s, the CFG3 was ineffective at reducing the peak due to the discharged SC, while the CFG2, which acted as a low-pass filter, did not suffer this problem. The trend was still valid for all the tested driving cycles. It is reasonable that a further optimised control strategy can effectively improve the performance of CFG3.



Regarding CFG3, the non-optimal nature of the rule-based BS-HESS EMS failed in some conditions in avoiding the current peaks. In particular, in some cases, the EMS-chosen discharge rate was such that the SC had already been discharged when the EM requested high power. This phenomenon led to lower peak reduction performances of the CFG3 and explained the non-uniform behaviour of the maximum current shown in Figure 13. The non-optimality of the EMS was also confirmed by the average maximum current that varied with the SC size in Figure 15, in which for SCs greater than 0.7 kWh, the CFG2 performed better.



The minimum current (i.e., BP charging) in Figure 13 shows that the proposed EMS had higher minimum values with respect to CFG2. The minimum currents were linked to regenerative breaking conditions, so the CFG3 was more effective at recharging the SC when the EM was in braking mode. As previously discussed, this can effectively improve the vehicle energy efficiency. However, the more irregular trend of CFG3 is again a suggestion that the proposed strategy can be improved.



The RMS current parameter was typically assessed for performance evaluation in the case of HESS [50]. Figure 15 shows the trends of the mean RMS and peak current reductions for both topologies. The trends between the two configurations were similar. The CFG2, due to its uncontrolled behaviour, had a smoother trend, while CFG3 showed some discontinuities. These were due to adopting the same tuning parameters for all the investigated SC sizes adopted, which could result in a non-optimal SC use. The CFG2 avoided the BP current peaks for all the explored SC ranges in every condition. The differences were negligible for SC sizes smaller than 0.3 kWh. For larger SC sizes and above 6.8 kWh, the average peak reduction was 56% and 37% for CFG2 and CFG3, respectively.



The RMS reduction for CFG3 was usually higher than for CFG2. However, for some specific SC sizes, the CFG2 performed better. This was due to the rule-based strategy of CFG3, which was not based on optimal control theory. Reductions of 33% and 46% were achieved for CFG2 and CFG3, respectively, aligned with the literature results. In fact, Vulturescu reported that the RMS current of the BP was reduced from 40 A to about 15 A (i.e., 63%) under the Artemis driving cycle [42].



Finally, a cost assessment was carried out and reported in Figure 16. The analysis shown relied on the assumption of converter and battery pack costs discussed in Section 2 and a cost of SC in the range of 5–10 k€ [51]. The control unit development and integration cost were not included. A logarithmic scale was used on the y-axis to better highlight the cost differences with smaller SC sizes. The scatter band indicated the uncertainty interval linked to the cost range assumed for the various components of the HESS system.



As discussed, a fully active HESS costs at least double the BP cost for a passenger car application. Limiting the cost of the HESS to 1.5 times the BP one, both for the passive and semi-active topologies, the maximum capacity of the SC could be 0.25 kWh, adopting the cost limit for one. However, as reported in Figure 12, the latter assures about a seven times better battery ageing and three times Ohmic loss reductions. At the same time, it also has some margin for improvement with more sophisticated control strategies. So, in conclusion, from the analysis carried out, it is possible to assert that CFG2 is preferable to CFG1 due to better performances from both the battery ageing, energy loss, and cost perspectives.





4. Conclusions


Two BS-HESS topologies were investigated and compared to a reference BEV platform. A vehicle model was developed and validated based on the literature-available experimental data. The validation procedure showed that the results lay within a tolerance band of ±5% with reference to the experimental data. The obtained results referred to a generic BS-HESS-equipped vehicle. More tailored submodels and data for their validation should be available in the case of more specific applications or case studies. Thus, attention should be paid in the case that slight improvements are expected only. The tests included a wide range of vehicle missions. Key parameters were analysed and compared in terms of the current, battery ageing, and energy consumption. The main outcomes are:




	
Real driving conditions showed a higher battery ageing with respect to homologation driving cycles;



	
Passive topology with the largest SC (6.8 kWh) mitigated the battery ageing by about 0.5%. Passive topology with a lower SC size (0.17 kWh) reduced the vehicle energy consumption by about 2.5% and mitigated the battery ageing by about 0.3%;



	
Semi-active topology with a rule-based control strategy and SC size in the range of 1–4% of the BP reduced the RMS current by up to 20% compared to the baseline and reduced up to 10 times the ageing compared to the passive topology;



	
The semi-active topology assured higher performances, also setting a cost limit of the BS-HESS due to the better utilisation of small SCs. The passive one was more effective at reducing the maximum peak currents.








The passive topology did not perform better in terms of the performance and performance-to-cost ratio, but its application was easier. The performance of the semi-active topology can be further improved by adopting optimal control-based strategies. However, their adoption is limited by the costs of the SC. Future developments will assess the BS-HESS performance by implementing a more detailed battery ageing model and advanced control strategies under development, such as, the MPC.
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	Battery Electric Vehicles



	BP
	Battery Pack
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	Battery Supercapacitor Hybrid Energy Storage System



	COP27
	Conference of the Parties of the United Nations Framework Convention on Climate Change



	DoD
	Deep-of-Discharge



	EM
	Electric Motor



	EMS
	Energy Management Strategy



	EVs
	Electric Vehicles
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	Energy Storage Systems



	GHG
	Greenhouse Gases
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	Global Warming Potential



	HESS
	Hybrid Energy Storage Systems
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	Internal Combustion Engine Vehicles



	KPI
	Key Performance Indicator



	LCA
	Life Cycle Analysis



	MIMO
	Multi Input Multi Output



	MPC
	Model Predictive Control



	OCV
	Open Circuit Voltage



	PMSM
	Permanent Magnet Synchronous Motor



	RMS
	Root Mean Square



	SC
	Supercapacitors



	SoC
	State of Charge



	VSI
	Voltage-Source Inverter



	xEVs
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Figure 1. Comparison of SC and BP energy and power density at cell, module, and pack level. 
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Figure 2. Adopted vehicle architecture and analysis methodology. 
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Figure 3. Fitting of the OCV parameters. The curves obtained were adopted for the numerical model. 
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Figure 4. Experimental driving cycle explored. 
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Figure 5. SC OCV vs. SoC curve adopted. 
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Figure 6. A schematic layout of possible BS-HESSs. CFG stands for configuration. 
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Figure 7. Operating mode investigated. The arrows indicate the power flow direction between components. 
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Figure 8. The state flow chart shows the state and the used transition rules. 
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Figure 9. Workflow of the proposed analysis. 
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Figure 10. Comparison of experimental and simulation data under four different driving cycles. 
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Figure 11. Motor efficiency map. The scatter points are the operating points of the driving cycles performed during the validation step. 
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Figure 12. SC size effect on battery ageing and ohmic loss reduction among the configurations and referenced to CFG1. The results are averaged among all the considered driving cycles. 
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Figure 13. BP current indicators of the CFG2 and CFG3 on different driving cycles. 
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Figure 14. Comparison of battery pack current in 61511002 test case for CFG1, CFG2, and CFG3. 
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Figure 15. Relative change in RMS and maximum current, considering the CFG1 as a reference, for both BS-HESS configurations varying SC size. 
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Figure 16. Cost comparison of the different BS-HESS topologies varying SC size. 
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Table 1. Main vehicle specifications [25,26].






Table 1. Main vehicle specifications [25,26].





	Parameter
	Value





	Curb weight [kg]
	1700



	Frontal area A [m2]
	2.23



	Drag coefficient Cd [-]
	0.29



	Tire
	205/55 R16



	Tire rolling resistance Cr, Cr1, Cr2 [-]
	1.112 × 10−2, 3.784 × 10−4, −1.15 × 10−5



	Inverter type
	3-phase voltage source inverters (VSI)



	Electric Motor type
	permanent magnet synchronous motor (PMSM)



	Electric Motor max speed [rpm]
	12,000



	Electric motor max torque [Nm]
	270



	Battery nominal voltage [V]
	323



	Battery capacity [Ah]
	75



	Final drive ratio [-]
	9.8
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Table 2. Driving cycles used for validation.
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	Test Name
	Description
	Slope [%]
	Windows Position
	A/C





	61511002
	Steady State Speed
	0
	Open
	Off



	61511003
	Steady State Speed
	6
	Open
	Off



	61511006
	Passing manoeuvres
	0,3,6
	Open
	Off



	61511007
	High slope conditions
	25
	Open
	Off



	61511009
	Mixed
	0
	Open
	Off



	61511010
	UDDS
	0
	Open
	Off



	61511020
	Mixed
	0
	Closed
	On
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Table 3. Battery ageing parameter values.
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	Variable
	Value
	Variable
	Value





	     A   g     
	60
	     B   f     
	2.78 × 10−4



	     B   g     
	27
	     C   f     
	0.57



	     C   g     
	1
	     A   h     
	−30,725



	     A   f     
	0
	     B   h     
	8.31
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Table 4. Characteristic parameters of the driving cycle.
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	Test Name
	Duration [s]
	Distance [km]
	Mean/Max Speed [km/h]
	Mean/Max acc. [m/s2]
	Pi/Pc/Pa/Pd [%]





	61511002
	550
	10.0
	66/129
	0.2/1.9
	4/78/9/9



	61511003
	550
	10.0
	66/129
	0.2/1.9
	4/78/9/9



	61511006
	812
	11.7
	71/131
	0.6/2.4
	13/38/23/26



	61511007
	114
	1.0
	33/66
	0.4/1.8
	26/21/29/24



	61511009
	4830
	53.5
	40/130
	0.4/3.8
	27/25/25/23



	61511010
	2018
	50.2
	90/130
	0.3/4.3
	8/69/11/12



	61511020
	4830
	53.5
	40/130
	0.4/3.8
	27/25/25/23



	EXP1
	308
	2.5
	23/51
	0.4/1.0
	28/28/22/22



	EXP2
	6960
	49.6
	26/57
	0.3/1.6
	4/30/36/30



	EXP3
	1080
	7.5
	25/51
	0.4/1.9
	11/28/34/27
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Table 5. Tuning parameter of the rule-based controller.
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	Parameter
	Value





	SoCSC,min [-]
	0.35



	SoCSC,max [-]
	0.95



	TP [kW]
	15



	TP,max [kW]
	35



	PSC,charging [kW]
	8
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Table 6. Validation comparison among experimental and simulation data.
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	Test Name
	Final SoC (Exp/Sim)
	ΔSoC [%]
	Consumed Energy (Exp/Sim) [kWh]
	Energy Error [%]
	Max Speed Error [km/h]





	61511002
	87.2/86.7
	−0.5
	1.40/1.50
	7.7
	0.11



	61511003
	68.8/68.5
	−0.3
	4.33/4.33
	−0.2
	0.10



	61511006
	26.8/23.2
	−3.6
	4.76/4.88
	2.3
	0.35



	61511007
	20/19.8
	−0.2
	1.41/1.33
	−5.2
	0.14



	61511009
	67.2/66.8
	−0.4
	6.94/6.96
	0.3
	0.12



	61511010
	33.2/28.8
	−4.4
	8.15/8.56
	5.1
	0.38



	61511020
	31.6/31.6
	0.0
	14.77/14.74
	0.06
	0.25
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
| |eb
® ® m. ®
| lo¥| g
i @ =
® @l e ®
uogesado uopesado ab1ey201 05
08/d8 21619ukS| DS 10 dg  |pue uopden dg|






media/file4.png
Wheel

\

A

Transmission Electric Motor

p—
—

"
L_F

Control Unit

" A A A —

Energy Storage System Bidirectional

BP or BS-HESS Converter





media/file30.png
RN
o
o

(0]
o
|

1N
o

RMS current reduction [%]
S S

o

{— CFG1 reference /
— CFG3
/ __—:‘r
1 100 =
Scatter band indicates driving cycle variation| 1 S
B S — ——— 1 80 §
T e 60
— ] 40 g
%ﬁ A
_— 20 O
/ - 0 3
|y &
| T -20 E
4 5 6 7
0 4.1 8.3 12.4 16.5 207 248  28.9

SC Size [kKWHh]
SC/BP Size [%]






media/file18.png
Base vehicle model creation and
Validation

v

ESS hybridization

I
\ 4 ) 4

Passive Semi-active
topology topology
Investigation of Investigation of
various SC size various SC size
l I
Y

Results analysis






media/file21.jpg
EM Efficiency [-]

300 ™)
090
o800
S
T 0 0.7800
S
= o730
| | - 1511002 - 61511003, hemg
-200 41 61511006 - 61511007 06300
61511009 < 61511010
61511020
300 L osao

0 2000 4000 6000 8000 10000 12000
EM speed [rpm]





media/file26.png
ueaswl

/
/4

\

€dXd

¢dXd

L dX4

-~

/ N

0c011G19

= —____/

_
N

01011619

|CFG3 - Semi-active TOpO|OQY‘

A4

AVARN

60011619

20011619

90011619

/

/N

€0011G19

c001l 1619

ueaswl

/

€dXd

TN

¢dXd

L dX4

0c011G19

. \

TN

—_— /:\ ==

01011619

60011619

'CFG2 - Passive Topology|

20011619

/

90011619

€0011G19

\

\

AN

c001l 1619

400

o
o

L -

. o . o
o o
(4p] AN

[v] Jusano

WNWIXe|\

o
o
AN

)

o
()

o
o

L -

()

L -

[v] 1uaiino
SINY

o

o

o
o o
T
[v] 1uaaino
winwiuI

-300

Driving Cycle

— SC 0.34 kWh

— SC 0.68 kWh——SC 1.70 kWh

No SC

Driving Cycle






media/file27.jpg
400

BP Current [A]

61511002
SC 0.8 kWh
300 ——CFG1
——CFG2
——CFG3
200 e
100 4
04
-100 +
-200 T T T T T T T T T

0 50 100 150 200 250 300 350 400 450 500 550
Time [s]





media/file3.jpg
Wheel Transmission Electric Motor

A 5 r

O

| C

Energy Storage System Bidirectional
BP or BS-HESS Converter

Control Unit





media/file22.png
EM Torque [Nm]

EM Efficiency [-]
0.9800

61511002
2 61511006
© 61511009
61511020

covered operating zone

°

v

<

61511003
61511007
61511010

T
2000

40|00 60|00 80|00
EM speed [rpm]

T T
10000 12000

0.9300

— 0.8800

— 0.8300

— 0.7800

0.7300

— 0.6800

— 0.6300

i — 0.5800





media/file19.jpg
s 3 8

Battery Pack SoC [%]

3 8

Battery Pack SoC [%]

150
161511002 g F =
FE g
W 3 A
F 3
i3 i
Li L2
2 &8 2
o o W w0 0 86 r:3
Time (5] —— Experimental
61511007 g [61511009] .
B g, GEnE
iz f
s 3 =
8 o 8
g 3z 08
e s & 5
AN g g e
] £ i, » §

o o
TR e w %0 W Fe w0 G0 S
Time [s) Time [s]





media/file7.jpg
3

&

Speed [km/h]

MEXW
80 120 150 200 240 230 32“ 350 4

[ExP2)

0 4 00

3

Speed [km/h]

0 1400 2100 2800 3500 4200 4900 5600 6300 7000

MWM M =
220 330

990 1100

3

Speed [km/h]

}

Tlme [s]





media/file28.png
400

61511002
SC 0.8 kWh
300 CFG1
_ — CFG2
|I — CFG3
— 200
<
=
O
= 100
-]
O -
al
m . | i
_100 | ' Il |
—-200

0O 50 100 150 200 250 300 350 400 450 500 550
Time [s]





media/file10.png
N W £ ) o ~
o o o o o o

Open Circuit Voltage [V]

RN
o

| Actual SC OCV curve
- - - - Linear relationship

L4
[ 4
L4
[ 4
L4
[ 4
Pl

L4
L4
L4
[ 4
4
L4
L4

4
[ 4
L4
L4

0 20

40
SoC [%]

60

80

100





media/file32.png
l0g,,(HESS cost) [k€]

100

10 -

]— cFGH
|—— CFG2/CFG3
|—— CFG4

3 | 4 | 5 | 6 | !
SC size [kKWh]





media/file14.png
Pem<0

° © o

€P)
€9

Pem>0

@

® @

T

@

&—®

uopesado

0s/dg d1b10uhg

uopesado
oS o dg

abieyosas 9s
pue uopoes} dg






media/file11.jpg
Battery Energy Storage System (No Supercapacitors)

) =
e
8 = =0
Passive BSHESS
™
o = = =
e
o ~
Semi-active BS-HESS
3 = L |=
2
5 =0

= =

CFG4

Fully active BS-HESS

LEGEND

=/ L
A A -
ococ ocike
Converer _ Convertr(werter) __pock.__ Supercapaciox






media/file6.png
Open Circuit Voltage [V]

380

370

W
)]
(@)

O)
o)
(@)

(OY)
AN
(@)

W
W
(@)

W
N
(@)

w
—
(@)

300

290

280

m Experimental data @ -17°C

7 ® Experimental data @ 23 °C
| Ft @ 17 °C
|— Fit@ 23 °C
o
.//(
//
__—— |
20 | 30 | 40 | 50 | 60 70 80

SoC [%]

90





media/file15.jpg
Rechwgea s

[ A—

e -

b

B ]

P PRS0 S6550 5. SO, SC-306 56 e DPrep

TPy 50656005 en06, 550 -

500.50506. 5 vt

_ e

[ Srr—






nav.xhtml


  vehicles-05-00024


  
    		
      vehicles-05-00024
    


  




  





media/file16.png
SC_Recharging_from_BP
G _BP= mln([(abs(Preq)+Pcharge)labs(Preq) 31);

state =2;
[SOC_SC<SOC_SC_min&&Preq<TPmax&&Preg>0] [SOC_SC>SOC_SC_max||Preq<0||Preq>TPmax]
[((abs(Preq)>TP)&&(SOC_SC>SOC_SC_min+0. 1))||((SOC SC>S0OC_SC_max-0.1)&&Preg>0)]

BP_only i) (SC_mixed_operation

G_BP=1; - ‘ - G_BP=max([0 1-(abs(Preq-TP))/(TPmax-TP)));
state =1; " state =3;

\
3 [abs(Preq)<=TP||(SOC_SC<SOC_SC_min)||(SOC_SC>SOC_SC_max)]
[(Preg<0)&&(SOC_SC<SOC_SC_max-0.1)] [(SOC_SC>SOC_SC_max)||(Preq>=0)]

G_BP=0;

SC_Regenerative_Braking
state =4; [(Preq<0)&&(SOC_SC<SOC_SC_max-0.1)]






media/file2.png
Specific Power [W/kg]

100,000 _ -
: Single points
© Mean with 5th-95th
percentile error bars
10,000 -
1000
| W ScCcell
1003 B SC module
i B Li-ion cell
| I Li-ion Module
' B Li-ion Pack
0.1 1 10 100 1000

Specific Energy [Wh/kg]





media/file20.png
[u/wj] peads sjoIysA

(e ]
D S 3 oo
T (e ]
(ap] ©
(@]
o _ -
~ n o
~— — =
0 [ 0
~— [ el
[© _.d
i S
i M
T
r o
= (e ]
3 \ °
L., o
N _
o
1
[ Y o
: S
'll—
rl-
-"
(e ]
(e ] (e ] (e ] (] (e ]
m (0] [o0] M~ [{e]
[%] DOS Yoed Aisneg
[u/w] paads s|d1yaA
(e ] (e ]
D S 3 oo
T (e ]
N ©
S
= | . g
O t [ 0
Al -||
© AL
E— ] (e ]
- o
1 <t
i
- S
' ™
rJ &
T S
[ ]
8
f-
.l'.“ m
|
.ll_
-"
(e ]
(e ] 0 (e ] Tp] (e ]
(e ] » » [o0] [o0]

[%] D0S Yoed Aleneg

o,
()]
£
T
D
O o
O O
ww
"
]
]
]
©
C C
m.m
= O
mu
< E
w v
o,
)
£
T

[u/w] peads s|oIysp
- T . T 9 om
S
= P S
) e Y
o [ T E,
\ »M S
\; ¥l 3
8 © 8 2
[%] D0S Yoed Aleneg
[u/w] peads s|oIysp
(@)
(@)
0 R 2
m \\\\
| ©| \ p o
1 o
| «©
\
\ o
/ ¥
[%] D0S Yoed Aleneg

Time [s]

Time [s]





media/file23.jpg
BP Ageing reduction [%]

Scatter band indicates driving cycle variation

100
80
60

20

i
s
8

oo

1 p 3 3 4 5 6
41 83 124 16.5 207 248
SC Size [(kWh]

SC/BP Size [%]

Ohmic Losses reduction [%]

7
289





media/file5.jpg
® Experimental data @ —17°C
370+ e Experimental data @ 23 °C
Fit@ 17 °C
360
= ——Fit@23°C
o 350
g
< 340+
>
= 330
3 .
S 3204 =
c
g 310+
] ?
300
2904
280 T T T T T T
20 30 40 50 60 70 80

SoC [%]





media/file24.png
BP Ageing reduction [%]

2
; Scatter band indicates driving cycle variation
15
1 -/_—/’ I —
0.5 — E—
ﬁ:z;g:;._.—
0
1—— CFG1 (reference) X
-0.5 + 100
— CFG2 _ S
— CFG3 80 *g
e S —— — 60 G
~ . p— o140 &
= I —— e — ] 20 §
- T lo o
I =
| - -20 <
0 1 2 3 4 5 6 7 O
0 4.1 8.3 124 165 207 248 289

SC Size [KWh]
SC/BP Size [%]





media/file29.jpg
RMS current reduction [%]

100

80
60
40

204

—— CFG1 reference
—— CFG2

—— CFG3

oo

{1002

Scatter band indicates driving cycle variation W5t 5

2

{60 2

°

40 =

£

—— == 20 &

5

1o 3

3

T r r r T - -20 2

1 2 3 4 5 6 7
41 83 124 165 207 248 289
SC Size [kWh]

SCIBP Size [%]





media/file1.jpg
Specific Power [W/kg]

100,000

Single points
© Mean with 5th-95th
percentile error bars
10,000

1000 4
SC cell

1004 SC module
Li-ion cell
Li-ion Module
Li-ion Pack

10 T T T
0.1 1 10 100 1000

Specific Energy [Whikg]





media/file31.jpg
100
——CFG1

CFG2/CFG3|

10 4

@
Q
o

[}

[

w

I

-
=3

]

1 T T T T T T
[] 1 & 3 4 1 6 7

SC size [kWh]





media/file25.jpg
[CFG3 - Semi-active Topology]

o

Oriving Cycle:

P

o

[CFG2 - Passive Topology|

%
%

;
m

e

oiousio
o0

mm

s

gess

twauns
S

E g

sy

—SC 034K

' 5C 068 KWh— SC 1.70 kWh

—hosc

Dring Cycle





media/file12.png
Battery Energy Storage System (No Supercapacitors)

LEGEND

6 — — —
50 = | L — (W)
I — ~
Passive BS-HESS
N
—— —_— —_—
Pz =0
| —T1 — ~/
Semi-active BS-HESS
™
A A E A=
o St —T— ~/
Fully active BS-HESS
- — —
3 == - ~ 3(@
T —
0 O

—_ — _|_
DC/DC DC/AC Battery Supercapacitor Electric
Converter Converter (Inverter) Pack P P Motor






media/file9.jpg
—— Actual SC OCV curve
- - - - Linear relationship

Open
8

0 T T T T
0 20 40 60 80 100

SoC [%]






media/file0.png





media/file8.png
Vehicle
Speed [km/h]
3 5 3

Vehicle
Speed [km/h]
3 5 3

Vehicle
Speed [km/h]
3 5 3

o

o

o

[EXP1]|
/ \ // [N
0O 40 80 120 160 200 240 280 320 360 400

[EXP2)|

M‘M e A
AP ALl AL

0 700 1400 2100 2800 3500 4200 4900 5600 6300 7000
[EXP3|

o
L

o

AN | an IA ANl A

LA R
'LMMMVMPYVNV | | | | ,\-fU, | &\ N

110 220 330 440 550 660 770 880 990 1100
Time [s]

o






media/file17.jpg
Base vehicle model creation and
Validation

v

ESS hybridization

A 28 4
Passive Semi-active
topology topology

v v

Investigation of Investigation of
various SC size various SC size
Y

Results analysis






