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Abstract

:

The objective proposed by the EU to drastically reduce vehicular CO2 emission for the years up to 2030 requires an increase of propulsion systems’ efficiency, and accordingly, the improvement their technology. Hybrid electric vehicles could have a chance of achieving this, by recovering energy during braking phases, running in pure electric mode and allowing the internal combustion engine to operate under better efficiency conditions, while maintaining traditionally expected vehicle performances (mileage, weight, available on-board volume, etc.). The energy storage systems for hybrid electric vehicles (HEVs) have different requirements than those designed for Battery Electric Vehicles (BEVs); high specific power is normally the most critical issue. Using Li-ion Batteries (LiBs) in the designing of on-board Energy Storage Systems (ESS) based only on power specifications gives an ESS with an energy capacity which is sufficient for vehicle requirements. The highest specific power LiBs are therefore chosen among those technologically available. All this leads to an ESS design that is strongly stressed over time, because current output is very high and very rapidly varies, during both traction and regeneration phases. The resulting efficiency of the ESS is correspondingly lowered, and LiBs lifetime can be relevantly affected. Such a problem can be overcome by adopting hybrid storage systems, coupling LiBs and UltraCapacitors (UCs); by properly dimensioning and controlling the ESS’ components, in fact, the current output of the batteries can be reduced and smoothed, using UCs during transients. In this paper, a simulation model, calibrated and validated on an engine testbed, has been used to evaluate the performances of a hybrid storage HEV microcar under different operative conditions (driving cycles, environment temperature and ESS State of Charge). Results show that the hybridization of the powertrain may reduce fuel consumption by up to 27%, while LiBs lifetime may be more than doubled.
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1. Introduction


Mobility in modern metropolitan cities, especially within historical city centers, is affected by overcrowding, congestion, low transit speed, fuel consumption, air pollution and parking problems. Among the causes of these phenomena, there is the diffusion of vehicles of excessive size with respect to their use, and the low occupancy rate of vehicles. Indeed, according to a study from the National Association of Italian Municipalities (ANCI) [1,2,3], 66% of the vehicles are occupied only by the driver, with an average of 1.33 passengers per vehicle.



Furthermore, the Italian Higher Education and Research Institute for Transport (ISFORT) in 2018 published a study about the distribution of travelled distances per capita in Italy; 76.5% of the distances were below 10 km, as reported in Table 1.



A possible solution to such a transport demand, especially in big cities, could be the adoption of microcars. These vehicles have the advantages of low weight, low power and traction energy demands over common vehicles, and are suitable in urban environments where the average speeds are low.



The EU normatively groups these little vehicles into a category called “quadricycles”, which could be “Light” and “Heavy”. To be homologated as a Heavy quadricycle, a vehicle should have these characteristics:




	
maximum speed ≤90 km/h (45 km/h for Light quadricycles)



	
mass in running order ≤450 kg (350 kg for Light quadricycles)



	
continuous rated maximum power ≤15 kW (4 kW for Light quadricycles).








Many models of this type are present on the EU market. They do not require a driving license and have a very low fuel consumption (normally <3 L/100 km). All these characteristics make these vehicles particularly attractive in urban context (especially in very narrow and hard-to-traverse EU historical city centers), and offer a substantial contribution to the very restrictive EU objectives in terms of CO2 emission reductions from transport.



To this end, a relevant increase is required in terms of propulsion systems efficiency; Hybrid Electric Vehicles (HEVs) have a chance of achieving this, by recovering energy during braking phases, running in pure electric mode and allowing the internal combustion engine to operate under better efficiency conditions, while maintaining traditionally expected vehicle performances (mileage, weight, available on-board volume, etc.).



Hybridization is one of the most efficient technologies for reducing CO2 from vehicles. Microcars can benefit from the adoption of hybrid powertrains; in [4], a reduction of about 20% in fuel consumption was obtained with the addition of a little electric motor to the powertrain of the vehicle. The addition of a second source of power can allow the internal combustion engine to run at its highest efficiency points, increasing the global efficiency of the powertrain [5].



Energy Storage Systems (ESS) for HEVs have different requirements than those designed for battery electric vehicles (BEVs), and high specific power is normally the most critical issue. When using Li-ion Batteries (LiBs) in designing on-board ESS based only on power specifications, an energy capacity which is sufficient for the vehicle’s requirements can be achieved. Highest specific power LiBs are therefore chosen among those technologically available. All this leads to an ESS design which is strongly stressed over time, because current output is very high and very rapidly varies, during both traction and regeneration phases. The resulting efficiency of the ESS is correspondingly lowered, and LiBs lifetime can be relevantly affected.



Such a problem can be overcome by adopting a hybrid ESS, and coupling energy designed storages with power designed ones is the most common application. For example, the coupling of a lead acid battery with UltraCapacitors (UCs) is reported in [6,7,8]. The UCs, with their high specific power, increase the total performance and the battery life. In [6], the lead acid battery life was more than doubled and the range of the microcar increased more than 46%, while in [7] no advantages in terms of range were observed when batteries were used with a simple parallel to join the two sources of energy. The simple parallel (passive mode), however, is not the best solution for coupling batteries and UCs, since the UCs are used in a limited portion of their available State of Charge (SOC), leading to an over-dimensioning of the UCs’ branch of the ESS.



The addition of an inductance in series with the battery [9] can improve voltage (and correspondently SOC) oscillations at the UCs output, limiting power transients in the battery and increasing its lifetime. In hybrid ESS, in fact, an increased battery life can be observed, both in BEVs [10] and in HEVS [10] applications, according to various hybrid ESS design approaches. These, as already introduced, could vary widely, ranging from the simplest option of a parallel connection, up to the more complex but better-performing introduction of a DC/DC converter at the UCs branch [10,11,12].



It is here important also to go deeper in the discussion about battery lifetime, it being one of the most critical problems connected with BEVs and HEVs development. Battery aging represents the result of an internal degradation phenomena. Since the internal processes of the battery can be non-linear, the evolution of battery degradation over time depends in a non-trivial way on the conditions of use or storage, as well as on the specific cell construction technology [13]. In general, aging is classified under:




	
Calendar life, which is linked to intrinsic degradation under conditions of non-use, and is therefore a function of time (as well as storage conditions).



	
Cycle life, linked to the use of the battery in certain work cycles. In this case, the lifespan can be expressed with respect to various parameters, such as time, the number of cycles, the total capacity supplied by the battery, etc.








Battery degradation is essentially measured through a progressive loss of capacity and an increase in the internal resistance, which leads to a decrease in the power supplied. The fact that performance losses are progressive poses the problem of the definition of end-of-life (EOL) for LiBs. In automotive applications, a 20–30% decrease in capacity compared to the initial value, or a doubling of the value of the internal resistance (IR), is commonly accepted as the EOL criterion ISO 12405–2 [14].



Regarding battery aging modeling and prediction, there are different approaches to tackle the problem; even if there is no official classification, and some approaches can be hybrid, they can be dived in three categories:




	
Electrochemical models describe the battery starting from the physical phenomena that take place inside it. These models are very complex, and are described by systems of coupled differential equations with a large number of parameters.



	
In analytical models, the battery is represented by a few equations that reproduce certain responses to given stimuli. In particular, these models correlate the stresses to which the battery is subjected with the trend of key quantities, such as capacity and internal resistance; the estimation of the aging parameters is done based on experimental measurements.



	
Statistical approaches rely heavily on experimental data to predict battery behavior, and often they do not rely on any physical considerations. An example of statistical approach is the Autoregressive Moving Average (ARMA), which uses time series to deduce the aging level. Particle filtering is another possible statistical approach that can predict the trend of battery degradation.








All this considered, a HEV microcar (a Heavy quadricycle according to EU directives), named “Spazia”, was designed, realized and tested in the ENEA Facility [15]. Basing on experimental data regarding this vehicle, a calibrated and validated vehicle simulation model was obtained, including a model for the ICE (Internal Combustion Engine) called EngineSim [16,17] and for the centrifugal CVT (Continuously Variable Transmission) [4]. A model was used to evaluate expected vehicle fuel consumption and emissions, for a range of different operative conditions.



Based on the results of this modeling activity, the HEV microcar was analyzed, optimized and redesigned in all its main components, in order to better position the vehicle within the EU Heavy quadricycles category, reaching 15 kW of maximum power. Then, a proper control strategy for the HEV propulsion system was proposed and tested, in order to maximize the fuel consumption reduction.



Analyses have been performed regarding both conventional (LiBs-based) ESS and hybrid (LiBs and UCs) ESS, which have been tested and compared over several driving cycles, such as FTP75, WLTC Class 1 and Artemis Urban.



During the simulations, a model for battery aging was used [10,18], in order to mimic their degradation (until they reached the end of their life; that is, 80% of the remaining capacity) and compare the LiBs cycle life between the two configurations.




2. Vehicle Specification


The present work starts from a previous experimentation, performed at the ENEA Research Centre, on the existing chassis of a quadricycle called ERAD SPAZIA (born as a Lead Acid BEV), which was then converted to a parallel HEV by installing a Hybrid Powertrain Pack (HPP). Such a vehicle was tested on a rolling dynamometer chassis, and each of its main components were separately and extensively tested on dedicated test benches (see Figure 1). For a complete description of these activities, please refer to [15,19].



The vehicle is now a hybrid heavy quadricycle, with an ICE hybridized with a permanent magnet electric motor mounted on the secondary axis of its centrifugal continuously variable transmission (CVT). The vehicle’s total weight is 550 kg, which is the maximum allowed weight of the Heavy quadricycles (450 kg, plus the driver, fuel, etc., for an additional weight of 100 kg). Its frontal area and the drag coefficient were measured during coast-down tests, subtracting from the total deceleration force the tires’ friction resistances, and the results are reported in Table 2.



The measured auxiliaries consumption was about 200 W, comparable with that measured on a recent diesel microcar, as in [17]. However, in this HEV configuration, auxiliaries may be directly supplied by the vehicle’s DC bus for ESS and traction motor purposes. This option, in fact, showed a better efficiency than connecting them with the pre-existing on-board alternator (connected to the ICE crankshaft via a dedicated belt, with a global efficiency of about 60%). This resulted in both a non-negligible reduction of consumption and the removal of the 12 V alternator, as well as the 12 V Pb-Acid battery normally dedicated to the auxiliaries’ supply. By this approach, the ESS energy requirements for the HPP increased, which makes it impossible to think of an ESS made with UCs only.



The ICE is a Lombardini 442 CRS (in Table 2), whose maximum power is 8.5 kW at 4300 Rev/min (power was increased with respect to a previously experimented HPP by the same authors, dedicated to light quadricycles: 4 kW at 3600 Rev/min [4,15]). Its centrifugal CVT has a transmission ratio from 0.5 to 2, continuously varying as a function of the engine Rev/min and torque, which was fully experimentally characterized. The derivation of a physically consistent dedicated model of the CVT was the main object of a previous publication by the same authors, and is fully detailed in in [4].



Dedicated experimental activities on an ICE test bench permitted us to derive an ICE fuel consumption map to be used in vehicle simulations (see Figure 2). Due to the restriction imposed on the power output of the experimented version of the ICE, the highest part of the map has been built using an engine simulation model called EngineSim, validated with any possible measurement on the real engine (which was limited to a power output of 4 kW).



The electric motor is the Heinzmann PMS100 48 V, with a rated power of 2.7 kW and a Peak Power of 6.7 at 6000 Rev/min [20]. The inverter is the Gen4 from SEVCON.



As previously underlined, the design was chosen to connect the electric motor to the secondary axis of the CVT, so that the vehicle can also run in electric mode, if needed, for limited durations according to the capacity of the ESS [15].



A hybrid ESS was used, coupling LiBs and UCs through a dedicated DC/DC converter. The LiBs’ specifications are reported in Table 3: 13 NMC (Nickel Manganese Cobalt) 20 h cells manufactured from EIG in series have been used, with 48 V of nominal voltage and a total energy of 0.77 kWh.



Their maximum continuous discharge current is 100 A (at 5C rate); peaks of 200 A (10C rate) are possible for periods shorter than 10 s, which is normally within typical specifications for HEVs applications. Further cell characteristics used in the simulations (internal resistance, capacity and open circuit voltage) are those measured at the end of their life, at 80% of their capacity (see also Figure 3).



The UCs used are the Maxwell 16 V and 250F modules [7]; they have a high specific power together with a long life compared to the batteries, but on the other hand, their specific energy is quite low (2.11 Wh/kg vs 174 Wh/kg of the EIG Cells) (see Figure 4). The advantage of adopting a hybrid storage is that the UCs help the LiBs during the high-power phases, also preserving their health. Practically, the addition of UCs increases the specific power and the cycle life of the battery. To connect the UCs with the LiBs, and to allow a control strategy between the two sources of energy, a DC/DC converter has been used, as in [8,10,19].



Among the possible alternative options [10], the simplest one was to connect the LiBs directly in parallel with the UCs, without any DC/DC converter, as in Figure 5 [7,21], but the UCs could not be used at their maximum potentialities. In this latter design option, in fact, current (and power) split between UCs and LiBs would be a simple consequence of the internal resistances of the two branches, and no power-split control strategy would be applicable. A possible correction of the resulting behavior (but still without any active control of the power-split) could be obtained through the insertion of a properly dimensioned inductance in series with the LiBs [9], which could increase UCs usage.



The designed UCs consists of two modules with an overall nominal voltage of 32 V, which is lower than the nominal voltage of the LiBs branch; therefore, the DC/DC converter works in “Buck” mode when supplying power to the electric motor, and in boost mode when recovering energy. The efficiency curve of the converter was experimentally measured with dedicated equipment in a previous research activity for other purposes [12], and is reported in Figure 6.




3. HPP Control Strategy


The hybrid control strategy presented in the present work is a part of the numerical models used to calculate the engine maps (EngineSim) and the fuel consumption of vehicles running driving cycles (VehicleSim).



EngineSim is an in-house code written in Visual Basic that simulates engines in all the components [16,17]; it uses 1D models to simulate the manifolds (second order Upwind Hancock model [22]) and their pipe bounds, like junctions, valve boundaries, throttles and open ends, a quasi-dimensional two zone combustion model and zero-dimensional model for plenums.



An in-house numerical code (named VehicleSim, see [4,17] for reference) that calculates the fuel consumption of a specified vehicle running a driving cycle (in Figure 7 the cycles used are reported) has been developed, and here used to compute WLTC Class 1, Artemis Urban and FTP75 driving cycles, using the data from the selected vehicles and engines. The instantaneous value of power in a driving cycle is calculated as the sum of slope, aerodynamic and friction losses; the transmissions are simulated with their transmission ratio and efficiencies, and the electric motor and the internal combustion engine are simulated using 3D maps with rpm and torque.



The battery’s State of Charge is calculated as the integral of the instantaneous current:


    SOC  b  =   SOC   b 0   −    ∫  I ·   dt   3600     A  h b     



(1)




with     SOC   b 0     as the State of Charge at the start of the simulation,   A  h b    battery capacity expressing ampere/hour.



The UltraCapacitors’ SOC is instead calculated as:


    SOC   UC   =   SOC   UC 0   −    ∫  I · dt −  C  UC   ·  V  m i n      C  UC   ·  (   V  m a x   −  V  m i n    )     



(2)




With    C  U C     as the capacity, expressed in Farad;    V  m a x      is the maximum voltage, and in the present work is the nominal voltage.    V  m i n     is the minimum voltage, and is      V  m a x    2   .



With Equation (2), the UltraCapacitors have SOC = 1 when the voltage is    V  m a x    , and is SOC = 0 when the voltage is    V  m i n    .



The main purpose of adopting a hybrid powertrain is to reduce the fuel consumption of the thermal engines, and to lower ICE transients and corresponding pollutant emissions. Therefore, the HPP control strategy was designed with the following objectives:




	
To optimize HPP global efficiency, making ICE work around its best possible efficiency points



	
To optimize energy recovery in deceleration phases



	
To make it possible, if needed, to run in electric mode at low speed.








In Figure 8, the calculated global efficiency for the vehicle is reported in steady conditions, as a function of required wheel power and electric motor power output.



This considers the efficiencies of all the components involved (ICE, electric motor, transmission and ESS) according to the following formulation [5]:


   η t  =    P  W h e e l      P     =    P  W h e e l      P  F u e l   ICE   +  P  B a t t      



(3)







According to Figure 8, moving rightwards on each of the represented curves, the vehicle is using electric energy for traction purposes to increasing extents (up to pure electric drive conditions), instead of using diesel fuel. Obviously, the efficiency being based on a steady Tank-to-Wheels (TTW) approach, all the curves have their maximum values when the vehicle runs in electric mode (when the ICE power = 0, the efficiency is between 0.7 and 0.8) and decrease rapidly when the internal combustion engine power is increased (up to 0.14, and generally between 0.2 and 0.3). When the electric power is negative (the ICE is used for traction and also to charge the batteries), the efficiency values are the lowest, and decrease if the requested wheel power is decreased.



Obviously, the electric mode is therefore the most efficient condition on a TTW basis: the controller should therefore maximize the amount of energy given to the wheels in an electric way, controlling the availability of electric energy in the hybrid ESS, also leaving available space, in terms of ESS State of Charge (SOC), in order to implement regenerative vehicle deceleration.



To this end, various possible algorithms are possible. Some of these were already presented and discussed by the authors in [4]. Here, the best control algorithm selected in [4] was applied with some further modifications, finally gaining the following control rules:




	
If the wheel torque is lower than a threshold value, the vehicle runs in electric mode; generally, this happens at low or constant speeds and for negative torque values, when the electric motor recovers energy. This phase is of maximum efficiency.



	
The threshold value is a fraction (0 to 1) of the maximum available thermal engine torque at the actual Rev/min.



	
For higher values of wheel torque, the vehicle runs in hybrid mode. The optimum point can be found in Figure 8, and a strategy to find the best value can be developed. A simpler, but equally efficient, strategy can be developed using the vehicle in electric mode as much as possible, and when in hybrid mode using a part of the available power to charge the batteries and restore the battery’s SOC. In this way, the engine runs at higher loads, where there are the highest values of efficiency.








The ICE torque is then calculated as follows:


   T  W h e e l   ICE   =  {      0 →  T  W h e e l   ≤  C  e l   ·  T  ICE   M a x    (  R p m  )              T  W h e e l   +  T  C h a r g e   →  T  w h e e l   ≥  C  e l   ·  T  ICE   M a x    (  R p m  )         



(4)




where    T  W h e e l   ICE     is the internal combustion engine’s wheel torque  ,    T  W h e e l     is the total requested wheel torque  ,    T  ICE   M a x    (  R p m  )    is the maximum ICE torque at a specified Rev/min,    C  e l     is a control coefficient variable with SOC (increasing with SOC),    T  C h a r g e     is the additional torque by the ICE for ESS charging purposes, and    T  C h a r g e    , on its turn, may be calculated as a function of the available ICE torque:


   T  C h a r g e   =  C  C h a r g e   ·  (   T  ICE   M a x   −  T  w h e e l    )   



(5)







Its value is a function of the residual torque available at ICE shaft    (   T  ICE   M a x   −  T  w h e e l    )    through a control coefficient    C  C h a r g e     (decreasing with SOC).



In the designed controller, the two control coefficients were imposed to vary linearly, with the LiBs SOC    (  S O  C b   )     ranging from 0 to their maximum values, according to the following equations:


   C  e l   =  C  e l 0   ·  f  e l    (  S O  C b   )   



(6)






   C  C h a r g e   =  C  C h a r g e 0   ·  f  C h a r g e     (  S O  C b   )      



(7)







Both    f  e l     and    f  C h a r g e     have been reported in Figure 9, and their values vary, for the maximum and minimum values of SOC, between 0.3 and 0.7 (with an average value of 0.5); the typical range for the optimal use of batteries.



This results in an auto-tunable model in which, if the driving cycle has low electric power request (and the SOC increases), the    C  e l     value increases and the    C  C h a r g e     decreases, and the contrary is true with decreasing battery SOC.



The model can be calibrated with two coefficients: in the present work with the engine, we used     C  e l 0   = 0.5   and    C  C h a r g e 0   = 0.5  .



The input data of the model are then: (I) the requested wheel torque, (II) the maximum engine torque at the actual engine rpm, and (III) the actual battery SOC. The output are: (I) the internal combustion engine wheel torque, and (II) the electric motor wheel torque.



During simulations, the initial and final battery SOC levels were deduced to be the same, in order to calculate the real fuel consumption without storing or extracting additional energy from the battery.



Simulations were made with the vehicle running on the WLTC homologation cycle, imposed by the EU directives for this category of vehicles.



The benefits of adopting hybrid powertrains are shown in Figure 10; for lower values of power, the vehicle runs in electric mode, while at higher ones the engine supplies more power to charge the battery too (in Figure 10). In this way, the engine can work at higher loads, typically with higher efficiency.



Figure 10 and Figure 11 make it possible to shed light on some important behaviors of the vehicle:




	
The stop and start phases (for example, between 70 and 120 s), with the internal combustion engine off and the auxiliaries supplied by the electric subsystem



	
The regenerative braking phases (around 250 s), where the battery is charged by the electric motor, then energy recovery during the braking phase



	
The electric mode phases (200–220 s), at low speed and low load, where the internal combustion engine is off, and the vehicle is moved by the electric motor



	
The phases where the internal combustion engine supplies power to the vehicle and also to charging the battery (120–180 s). Such phases are at high efficiency, as shown in Figure 11.








The advantages, in terms of fuel consumption, of the hybridization are different for different driving cycles; the major benefits are observed for low average speed driving cycles, with many accelerations, decelerations and stops, which can benefit the most from the electric subsystem.



To shed light on the expected variations of vehicle performances, depending on its mission, Figure 12 has been built, simulating several driving cycles and calculating their fuel consumptions: Artemis Urban, FTP75, WTLC Low 1, WLTC Class 1 and WLTC Medium 1 test driving cycles were simulated.



Both conventional and hybrid versions show a broadly acknowledged decrease in fuel consumption with speed (at lower speeds) [23], passing from 4.03 to 2.7 l/100 km for speeds of 17.5 and 39.6 km/h, reducing the value by about 32% compared to the conventional vehicle. The hybrid one shows a reduced speed influence, by about 16%. A comparison between the two powertrains shows a consumption reduction variable with speed, up to 28% at lower speeds, where the electric subsystem gives its best benefits, and decreasing with higher speeds, up to 8% at high average speeds, where the support of the electric motor becomes less important.




4. Hybrid Storage Model


The aging of the batteries depends mainly on the State of Charge (SOC), the battery temperature and the current.



The advantage of the adoption of the UCs is to limit the maximum currents from and to the battery, in order to decrease its internal temperature. The internal power loss, related to the heat source of a cell, is:


   P  L o s s   = R ·  I 2   



(8)







So, it is evident that limiting the maximum current is a good strategy for increasing the life of a battery.



The algorithm proposed implies that the battery supplies a value of power proportional to a mobile averaged value of the power requested by the electric motor, while the UCs are used for the transients.


   P  B a t t   =  P  a v g *    



(9)






   P  S C   =  P  e l   −  P  a v g *    



(10)







The    P  a v g *     is the mobile averaged electric power requested. It is calculated by:


   P  a v g *   t + d t   =  P  a v g *  t  +    (   P  i s t   t + d t   −  P  i s t  t   )   τ  · d t  



(11)




with  τ  as reference time. Such parameter must be taken into account for the following phenomenon:



The SOC of UCs can never be “0” or “1” during every condition of each driving cycle, because in these cases there is no support in reducing the currents for the onboard battery.



To best fit every driving cycle, the  τ  value must be different during positive and negative power from UCs. These positive and negative values can vary with the SOC, in order to never reach the SOC values 0 or 1.



The time constant then has the form:


  τ =  f ±   (  S O C  )  ·  τ  r e f    








with    τ  r e f     a fixed value of the order of 10 s, and two different functions have been set: one where    P  e l    >  P  a v g     , and another for    P  e l    <  P  a v g     .



Finally, the    f ±    has the following form: when the power from UCs is positive, the    f +    has a linear decreasing behavior with the SOC, as in Figure 13; with longer time constants, the increasing power rate of the battery is lower, and more power and energy are required from the UCs, while if the time constant is lower the battery power reaches more quickly the    P  i s t      value, and less energy and power are required from the UCs.


   P  i s t   >  P  a v g * →  f +     



(12)






   P  i s t   <  P  a v g * →  f −     



(13)







When    P  i s t    <  P  a v g      instead, lower time constants allow more energy recovery for the battery, and higher values allow more recovery for the UCs. In Figure 13, the    f ±    functions vary from 2 at their maximum value to 0 at their minimum.



A last step for avoiding useless energy consumption from UCs is realized when the vehicle stops: with an electric power null or equal to the auxiliary power, the    P  a v g *     becomes immediately zero or equal to the auxiliaries. Without this correction, the present model has a non-negligible consumption at idle, in which the UCs supply power to the auxiliaries until    P  a v g *    =  P  i s t      or, due to the fact that    P  a v g *    , reach the stationary value after some seconds.



In Figure 14, the battery power (red line) can be compared with the total electric power (blue line): the smoothed behavior of the battery has halved its maximum value, and the UCs follow the transients of the driving cycle.



To calculate the battery temperature, the first law of thermodynamics is applied:


   C T  ·   d  T  C e l l     d t   =  P  L o s s   −    (   T  C e l l   −  T a   )     R T     



(14)




where      C T    is the cell thermal capacitance, set in this work to 281.9;    R T    is the thermal resistance, set to 5.54; and    T a    is the ambient temperature (293 K).



The temperature profiles (Figure 15 and Figure 16) is affected by the different behavior of the current, and the difference is quite high: in the Artemis Urban driving cycle, the temperature rises by about 20 degrees from the start of the cycle, while with the hybrid storage the difference is only 5. The FTP75 urban rises 7 degrees versus about 1, and the WLTC Class 1 driving cycle rises 5 versus 1.



These input data can be then used to calculate the degradation of the battery, and to quantify the benefits of the adoption of the hybrid storage in terms of cycle life.




5. Cycle Life Predictions


The battery degradation is mainly a function of its temperature, the SOC and the value of positive or negative current.



Among several studies on how the battery degrades during an unsteady profile usage, in the present work the model proposed by [21] has been used. The model starts from the Dakin degradation model, and has the following form:


    d C   d  t α    = − k ·  C n   



(15)






  k = k  (  T , S O C , I  )  =  e    − b   a · T     ·  e    c · S O C  a    ·  e   d a    ·  e   (     a 3    a · T   +  b 3   )  ·  I   I 0       



(16)







The exponent “n” is unity, and the degradation ratio can be:


   C   C 0    =  e  − k ·  t α     



(17)







Further details can be found in [21], while the coefficients used in the present work are the same as those used for the LG Chem 5.3 Ah. The only modification made was a normalization of the current, imposing    I 0    equal to the battery capacity, so for the same battery C rate the cells used in the present work (the EIG 020 Ah) experience the same degradation as the LG.



The resistance degradation has been neglected in the present work, but for hybrid powertrains it is quite important, due to the fact that the internal resistance rise causes a decrease of the maximum power of a cell; a critical parameter for the batteries of hybrid powertrains.



In Figure 17, it can be observed that the increased life, with or without the UCs, for three different driving cycles varies from more than 70% to more than 170%, and this value is a function of the travel distance only for the shorter travels. For trips longer than 5 km, the advantages reach the stationary value. In the first part of the curve, the difference is due to the presence of many accelerations and power peaks that increase the currents and temperatures, and can be controlled using the battery and UCs. The effect of the driving cycles can be observed in Figure 18: by increasing the transients and the power, the capacity degradation is increased for both standard and hybrid ESS, but the last one shows a better performance as regards the battery life.



The comparison between the standard LiBs ESS and a hybrid LiBs/UCs ESS is made with the hypothesis that the trip length is 10 km, while the reference ambient temperature is 293 K and the average SOC is 0.5. The influence of the driving cycle, the SOC and the ambient temperature are analyzed and then discussed.



The influence of the SOC range is shown in Figure 19, which reports the values of degradation in % after 10 km with the WLTC driving cycle, for three different SOC ranges: between 0.3 and 0.7 (with an average value of 0.5), between 0 and 0.4 (with an average value of 0.2) and between 0.6 and 1 (with an average value of 0.8). The degradation increases with the SOC, and also in this case the hybrid storage system performs better than the sole battery storage. In Figure 20, the variation of the battery degradation with the ambient temperature is reported. There is an optimal temperature value around 293 K, while for lower and higher values the degradation increases. The hybrid storage increases the battery life by more than 50%, except for ambient temperatures of 313 K, where the temperature effect becomes higher than the current effect.




6. Conclusions


The hybridization of microcars gives many advantages in terms of fuel consumption, pollutants and CO2 emission. The expected advantages are a function of the driving cycle, expressed in term of average speed and power profile.



The HEV microcar presented in this work also allows the vehicle to run in electric mode at limited speed. Pure electric mode is possible if the engine load requested by the ICE is lower than a threshold value. The threshold is imposed as function of the battery SOC (so that electric traction becomes more and more limited as the SOC goes down).



At higher loads, the ICE normally uses a part of its power output to charge the batteries, this part being a lesser function of ESS SOC.



The benefits of hybridization proved to be functions of the vehicle use. As for the average speed, at the lowest values (17 km/h) the fuel reduction was up to 28% (in the Artemis Urban driving cycle), and decreased up to 8% if the average speed increased to 39 km/h. In the WLTC Class 1 driving cycle, the reduction was 17.7%, and in the first low speed part was 23%.



The adoption of hybrid storages showed its capability in reducing both the maximum current output and temperature of the LiBs: about 50% of current reduction and up to 20 degrees of temperature in the Artemis a driving cycle (the cycle that requires more power than the others).



In terms of LiBs life, the main parameters that influence their degradation are SOC, temperature and current output. HEV control strategies should therefore also consider that higher mean SOC and mean current output values degrade the battery faster. The battery temperature influences the capacity fade, and there is an increase with both high and low temperatures. The adoption of a hybrid storage proved to produce expected benefits in all these cases (ambient temperature, SOC and driving cycles), and the benefits are between 40% and 60% in terms of increased life of the battery.



As future developments, the Hybrid Power Pack will be tested on a test bench, and also an evaluation of the effectiveness and the robustness will be made.
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	Battery Electric Vehicle



	CVT
	Continuously Variable Transmission



	DC
	Direct Current
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Figure 1. (a) Erad Spazia Quadricycle; (b) the hybrid powertrain scheme [15]. 
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Figure 2. ICE map efficiency vs Rev/min and Load%. 






Figure 2. ICE map efficiency vs Rev/min and Load%.



[image: Energies 13 03230 g002]







[image: Energies 13 03230 g003 550] 





Figure 3. Internal resistance variation with aging for SOC (State of Charge) = 50%. 
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Figure 4. BMOD0500 P016 B02 modules specification. 
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Figure 5. Architectures for the hybrid storage: (a) Battery Based; (b) Hybrid ESS solution 
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Figure 6. Efficiency of the DC/DC converter. 
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Figure 7. Driving cycles used during the simulations: WLTC Class 1, FTP75 and Artemis Urban. 
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Figure 8. Efficiency of the powertrain for different wheel power values (from 1000 W to 6000 W) and different values of electric motor power. 
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Figure 9.      f  C h a r g e    (    SOC  b   )    and    f  e l    (    SOC  b   )    values with SOC. 
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Figure 10. Power output at ICE and electric motor for conventional and hybrid powertrain. 
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Figure 11. Efficiency of ICE running the WLTC Class1 driving cycle. 
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Figure 12. Fuel consumption of the conventional microcar and the hybrid version for different driving cycles with different average speeds. 
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Figure 13. Functions curve for the State of Charge. 
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Figure 14. Simulated electrical power requested, battery and UCs power during the WLTC Class1 driving cycle for the hybrid vehicle. 
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Figure 15. Temperature of the battery for the Artemis Urban, FTP75 and WLTC Class 1 with the standard battery. 






Figure 15. Temperature of the battery for the Artemis Urban, FTP75 and WLTC Class 1 with the standard battery.



[image: Energies 13 03230 g015]







[image: Energies 13 03230 g016 550] 





Figure 16. Temperature of the battery for the Artemis Urban, FTP75 and WLTC Class 1 with the hybrid storage. 
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Figure 17. Increased life% with varying the mission distance for different driving cycles. 
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Figure 18. Absolute degradation for different driving cycles after 10 km, with and without UCs. 
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Figure 19. Differences between the standard storage and battery with UCs for the WLTC Class1 with different SOCs. 
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Figure 20. Between the standard storage and Battery +UCs during the WLTC Class1 for different ambient temperature. 






Figure 20. Between the standard storage and Battery +UCs during the WLTC Class1 for different ambient temperature.



[image: Energies 13 03230 g020]







[image: Table] 





Table 1. Distribution of shift for different distances, ISFORT 2018 [2].
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	Distance
	%





	<2 km
	33.2



	2–10 km
	43.3



	10–50 km
	19.8



	>50
	2.8
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Table 2. Specification.






Table 2. Specification.





	Weight
	550 kg





	Drag Coefficient
	0.335



	Frontal area
	2 m2



	Auxiliaries
	200 W



	Wheels radius
	0.26 m



	ICE Model
	Lombardini 442 CRS



	ICE max power
	8.5 kW @ 4300 Rev/min



	Transmission ratio
	With CVT: 0.5–2



	Electric Motor
	Heinzmann PMS100



	Inverter
	Sevcon Gen4



	Nominal Voltage
	48 V



	Rated Power (Torque)
	2.7 kW (4.3 Nm)



	Maximum Power (Torque)
	6.7 kW (20 Nm)



	Rated speed
	6000 Rev/min



	Final gear ratio
	10
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Table 3. Specification.
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Onboard Battery






	
EIG NMC Cell Capacity

	
20 Ah




	
Nominal Voltage

	
3.7 V




	
Discharge C Rate Continuous/(peak)

	
5C/(10C)




	
Charge C RateContinuous/(peak)

	
2C/(5C)




	
Cells in series

	
13




	
Nominal Voltage

	
48.1 V




	
Energy stored

	
0.77 kWh












© 2020 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 (http://creativecommons.org/licenses/by/4.0/).
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