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Abstract 

Today, the contribution of the transportation sector on greenhouse 

gases is evident. The fast consumption of fossil fuels and its impact on 

the environment have given a strong impetus to the development of 

vehicles with better fuel economy. Hybrid electric vehicles fit into this 

context with different targets, from the reduction of emissions and fuel 

consumption to performance and comfort enhancement. Vehicles exist 

with various missions; super sports cars usually aim to reach peak 

performance and to guarantee a great driving experience, but great 

attention must also be paid to fuel consumption. According to the 

vehicle mission, hybrid electric vehicles can differ in the powertrain 

configuration and the choice of the energy storage system. The 

electrical energy source often consists of batteries, but also capacitors 

could be used. The energy storage systems could be limited in energy 

or power density, depending on their technology. This work explores 

the hybridization of a super sport car by fitting two electric machines 

in position P2-P4. In addition, even the energy storage system is 

hybridized by combining batteries and capacitors to get the benefits of 

both. At first, the hybrid energy storage system is obtained connecting 

batteries and capacitors in parallel. The research activity shows that 

such a system could significantly reduce the peak current requested to 

the batteries and reduce the battery voltage variations, consisting of a 

simple solution. Later, the connection between capacitors and batteries 

is regulated by a DC-DC converter, to fully use the capacitors’ 

available energy and to actively control the system. Both the systems 

are modeled in MATLAB/Simulink and they are eventually introduced 

as part of a hybrid electric vehicle model. The model is simulated on 

emission cycles and the fuel consumption results are compared with 

the ones of the conventional super sport car to determine the 

improvements on fuel economy. 

Introduction 

Literature Review 

Nowadays, the climate change phenomenon is widely studied and 

possible solutions to the problem are proposed in various fields, among 

others the automotive sector. The automotive sector has focused on the 

improvement of existing technologies and on new proposals focused 

on the reduction of CO2 emissions [1–4]. Now, the electrification 

process is trending since electric vehicles (EVs) and hybrid electric 

vehicles (HEVs) can reduce the fossil fuels consumption with 

performance comparable to the ones of conventional internal 

combustion engine (ICE) vehicles [5,6]. On one side, electrification is 

seen as a great opportunity to challenge climate change, especially in 

some aspects of road transportation [7]. On the other side, it brings 

along some issues related to the technologies, that have not yet been 

overcome [6,8]. 

One of such issues is represented by the energy storage energy and 

power density. Different energy storage systems can achieve different 

performance, for example batteries work well at supplying low and 

steady loads but are inefficient at high charge/discharge rates that 

impose severe stress and reduce the battery life span [6–9]. On the 

other side, capacitors are characterized by a long life cycle and high-

power density but have the great disadvantage of a lower energy 

density [6,8,10–12]. 

 

Figure 1. Ragone plot of various energy storage systems [13]. 

As shown in Figure 1, the Ragone plot illustrates how different energy 

storage technologies relate one to another; the reader is referred to [13] 

for further reference. It is evident that capacitors are associated with 

higher power density values and lower energy density values with 

respect to batteries. Lithium-Ion Capacitors (LiCs) represent a hybrid 

solution that achieves higher energy density values than common 

capacitors, reaching approximately 5 − 13 𝑊ℎ/𝑘𝑔 [13], while Li-Ion 

batteries typically reach 100 − 250 𝑊ℎ/𝑘𝑔 [14]. The idea that is 

explored in this work is the design of a Hybrid Energy Storage System 

(HESS) capable of combining two different technologies to enhance 

their strengths and peculiarities, while compensating for the 

disadvantages. 

LiCs are derived from Electric Double Layer Capacitors (EDLC) [6], 

they combine the activated Carbon cathode of an EDLC with the Li-

doped Carbon anode of Lithium-Ion Batteries, to guarantee both power 

and energy. In common automotive applications, they are adopted only 

for few operations, like Start&Stop [15], and, since it is considered 

difficult to use capacitors alone as an energy storage reservoir [6,16], 

they may be used as auxiliaries in combination with other energy 
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storage systems (Lithium-Ion Batteries, Fuel Cells, …) [17–19]. The 

HESSs allow to decouple the specific energy and specific power 

requirements, and while the capacitors could cover the power request, 

the battery-based energy storage system can be optimized for the 

energy request and life cycle. Li-Ion Batteries are usually introduced 

as energy storage reservoir and they are commonly installed in HEVs 

and EVs due to the high energy content that they can provide [20] 

(meaning a high electric range in automotive applications). On the 

other side, they cannot guarantee high power performance [6,21]. 

Lithium-Ion Batteries are commonly modeled as in [9,22], by choosing 

the level of complexity that is needed. 

Capacitors and batteries could be combined in series or parallel 

configuration to generate a HESS. With respect to this, various 

configurations exist [6] and the research on this topic has been 

increasing in the last years [23–26]. A series connection between 

batteries and capacitors would lead to a high-voltage system where the 

single cells are run by the same current. In that case, the current and 

power of the complete system would be limited by the battery in charge 

and discharge, making the presence of capacitors useless. On the other 

side, a parallel connection would allow to maintain the same voltage 

across batteries and capacitors, while the current would be split 

between the two different packs of cells. Hypothetically, this would 

allow to run a higher current on the capacitors while respecting the 

limits of the battery. To this aim, the capacitors could be sized to cover 

high power requests, while the batteries could be sized to cover the 

energy request. The parallel configuration between batteries and 

capacitors is also defined as ‘passive’ configuration. This is the 

simplest parallel hybrid configuration that can be conceived. 

 

Figure 2. Passive hybrid topology. 

In Figure 2 a passive hybrid topology is shown, the reader is referred 

to [27] for further reference. On the left there is the battery with a 

terminal voltage 𝑉𝐵𝐴𝑇(𝑡), internal voltage 𝑉𝐵(𝑡), internal resistance 𝑅𝐵 

and a current 𝑖𝐵(𝑡). The battery is connected in parallel with a 

capacitor characterized by an internal voltage 𝑉𝐶(𝑡), a capacitance 𝐶, 

an internal resistance 𝑅𝐶 and a current 𝑖𝐶(𝑡). On the right it is present 

the load with a terminal voltage 𝑉𝐿(𝑡) and a current 𝑖𝐿(𝑡). 

The introduction of DC-DC converters to interface the capacitors and 

the battery could lead to higher reliability and control flexibility, 

optimizing the power sharing regarding efficiency. In this case, HESS 

could guarantee higher performance since capacitors could provide 

most of the entire pulse load while batteries provide the average and 

constant part of the load [26,28,29]. When a DC-DC is introduced to 

interface capacitors and batteries with a parallel connection, the 

configuration is called ‘active’ or ‘semi-active’. In active and semi-

active topology, one or more DC-DC converters are used to control the 

flow of current to and from the system components. A fully active 

configuration is one where two DC-DC converters are introduced to 

interface batteries and capacitors, the reader is referred to [27] for a 

complete analysis of these configurations. On the other side, a semi-

active configuration is one where only one DC-DC converter is used. 

The alternatives are explained also in [27,30] and for this activity we 

will refer specifically to the battery semi-active hybrid topology that is 

represented in Figure 3. The nomenclature of Figure 2 is maintained. 

In Figure 3 the converter is located between the battery and the load, 

connecting the capacitor directly to the load side, 𝜂𝐷𝐶−𝐷𝐶,𝐵𝐴𝑇  is the 

efficiency of the converter, and 𝑖𝐿,𝐴𝑉𝐸  is the current flowing from the 

battery branch. 

 

Figure 3. Battery semi-active hybrid topology. 

In [26], a comparison between active parallel and series configurations 

is carried out. It is shown that active hybrids that use two DC-DC 

converters in series solve problems for capacitors but have a lower 

global efficiency and they need to add a full-rating DC-DC converter. 

On the other side, a parallel active configuration solves problems for 

battery and capacitors but introduces one DC-DC rated at average 

power and one rated at maximum power bringing complexity, control 

effort and additional losses. [25] shows that active configurations can 

guarantee good results for cost saving, since small size capacitors are 

linked to low costs for power electronics. Still, energy losses in DC-

DC converters are usually the main part of the total HESS energy 

losses [31]. On the other side, a passive parallel configuration allows 

to work with less electronics and control circuitry, reducing the overall 

energy, and power density [26,32]. However, a configuration of this 

kind cannot be actively controlled, and it limits the usable energy of 

the capacitors, as their voltage must be equal to the battery’s terminal 

one, reducing the system flexibility. As explained in [33], the topology 

of passive HESS is simple, and saving one or two high-power DC-DC 

converters will save significant cost for the EV or HEV system. 

Furthermore, passive HESS performance can be easily improved by 

choosing capacitors with larger capacitance and smaller internal 

resistance as it is also shown in [30,34,35]. With the fast development 

of the capacitor’s technology in industry, optimizing the battery and 

capacitor parameters of passive HESS is a feasible way to improve 

HESS performance. More importantly, simulation research has been 

done in [34] showing that passive HESS has a higher energy efficiency 

than active HESS. For the above reasons, passive HESS still has a great 

application potential in EVs and HEVs. So, as described in [27], the 

passive hybrid is the simplest and cheapest technology, the fully active 

hybrid gives the best performance, compromising cost and simplicity, 

and the semi-active hybrid is a trade-off between performance and the 

circuit complexity and price. For our application, a passive HESS and 

a battery semi-active HESS will be analyzed. 

The work done in [8,30] shows how the modeling of a DC-DC 

converter could be carried out, while the indications in [27] lead to a 

simpler model that is preferred for our application. Also, [36] explains 

how fixed ratio DC-DC can lower power dissipation, cut costs, and 

save size, while [37] shows how fixed ratio DC-DC converters can be 

optimized for high efficiency, and it illustrates some specific 

applications. In [38] fixed-ratio DC-DCs are adopted to satisfy the 

need for high power and high efficiency systems. So, the introduction 
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of a fixed ratio DC-DC could guarantee comparable performance, 

saving complexity. The presence of the DC-DC converter allows to 

control the system guaranteeing high flexibility. 

In recent years, researchers have explored various energy management 

strategies for the HESSs, which can be divided in online and offline 

strategies [39–41]. The online strategies can be easily implemented in 

real-world controllers, but generally do not achieve optimal results. In 

comparison, offline strategies can achieve a globally optimal 

performance, but they cannot be introduced in real-time applications 

due to the long computational time, high memory resources 

requirement, and complete knowledge of the driving conditions [42]. 

Some common techniques reported in literature for designing an online 

energy management strategy include rule-based [43], fuzzy logic 

[44,45], filtering [44]. Offline techniques as dynamic programming 

can be used as a benchmark for optimal performance as in [46]. Other 

optimization-based energy management strategies are related to the 

use of neural networks-based algorithms [47,48] or reinforcement 

learning [49,50]. To cover the gap between offline optimization and 

online application, also model predictive control-based strategies 

could be introduced as in [51]. The current paper focuses on real-time 

oriented models, that must be compatible with the implementation in 

the control unit on the real car. This makes rule-based and, more in 

general, online strategies fit for our application. 

Research Project Contribution 

The current research project is based on the work done in [52,53], 

where a super sport HEV, that is associated with higher than typical 

power requirements, has been modeled and validated. In [52] the 

conventional super sport car was modeled and experimentally 

validated. Then, it was modified to reproduce the behavior of a super 

sport HEV prototype by introducing a high-power density energy 

storage system (LiCs) controlled by a strategy that was aiming at 

comfort and performance. In [53] the super sport HEV powertrain 

configuration was modified and the capabilities of LiCs were explored 

through the development of various hybrid control strategies. For the 

current paper, the configuration of [53] is set as a starting point, and 

the HEV is fitted with two electric machines (EMs) in P2-P4 position. 

This paper focuses on deepening the study of the energy storage 

systems and their impact on the vehicle’s longitudinal performance 

and fuel consumption. The past works have shown how a high-power 

density can guarantee performance, comfort, and fuel economy. 

However, the fuel consumption reduction that is achieved is limited 

because of the small energy content of the LiCs. Therefore, this paper 

focuses on exploring new energy storage systems that give priority to 

the power content, because of the characteristics of the vehicle that is 

chosen, but that are capable also to guarantee a greater energy content. 

The literature review leads to assess the possibility of creating a 

passive and a semi-active HESS, since a hybrid solution could help in 

overcoming the limits related to the single energy storages. The current 

paper focuses on the modeling and experimental validation of Li-Ion 

batteries in a MATLAB/Simulink environment; then, it focuses on the 

modeling of HESSs by integrating LiCs (already validated in [52]) and 

Li-Ion batteries and introducing a DC-DC converter. The integration 

of experimentally validated models and the introduction of the HESSs 

in a super sport HEV model represent the major contribution of this 

research project. This kind of activity is particularly indicated for the 

concept phase of the project, since the physical HESS does not yet 

exist, and predictions can be made only through modeling and 

simulations. 

A tool of this kind allows to predict and quantify the effects of 

proposed changes in the systems’ characteristics and parameters with 

major flexibility. Various design proposals can be analyzed with 

easiness and without the need for a prototype. This possibility is of 

great importance, since it allows to assess the characteristics of this 

technology at very low cost. Moreover, it allows to assess its behavior 

also as a part of the HEV, which would be a very expensive activity if 

a vehicle prototype was required. On the other hand, this means that 

the HESS model is not validated in its entirety at the moment; for this 

type of activity an experimental testing environment could be foreseen. 

Methods 

The energy storage systems that have been analyzed consist of the LiCs 

and the Li-Ion batteries. These energy storage systems have been 

experimentally tested in the lab and the data have been used to 

determine the models’ parameters. Once the single models are 

completed and validated, the possibility to combine LiCs and batteries 

in a single system is explored. According to the literature review, a 

passive HESS and a semi-active HESS are modeled. As previously 

explained, the passive HESS is based on the parallel connection of the 

energy storages, while the active HESS introduces a DC-DC converter 

and a proper control strategy. The DC-DC converter model and its 

control are based on the work done in [27] and [31,54], where the 

average power load is determined and supplied by the battery, while 

the peak power request is satisfied by the LiCs. This allows to achieve 

a nearly constant battery current, to guarantee performance improving. 

Moreover, a second control strategy that aims to maintain the battery 

terminal voltage equal to the load voltage is introduced for a fixed ratio 

DC-DC. Therefore, the modeling activity for the HESSs is mainly an 

integration in a MATLAB/Simulink environment of the models of 

LiCs and batteries that have been individually validated. The HESSs 

are then tested as a part of the entire super sport HEV model. 

The complete HEV is tested on emission cycles and the results are 

compared with the ones obtained for a conventional vehicle and the 

ones obtained for a HEV whose energy storage system is based only 

on capacitors as in [53]. The fuel economy optimization will be one of 

the assessment parameters and the vehicle model will serve as the basis 

of the activity. The vehicle model is tested on a WLTC Class 3b, as the 

one reported in Figure 4. The control strategies that are chosen to 

power the vehicle are a rule-based strategy (RBS) and an equivalent 

consumption minimization strategy (ECMS) and the reader is referred 

to [53] for the complete theoretical explanation. Due to the possible 

difference between the initial and final energy of the energy storage 

systems, a fuel consumption correction procedure is introduced. At 

last, the semi-active configuration is tested for performance. In 

particular, a HESS is specifically designed to achieve full energy 

recuperation during a 200-0 km/h braking and then the hybrid 

powertrain is tested for a 0-200 km/h acceleration. 
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Figure 4. WLTC Class 3b. 

Longitudinal Dynamics Model 

The longitudinal dynamics vehicle model from [53] reproduces the 

behavior of a super sport HEV. It considers the WLTC Class 3b speed 

cycle as input, and it is composed of a proportional-integral controller 

acting as the accelerator and brake pedals, an engine model subsystem, 

the gearbox model, the tire model, the electric system, the vehicle 

resistances, and the longitudinal dynamics equations. The speed cycle 

input allows to compute at every simulation step the load profile for 

the vehicle, depending on the vehicle resistances that were 

experimentally determined or modeled, as explained in previous works 

[52,53]. Depending on the speed target input and the actual speed, the 

proportional-integral controller determines an overall torque request to 

the wheels, which is then split between the ICE and the EMs. 

The powertrain configuration that will be adopted is the P2-P4, where 

the P4 EM will power the front axle and the P2 EM will power the rear 

axle. For the modeling, validation and further analysis of the 

conventional model, the reader is referred to [52,53]. The HEV model 

has been designed for real-time oriented applications, therefore the 

control strategies that have been adopted for the HEV, to split the 

torque request between ICE and HESS are the ones previously 

introduced in [53], and it will be possible to analyze both the RBS and 

the ECMS behaviors. 

Control Strategies 

The hybrid control strategies that are adopted were introduced and 

explained in [53]. These control strategies split the torque request 

between the ICE and the EMs, and they were modeled and optimized 

for a single energy storage system. The RBS is a control strategy based 

on fixed mathematical rules and in our work, it powers the vehicle 

through purely electric traction when the state of charge (SoC) of the 

energy storage system is above a certain value (90%), while it 

deactivates the electric traction when the SoC is below 30%. The 

regenerative braking function is always active, and it allows to recover 

energy during braking phases. 

The ECMS is a sub-optimal strategy that targets the minimization of 

the instantaneous equivalent fuel consumption value. The equivalent 

fuel consumption is determined by summing the thermal engine fuel 

consumption, which is obtained through interpolation of fuel 

consumption maps, and the electrical energy equivalent consumption, 

that is calculated starting from the electrical power request and a 

specifically designed cost function. The equivalent fuel consumption 

is calculated instant by instant and it is minimized by splitting the 

requested torque at the wheels between the thermal components and 

the electrical ones in the best way possible. 

Energy Storage Systems 

Lithium-Ion Capacitor 

The LiC model is based on the ones introduced and validated in the 

previous works [52,53]. The scheme is made of a series resistance and 

a capacitance, making the model simple but accurate enough to 

reproduce the real behavior, as shown in Figure 5. 

  

Figure 5. RC circuit for the LiC model. 

The introduction of RC branches into the model would make the 

system more complicated and accurate, as shown in [55], where 8 

different parameters control the system’s behavior through 4 different 

branches. This kind of configuration focuses on the reproduction of 

fast, medium, and slow transients, where the medium and long 

transients’ effects can be noticed over respectively 100 s and 1200 s at 

null current. As shown in [52], industrial capacitors are focused on the 

fast capacitance term, maintaining low values for the medium and slow 

terms. Moreover, for road applications on HEVs where the power 

request is constant and constantly varying, the effects associated with 

medium and slow transients are not visible since they would require a 

long resting time of the capacitor at null current. Due to these 

motivations, these terms are negligible and the choice to work with a 

single RC circuit branch is justified. The model has been 

experimentally tested and validated thanks to data coming from real 

driving conditions, and the reader is referred to [52,53] for further 

explanations. 

The two EMs fitted on the vehicle express a maximum power of 130 

kW. The LiCs are dimensioned to reach that power value, and that is 

possible thanks to a 60s1p (60 series cells and 1 parallel string) 

configuration that stores 0.26 kWh. The working voltage spans from 

132 V to 228 V. 

Lithium-Ion Battery Model 

The Li-Ion Battery that has been chosen is a 21700-battery cell 

(Molicel, INR-21700-P42A) [56]. The model is a double polarization 

(DP) [9,57] model, made of two RC branches and an internal 
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resistance, as shown in Figure 6. The decision to work with a DP 

battery model allows to accurately describe the charge/discharge 

phenomena. The first RC branch is associated with short transients, 

while the second one is associated with long transients. 

 

Figure 6. Battery model scheme. 

The equations that describe the model are reported, where 𝑉𝑏𝑎𝑡𝑡 is the 

voltage at the battery terminals,  𝐼𝑏𝑎𝑡𝑡 is the current flowing through 

the battery, 𝑉𝑂𝐶 represents the Open Circuit Voltage, while the 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 

term indicates the equivalent series resistance and reproduces the 

sudden effects of a current variation. 𝑉𝑆 and 𝑉𝐿 respectively indicate 

the short and long transient voltages, and 𝑅𝑠ℎ𝑜𝑟𝑡, 𝐶𝑠ℎ𝑜𝑟𝑡, 𝑅𝑙𝑜𝑛𝑔, 𝐶𝑙𝑜𝑛𝑔 

refer to their resistance and capacitance: 

𝑉𝑡 = 𝑉𝑂𝐶 − 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 ∙ 𝐼𝑏𝑎𝑡𝑡 − 𝑉𝑆 − 𝑉𝐿 

(1) 
𝑑𝑉𝑠

𝑑𝑡
= −

𝑉𝑠

𝑅𝑠ℎ𝑜𝑟𝑡 ∙ 𝐶𝑠ℎ𝑜𝑟𝑡
+

𝐼𝑏𝑎𝑡𝑡

𝐶𝑠ℎ𝑜𝑟𝑡
 

(2) 
𝑑𝑉𝐿

𝑑𝑡
= −

𝑉𝐿

𝑅𝑙𝑜𝑛𝑔 ∙ 𝐶𝑙𝑜𝑛𝑔
+

𝐼𝑏𝑎𝑡𝑡

𝐶𝑙𝑜𝑛𝑔
 

(3) 

The state parameters of the battery are the capacity and the SoC. The 

capacity of a battery is the amount of electric charge that the battery 

can store, it depends on the discharge conditions because of the 

chemical reactions happening within the cells. For a battery pack 

characterized by a nominal capacity 𝐶 [𝐴ℎ] and starting from 𝑆𝑜𝐶0, 

the 𝑆𝑜𝐶 can be calculated as follows at a generic instant 𝑡, where 𝑖 is 

the current flowing in the pack: 

𝑆𝑜𝐶 = 𝑆𝑜𝐶0 −
∫ 𝑖𝑑𝑡

𝑡

0

𝐶
∙ 100 

(4) 

The battery cell has been experimentally tested in the lab on a Pulsed 

Discharge Test (PDT), shown in Figure 7. The PDT performs the 

discharge of the battery with discontinuous current, allowing rest time 

at the end of the current steps (current goes back to 0 A). The rest time 

is needed to reproduce the cell “relaxation” [57,58] and to study the 

battery behavior during transients. 

 

Figure 7. PDT current profile. 

The experimental tests take the PDT current shown in Figure 7 as an 

input and measure the battery voltage variations, that are then reported 

in Figure 8 under the label ‘Experimental’. The study of the voltage 

profile of the battery allows to determine the parameters needed to 

complete the battery model, as in [57]. Once the parameters are known 

and the battery model is complete, it is tested by running a simulation 

with the current input of Figure 7. This simulation leads to a terminal 

battery voltage that is reported in Figure 8 under the label ‘Simulated’. 

 

Figure 8. Experimental and simulated terminal battery voltage. 

Figure 8 shows that the simulated voltage trend is close to the 

experimental one, with a root mean square error of 0.07 V. The biggest 

difference is registered at low voltage when the system reaches its 

lower limits. 

The battery parameters depend on the SoC of the battery pack. 

However, this dependency is relevant only at very low SoC as it can 

be seen in Figure 8, where the system will not work during simulations 

for safety reasons. So, the dependency on SoC is omitted. The battery 

is also considered to work at ambient temperature, that is maintained 

constant during simulations, meaning that also the temperature 

dependency of the parameters is not included in this work. For these 
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reasons, the battery model is considered reliable and faithful to the real 

functioning of the system in its field of use. 

Passive Hybrid Energy Storage System 

 

Figure 9. HESS passive scheme. 

The first HESS is a parallel passive hybrid, that follows the scheme of 

Figure 9. The LiCs are dimensioned to satisfy the power request of the 

EMs. The first hybrid configuration that is here explained sees the 

introduction of the battery pack in parallel with the LiCs. Therefore, it 

will be dimensioned to guarantee a similar voltage range by choosing 

a proper number of cells in series configuration. With respect to the 

number of parallels, the decision is to work with a single branch, since 

increasing the number of branches in parallel configuration would lead 

to an increase in the weight and size of the hybrid pack. The current 

hybrid pack application is destined to a super sport car and needs to 

respect stringent limits on size and weight. 

Therefore, the battery configuration that has been chosen is a 54s1p 

(54 series and 1 parallel string) that stores 0.79 kWh and could reach 

approx. 9 kW of power in discharge phase and approx. 0.8 kW in 

charge phase. The working voltage spans from a minimum working 

voltage of 160 V to a maximum voltage of 226 V. The maximum 

discharge current for a single cell is 45 A, while the charge current is 

equal to -4.2A. The energy contribution of the batteries is three times 

the one of the LiCs. The components of the passive hybrid system have 

been previously described, but the passive HESS needs a deep analysis 

itself since complexity arises by combining the two systems in parallel. 

A preliminary analysis was carried out on a simplified system. So, 

assuming that the battery can be modeled as a single voltage generator 

and a series resistance, the scheme will be the one in Figure 10: 

 

Figure 10. HESS passive simplified scheme. 

From this starting scheme, the circuit is derived into the frequency 

domain and the Thevenin circuit is derived as it can be seen in Figure 

11. 

 

Figure 11. HESS passive Thevenin equivalent circuit. 

The reader is referred to [30,34] for the complete theoretical analysis 

of the system, while here a focus on the results for this specific case is 

presented. In particular, we obtain: 

𝑉𝑡ℎ(𝑠) =
𝑅𝑐

𝑅𝑏 + 𝑅𝑐
𝑉𝑏

𝑠 + 𝛼

𝑠(𝑠 + 𝛽)
+

𝑅𝑏

𝑅𝑏 + 𝑅𝑐
𝑉𝑐0

1

𝑠 + 𝛽
 

(5) 

𝑍𝑡ℎ(𝑠) =
𝑅𝑏𝑅𝑐

𝑅𝑏 + 𝑅𝑐

𝑠 + 𝛼

𝑠 + 𝛽
 

(6) 

Where 𝑉𝑡ℎ and 𝑍𝑡ℎ are respectively the Thevenin equivalent voltage 

and the Thevenin equivalent impedance, 𝑠 is the complex frequency, 

𝑅𝑐 and 𝑅𝑏 are the capacitor and battery resistances and 𝑉𝑏 is the battery 

voltage. The capacitor with non-zero initial conditions has been 

replaced in the Laplace domain by an uncharged capacitor in series 

with a step-function voltage source with amplitude 𝑉𝑐0, 𝛼 =
1

𝑅𝑐𝐶𝑐
, and 

𝛽 =
1

(𝑅𝑏+𝑅𝑐)𝐶𝑐
. Eventually, a real load could be applied, however for an 

analytical approach an ideal pulsed square load is applied to capture 

the fundamental characteristics and the behavior of the system. The 
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pulsed load current has a period 𝑇, pulse duty ratio 𝐷 and it can be 

expressed for the first 𝑁 pulses as: 

𝑖0(𝑡) = 𝐼0 ∑[Φ(𝑡 − 𝑘𝑇) − Φ(𝑡 − (𝑘 + 𝐷)𝑇)]

𝑁−1

𝑘=0

 

(7) 

Where 𝐼0 is the amplitude of the current and Φ(t) is a unit step function 

at t = 0. The equations are passed through the frequency domain and 

the inverse Laplace transform as shown in [30,34]. Then, the currents 

of the battery and supercapacitors are determined with respect to the 

steady-state performance, so when the capacitor and battery voltage 

are equal 𝑉𝑏 = 𝑉𝑐0. This leads to: 

𝑖𝑏,𝑠𝑠(𝑡) = 𝐼0 ∑{(1 −
𝑅𝑏

𝑅𝑏 + 𝑅𝑐
e−β(t−kT)) ∙ Φ(𝑡 − 𝑘𝑇)

𝑁−1

𝑘=0

− (1 −
𝑅𝑏

𝑅𝑏 + 𝑅𝑐
e−β(t−(k+D)T))

∙ Φ(𝑡 − (𝑘 + 𝐷)𝑇)} 

(8) 

𝑖𝑐,𝑠𝑠(𝑡) =
𝑅𝑏𝐼0

𝑅𝑏 + 𝑅𝑐
∑{e−β(t−kT) ∙ Φ(𝑡 − 𝑘𝑇) − e−β(t−(k+D)T)

𝑁−1

𝑘=0

∙ Φ(𝑡 − (𝑘 + 𝐷)𝑇)} 

(9) 

Peak Performance 

The target is now to simulate the battery behavior to determine the 

current peak, that occurs at the end of the pulse load t = (k + D)T. The 

battery peak current becomes, for 𝑁 → ∞: 

𝐼𝑏,𝑝𝑒𝑎𝑘 = 𝐼0 (1 −
𝑅𝑏

𝑅𝑏 + 𝑅𝑐

e−βDT(1 − e−β(1−D)T))

1 − e−βT
) = 𝐼0(1 − 𝜁𝑐)

=
𝐼0

𝛾
 

(10) 

𝜁𝑐 is the current sharing factor and 𝛾 is the power enhancement factor. 

This means that without a capacitor, the battery would have to meet 

the peak load by itself, while the hybrid system can supply a higher 

load than the battery itself. If 𝐼𝑟𝑎𝑡𝑒𝑑 is the rated current for the battery, 

the new possible load current of the hybrid system can be expressed as 

𝐼0 = 𝛾 ∙ 𝐼𝑟𝑎𝑡𝑒𝑑 . And the instantaneous peak power becomes: 

𝑃𝑝𝑒𝑎𝑘 = 𝐼0𝑉𝑏 = 𝛾 ∙ 𝐼𝑟𝑎𝑡𝑒𝑑𝑉𝑏 = 𝛾 ∙ 𝑃𝑟𝑎𝑡𝑒𝑑 

(11) 

The presence of the capacitor allows to make the power enhancement 

factor larger than one. Considering the eigen frequency of our system 

for a simplified model 𝑅𝑏 = 1.40 𝑂ℎ𝑚, 𝑅𝑐 = 0.06 𝑂ℎ𝑚 and 𝐶𝑐 =
55 𝐹: 

𝑓𝑒𝑖𝑔𝑒𝑛 =
1

(𝑅𝑏 + 𝑅𝑐)𝐶𝑐
= 0.012 𝐻𝑧 

(12) 

The power enhancement dependency on frequency and duty cycle is 

plotted in Figure 12: 

 

Figure 12. Peak power enhancement dependency on the duty cycle D. 

As the frequency grows and becomes way higher than the eigen 

frequency, the power enhancement reaches a limit close to that of 

10𝑓𝑒𝑖𝑔𝑒𝑛. On the other side, the maximum theoretical possible 

enhancement of output power could be increased 24.4 times the output 

power of the battery-alone system, as we can obtain for the case of 𝐷 =
0. By lowering the internal resistance, the capacitor is going to give 

reduced power losses, since it covers a significant share of the output 

current. Another important information that can be carried out from 

this analysis is that a passive HESS is not capable of delivering the 

complete capacitor range of power, reducing the flexibility of the 

system if compared with a capacitor-only energy storage. 

Power Saving 

Since the capacitors take a high share of current, the losses depend also 

on their internal resistance, that is usually lower than that of batteries. 

This results in lower power losses. A power saving factor 𝜀 can be 

introduced according to the work done in [30,34], and Figure 13 shows 

the dependency of the power saving factor with respect to the duty 

cycle D. The reader is referred to [30,34] for the theoretical 

formulation of the power saving factor. 

 

Figure 13. Power saving dependency on the duty cycle D. 
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If 𝐷 goes to 1, we approach a constant current and the savings become 

equal to zero, while the theoretical maximum power saving is given by 

𝐷 → 0: 

lim
𝐷→0

𝜀 =
𝑅𝑏

𝑅𝑏 + 𝑅𝑐
 

(13) 

Run Time Extension 

Since a system of this kind leads to a power saving, a run time 

extension for the batteries can be obtained. From [30,34] Δτ =
𝜏ℎ𝑦𝑏𝑟𝑖𝑑 − 𝜏𝑏  is the extended run time extension of the system due to 

the reduced losses, while 𝜏𝑏 is the total run time of the battery-alone 

system (assuming it can run to 100% depth of discharge). And we 

obtain: 

Δτ

𝜏𝑏
=

𝜀√𝐷𝛿

1 − 𝜀√𝐷𝛿
 

(14) 

Where 𝛿 =
𝑅𝑏𝐼0

𝑉𝑏
. When 𝑅𝑏 = 0 the internal voltage drop is zero and the 

time extension becomes zero because there is no dissipation. On the 

other side, when the load increases, the dissipation increases and so 

does 𝛿. If 𝛿 is fixed, once the load is known, the run time extension 

could be evaluated under the variation of 𝐷 and 𝜀 (which depends on 

𝐷 and on the system frequency), as shown in Figure 14. 

 

Figure 14. Run time extension dependency on the duty cycle D and on 𝛿. 

For 𝐷 → 0 the run time extension is zero, while the power saving, and 

the peak power enhancement have a maximum. This is because the 

system is not utilized when the current is zero. The run time extension 

goes to zero also when 𝐷 goes to 1, since the situation is one of 

constant current and the capacitor are not utilized. The run time 

extension maximum depends also on the frequency of the pulse load 

and as the frequency becomes lower, the 𝐷 associated to the maximum 

is reduced. 

Current Model 

For our HESS, a PDT is chosen with 𝐷 = 0.2, 𝑇 = 720 𝑠, 𝐼0 = 3.4 𝐴. 

A system of this kind is expected to guarantee a 𝜁𝑐 = 0.21, 𝛾 =

1.26, 𝜀 = 50%,
Δτ

𝜏𝑏
= 0.8%. This theoretical analysis of a simplified 

system allows to formulate the expected behavior of the hybrid system. 

Since the theoretical analysis has been carried out on a simplified 

version of the model, the results will slightly differ from the expected 

ones. The model is realized through MATLAB/Simulink and 

Simscape Power System. A simulation has then been run for the PDT 

specified previously, and Figure 15 shows the system currents: 

 

Figure 15. LiCs, battery and PDT current. 

In Figure 15 the current load is shown in yellow. As soon as the current 

request rises to 3.4 A, the HESS is activated and satisfies the current 

request thanks to the contribution of both the battery and the LiCs. The 

LiCs power the system in short times due to their high-power values, 

fulfilling almost all the initial request, while the battery has slower 

transients. This could be useful during both real driving scenarios and 

emission cycles as the ones presented in [59], since they are usually 

characterized by a high variability and they are subject to fast 

transients. 

So, both the battery and capacitors supply current during the load on-

state, while the battery charges the capacitors during the load off-state. 

In this situation, the battery current starts decreasing while the LiCs’ 

current becomes negative to guarantee a sum of currents that is equal 

to the load request, hence null. Therefore, the instantaneous battery 

current, which otherwise would be at the same level of the load current 

request, is reduced considerably due to the assistance of the capacitors 

that can relieve peak stresses on the battery, and they positively 

influence the system performance. Figure 16 shows the simulated 

voltage profile. 

 

Figure 16. Simulated voltage profile. 

Figure 17 shows a comparison between two simulations under the 

same PDT current input. The voltage profile of the 21700 batteries is 

shown both for a simulation run for the passive HESS and for the 

batteries as a stand-alone system. The voltage of the stand-alone 

batteries reaches values that are lower than the passive HESS, this is 
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due to the presence of the LiCs in the passive configuration, implying 

a higher energy content. 

The comparison between the voltages in Figure 17 shows that the 

voltage variation of the batteries as a part of the passive HESS is 

significantly reduced with respect to the batteries as a stand-alone 

system. This is due to the lower instantaneous current that runs through 

the system, as shown in Figure 15. The results demonstrate a 

significant benefit of the hybridization in reducing the fast and large 

battery terminal voltage transients as explained in [60]. 

 

Figure 17. Voltage comparison between a battery stand-alone system and a 

passive HESS. 

It has been verified that for short power pulses the LiCs can supply a 

large part of the power, reducing the stress on the battery. For longer 

power pulses, the ratio of the power coming from the battery increases 

as the voltage of the LiCs drops with theirs SoC. According to the work 

done in [61], this kind of connection is beneficial when the pulse 

duration is shorter than 10 seconds and when the power electronic 

complexity needs to be kept at minimum. A drawback of this 

configuration is the need to match the voltages of batteries and LiCs, 

that could become a problem at high voltage. In fact, as explained in 

[62], a higher energy storage device voltage means the higher potential 

to have cell imbalances, that could prevent the string from reaching the 

nominal voltage. It should be kept into account that the usable energy 

of the LiCs depends on the voltage range of the battery pack. Since the 

working voltage of the battery is reduced with respect to the one of 

LiCs, also the energy available from LiCs decreases: 

𝐸𝐿𝑖𝐶 =
1

2
∙ 𝑐 ∙ (𝑉𝑏𝑎𝑡𝑡,𝑚𝑎𝑥

2 − 𝑉𝑏𝑎𝑡𝑡,𝑚𝑖𝑛
2) 

(15) 

Where 𝑐 is the LiCs’ capacitance and 𝑉𝑏𝑎𝑡𝑡,𝑚𝑎𝑥, 𝑉𝑏𝑎𝑡𝑡,𝑚𝑖𝑛 are 

respectively the maximum and minimum battery voltage. 

Control 

The passive HESS splits the load current between LiCs and batteries 

in a nearly uncontrolled manner, determined predominantly by the 

internal impedances of the system, as shown in equations 8 and 9. 

Therefore, a control strategy is introduced on the vehicle model to be 

sure that the current limits of the battery are not exceeded (especially 

the -4.2 A charge current limit). If the charging limits are exceeded a 

great quantitative of energy coming from regenerative braking would 

be lost. The control strategy is the one that follows: 

Table 1. Control strategy for a pack that is charging. 

|𝑖𝑏𝑎𝑡𝑡| < |𝑖𝑏𝑎𝑡𝑡,𝑙𝑖𝑚| 
𝑖𝐻𝐸𝑆𝑆,𝑙𝑖𝑚 =

𝑉 − 𝑉𝑏𝑎𝑡𝑡,𝑚𝑎𝑥

𝑅𝑏𝑎𝑡𝑡

+
𝑉 − 𝑉𝐿𝑖𝐶,𝑚𝑎𝑥

𝑅𝐿𝑖𝐶
 

|𝑖𝑏𝑎𝑡𝑡| = |𝑖𝑏𝑎𝑡𝑡,𝑙𝑖𝑚| 𝑖𝐻𝐸𝑆𝑆,𝑙𝑖𝑚 = 𝑖𝑏𝑎𝑡𝑡,𝑙𝑖𝑚 

The strategy shown in Table 1 implies that as long as the battery 

current 𝑖𝑏𝑎𝑡𝑡 is lower in absolute value than the battery current limit 

for charge 𝑖𝑏𝑎𝑡𝑡,𝑙𝑖𝑚, the limit current for the passive HESS 𝑖𝐻𝐸𝑆𝑆,𝑙𝑖𝑚 is 

given by the sum of the current from the LiCs and the batteries to reach 

their maximum voltages, respectively 𝑉𝐿𝑖𝐶,𝑚𝑎𝑥  and 𝑉𝑏𝑎𝑡𝑡,𝑚𝑎𝑥, 

calculated thanks to their internal resistances, 𝑅𝐿𝑖𝐶 and 𝑅𝑏𝑎𝑡𝑡. As soon 

as the battery current reaches the limit, the limit current for the passive 

HESS will be set equal to the battery limit. This is necessary because 

in a passive HESS we cannot intervene on the battery control alone as 

the current share is determined by the internal impedances of the 

system, as it has been shown previously. Instead, we must deal with 

the entire energy storage. 

Table 2. Control strategy for a pack that is discharging. 

|𝑖𝑏𝑎𝑡𝑡| < |𝑖𝑏𝑎𝑡𝑡,𝑙𝑖𝑚| 
𝑖𝐻𝐸𝑆𝑆,𝑙𝑖𝑚 =

𝑉 − 𝑉𝑏𝑎𝑡𝑡,𝑚𝑖𝑛

𝑅𝑏𝑎𝑡𝑡

+
𝑉 − 𝑉𝐿𝑖𝐶,𝑚𝑖𝑛

𝑅𝐿𝑖𝐶
 

|𝑖𝑏𝑎𝑡𝑡| = |𝑖𝑏𝑎𝑡𝑡,𝑙𝑖𝑚| 𝑖𝐻𝐸𝑆𝑆,𝑙𝑖𝑚 = 𝑖𝑏𝑎𝑡𝑡,𝑙𝑖𝑚 

The strategy shown in Table 2 implies that as long as the battery 

current 𝑖𝑏𝑎𝑡𝑡 is lower in absolute value than the battery current limit 

for charge 𝑖𝑏𝑎𝑡𝑡,𝑙𝑖𝑚, the limit current for the passive HESS 𝑖𝐻𝐸𝑆𝑆,𝑙𝑖𝑚 is 

given by the sum of the current from the LiCs and the batteries to reach 

their minimum voltages, respectively 𝑉𝐿𝑖𝐶,𝑚𝑖𝑛 and 𝑉𝑏𝑎𝑡𝑡,𝑚𝑖𝑛, 

calculated thanks to their internal resistances, 𝑅𝐿𝑖𝐶 and 𝑅𝑏𝑎𝑡𝑡. As soon 

as the battery current reaches the limit, the limit current for the passive 

HESS will be set equal to the battery limit. This is necessary for the 

same reason mentioned above. 

This control strategy is implemented on the vehicle model, and its 

impact will be analyzed in the following chapters thanks to simulations 

on the WLTC Class 3b. In particular, the simulations are run in the 

Results section. To sum up the analysis that has been run in the 

previous paragraphs with respect to the passive HESS, it has been 

demonstrated that the passive HESS is a simple system, that can ensure 

low weights and small sizes, as well as being inexpensive. However, it 

has some disadvantages as it needs the voltage of capacitors and 

batteries to coincide, which means that the capacitors will work in the 

same voltage range as the batteries, with a consequent limitation on the 

energy that can be used. In addition, a system of this type presents 

limited control possibilities. The introduction of a control strategy over 

the whole passive HESS protects the batteries from over-current but 

does not make up for the limits related to the range of operation of the 

capacitors. 

Semi-Active Hybrid Energy Storage System 

The introduction of one or more DC-DC converters could be seen as a 

solution to avoid the problems associated with the passive HESS. A 

semi-active system as the one shown in Figure 3 and Figure 18 is 

introduced and modeled. The semi-active system is capable of 

interfacing the capacitors and the battery to achieve higher reliability 

and control flexibility, and to optimize the power sharing [26,28,29]. 

The presence of a DC-DC converter allows to control the system and 

to make use of the full voltage range of capacitors. On the other hand, 

it implies additional costs, a greater size of the system and a greater 
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weight. The configuration that has been chosen fits a pack of LiCs in 

60s1p configuration (as introduced in the Lithium-Ion Capacitor 

section) connected to the load, so the configuration that is chosen for 

further evaluations is a battery semi-active hybrid as shown in Figure 

18. 

 

Figure 18. Battery semi-active hybrid energy storage system. 

This way, the LiCs’ energy storage is directly connected to the inverter 

and the EMs, while the DC-DC converter is connected between the 

battery and the load. This configuration allows to dimension the DC-

DC converter for the average power flow, keeping the battery current 

at a near constant value despite the load current variations. As stated 

in [27], this allows significant battery performance improving in 

lifetime, energy efficiency and operating temperature. Moreover, 

voltage matching between battery and load/LiCs is no longer required. 

DC-DC Converter 

The DC-DC converter could be modeled according to the work done 

in [8,30], but that level of accuracy is not needed at this point of the 

work. So, the indications in [27] are followed and a simple system is 

modeled. 𝑣𝑏𝑎𝑡𝑡 indicates the battery voltage, 𝑣𝑙𝑜𝑎𝑑 the load voltage, 𝑘 

is the conversion ratio, 𝑖𝑏𝑎𝑡𝑡 is the battery current, 𝑖𝑙𝑜𝑎𝑑 is the load 

current, 𝜂𝐷𝐶−𝐷𝐶 is the converter efficiency, 𝑖𝐿𝑖𝐶 is the LiC current. 

𝑣𝑏𝑎𝑡𝑡 =
𝑣𝑙𝑜𝑎𝑑

𝑘
 

(16) 

𝑖𝑏𝑎𝑡𝑡 =
𝑖𝑙𝑜𝑎𝑑

𝜂𝐷𝐶−𝐷𝐶
𝑘 

(17) 

𝑖𝐿𝑖𝐶 = 𝑖𝑙𝑜𝑎𝑑 − 𝑖𝑏𝑎𝑡𝑡 
(18) 

The conversion ratio 𝑘 is adopted instead of an explicit duty cycle 

dependent conversion ratio. The value of the conversion ratio is related 

to the working mode of the DC-DC converter. In boost operation 𝑘 >
1, fewer cells in series can be used to form a battery pack with a 

terminal voltage lower than the load voltage. This reduces the pack 

size and the internal resistance. However, as it is explained in [27], in 

this case the current flowing through the battery pack is higher than the 

load current, resulting in higher losses due to heating and requiring 

cells to have higher discharge rate capabilities. When in buck 

operation, 𝑘 < 1, the battery pack has more cells in series to form a 

pack with a terminal voltage higher than the load voltage. This would 

increase the pack size and the internal resistance. In this case the DC-

DC converter voltage rating should be chosen according to the 

maximum voltage of the battery pack. On the other side, the current 

flowing through the battery pack is lower than the load current, 

meaning that the losses are reduced, and the cells are required to have 

lower discharge rate capabilities. For our simulations, the battery 

voltage could be higher or lower than the load voltage, meaning that 

the converter is operating in buck or boost mode respectively. 

Converter Control Strategy 

The choice of the converter control logic is linked with the need for a 

real-time oriented model, compatible with the implementation on the 

real vehicle control unit. So, the DC-DC converter control is based on 

the work done in [31,54], where the average power load is determined 

and requested to the battery, while the peak power request is satisfied 

by the LiCs. This allows to achieve a nearly constant battery current, 

to guarantee performance improving in energy efficiency and 

operating temperature. In particular, the average load power 𝑃𝑎𝑣𝑒 at 

instant 𝑡 is determined thanks to the power load 𝑃𝑙𝑜𝑎𝑑: 

𝑃𝑎𝑣𝑒 =
∫ 𝑃𝑙𝑜𝑎𝑑

𝑡

0

𝑡
 

(19) 

That value is then divided by the load voltage 𝑣𝑙𝑜𝑎𝑑  to determine the 

𝑖𝑙𝑜𝑎𝑑,𝑎𝑣𝑔: 

𝑖𝑙𝑜𝑎𝑑,𝑎𝑣𝑔 =
𝑃𝑎𝑣𝑒

𝑣𝑙𝑜𝑎𝑑
 

(20) 

Then, the battery current 𝑖𝑏𝑎𝑡𝑡 is determined as: 

𝑖𝑏𝑎𝑡𝑡 =
𝑖𝑙𝑜𝑎𝑑,𝑎𝑣𝑔

𝜂𝐷𝐶−𝐷𝐶
 

(21) 

While 𝑖𝐿𝑖𝐶 is determined from equation 18. The power load entering 

the DC-DC model is given by the RBS or the ECMS. The current 

output for LiCs and batteries will be limited according to the respective 

limits, in order not to fail the circuit. 

Fixed Ratio DC-DC 

At last, a fixed ratio DC-DC is analyzed as a substitute of the DC-DC 

converter, with a fixed ratio equal to 1. This should guarantee 

comparable performance, saving complexity [36]. The control strategy 

that is here introduced aims to maintain the battery terminal voltage 

equal to the load voltage. This should simplify the structure of the fixed 

ratio DC-DC that is used. A system of this kind is analyzed to verify 

its feasibility with the target of optimizing the vehicle fuel economy. 

According to the configuration in Figure 18, the load voltage 𝑣𝑙𝑜𝑎𝑑 

corresponds to the LiCs’ terminal voltage, and this value corresponds 

to the one at the terminals of the battery. Since the battery can be seen 

as a voltage generator 𝑣𝑏𝑎𝑡𝑡 and an internal resistance 𝑅0, connected 

in series run by a current 𝑖𝑏𝑎𝑡𝑡, we will have: 

𝑣𝑙𝑜𝑎𝑑 = 𝑣𝑏𝑎𝑡𝑡 − 𝑅0 ∙ 𝑖𝑏𝑎𝑡𝑡 
(22) 

The 𝑖𝑏𝑎𝑡𝑡 is determined and the 𝑖𝐿𝑖𝐶 is equal to: 

𝑖𝐿𝑖𝐶 = 𝑖𝑙𝑜𝑎𝑑 − 𝑖𝑏𝑎𝑡𝑡 ∙ 𝜂𝐷𝐶−𝐷𝐶  
(23) 

A system of this kind is associated with a lower complexity with 

respect to the previous DC-DC converter solution. The disadvantages 

that are present when DC-DC converters are adopted are represented 

by the variations of the load voltage during capacitor 

charging/discharging, that is strictly related to the fact that the 

capacitor voltage must match the load voltage. 

Results 

A conventional vehicle simulation on a WLTC Class 3b was run as a 

reference. Moreover, the simulations that were done in [53], with a P2-

P4 configuration and an energy storage system uniquely based on 
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LiCs, are reported under the name ‘LiC 60s1p’. The WLTC Class 3b 

cycle phases were defined as follows, as illustrated in [59] and shown 

in Figure 4: 

• Phase 1: 0s – 589s 

• Phase 2: 590s – 1023s 

• Phase 3: 1024s – 1478s 

• Phase 4: 1479s – 1800s 

The tables reporting the results show in the first line the conventional 

series vehicle simulation, while in the following lines they show the 

simulated results for the HEVs. The fuel consumption simulated 

results for the conventional vehicle are normalized (%) with respect to 

the maximum fuel consumption value obtained during the various 

cycle phases. As it will be shown, Phase 1 is usually associated with 

the maximum value (i.e. 100%) since the engine works in cold start 

conditions and at high fuel consumption operating points. The 

simulated results for the HEVs configurations are reported as a fuel 

consumption comparison with the series vehicle, showing the 

percentage reduction. 

Fuel Consumption Correction 

A fuel consumption correction is carried out, based on the procedure 

implemented in [7] and explained below. During the cycle, the energy 

requested at the wheels can be delivered by the ICE or the EMs since 

we are working with a HEV, therefore two different situations can 

occur as the energy balance at the end of the cycle, expressed as ∆𝑒𝐶 

[kJ], could be positive or negative, i.e. the energy storage SoC at the 

end of the cycle is higher or lower than the initial value. 

In the first scenario, it is assumed that the positive difference of the 

electric energy is covered by the ICE, consuming more fuel than 

required and recharging the energy storage systems through the EMs 

that are acting as generators. This means that on the right side of (24 

the EM efficiency is at the denominator because the energy content in 

the energy storage is lower than the starting energy content coming 

from the fuel. The virtual fuel consumption (to be subtracted to the 

actual one) is calculated using the average efficiencies of the EMs, as 

shown in the following equation: 

∆𝑚𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉 ∙ 𝜂̅𝐼𝐶𝐸 =
∆𝑒𝐶

𝜂̅𝐸𝑀
 

(24) 

Where 𝐿𝐻𝑉 is the lower heating value of the fuel, and 𝜂̅𝐼𝐶𝐸 and 𝜂̅𝐸𝑀 

are the average efficiencies, respectively for the ICE and the EM. In 

the second scenario, with a negative electrical energy balance, the 

difference is considered as a further request of torque addressed to the 

EMs instead of using the ICE. Therefore, it is possible to calculate the 

additional fuel consumption to be added to the actual one, to 

compensate the battery balance. The formulation is expressed as 

follows: 

∆𝑚𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉 ∙ 𝜂̅𝐼𝐶𝐸 = 𝜂̅𝐸𝑀 ∙ ∆𝑒𝐶 

(25) 

Here, the EM efficiency on the right side of (25 multiplies the energy 

content of the energy storage since the EM is working as a motor, 

meaning that the energy content of the energy storage is higher than its 

equivalent in fuel energy. The fuel consumption correction is used to 

correct the combined final value of the various simulations. When the 

correction is applied, it will be properly reported. 

Passive HESS 

RBS 

The vehicle is simulated on a WLTC Class 3b with a passive HESS 

configuration, and the results can be seen in Figure 19 and Table 3. As 

previously introduced, Table 3 shows the results for the reference 

configurations given by the Lamborghini Aventador conventional 

vehicle and by the vehicle configuration with P2-P4 EMs with an 

energy storage uniquely based on LiCs from [53]. Moreover, the fuel 

consumption results for the passive HESS are shown. Figure 19 shows 

the simulation of the passive HESS on an RBS. The LiCs’ SoC is 

chosen as the state variable, therefore the RBS is activated or 

deactivated when the LiC’s SoC reaches the respective target values. 

This way, every time the electrical driving is activated, the traction 

power will be guaranteed by the LiCs. 

 

Figure 19. Passive HESS WLTC Class 3b on an RBS. 

Table 3. WLTC Class 3b simulated results, for a P2-P4 hybrid 

configuration with a passive HESS and an RBS. 

P2-P4 RBS 
Phase 

1 
Phase 

2 
Phase 

3 
Phase 

4 
Combined 

Corrected 

Simulated 
% 

100 54 43 41 52 \ 

LiC 60s1p -1.2 -7.1 -2.7 +0.6 -2.3 \ 
Passive 

HESS 
-2.1 +1.5 -3.5 +1.2 -0.7 -0.2 

The RBS ensures a reduction of fuel consumption, respecting the 

HESS current limits. As it can be seen, the fuel consumption is reduced 

in those phases where the hybrid powertrain is activated, otherwise it 

increases due to the greater weight. As the final SoC differs from the 

initial one, the fuel consumption correction is applied. The simulation 

of an RBS for a passive HESS shows a reduction of approximately -

0.2% after the fuel consumption correction. If compared with the value 

obtained for a LiC-based hybrid powertrain (LiC 60s1p), the passive 

HESS gets a worse result, making the addition of batteries apparently 

useless in this case. The major problem of the passive HESS is 

represented by the fact that it cannot recover all the energy available 

through regenerative braking due to current limitations introduced for 

safety reasons through the control strategy presented in [53]. On the 

other side, a LiC-based configuration does not experience the same 

current limitations derived from the presence of additional batteries, 

making it capable of recovering more energy. 

ECMS 

An ECMS simulation is run to complete the analysis on the passive 

HESS. The ECMS splits the torque to guarantee the minimization of 

the equivalent fuel consumption, keeping into account the system’s 

limitations. In particular, the strategy that is here simulated is the 
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ECMS CS 50%. The ECMS with an SoC depending on speed is not 

simulated for the passive HESS, as it is not ideal since the direct 

connection between the battery and the LiCs would make the SoC 

variation slow and uncapable of following properly the fast variations 

of the target SoC due to the current limits of the battery. This highlights 

that the power limit has a major importance for the energy storage 

systems, especially for super sport cars. The simulation done in [53] is 

considered for the ‘LiC 60s1p’ reference. The results are reported in 

Figure 20 and Table 4. 

 

Figure 20. Passive HESS WLTC Class 3b on an ECMS. 

Table 4. WLTC Class 3b simulated results, for a P2-P4 hybrid 

configuration with a passive HESS and an ECMS CS. 

P2-P4 
ECMS CS 

Phase 
1 

Phase 
2 

Phase 
3 

Phase 
4 

Combined 
Corrected 

Simulated 
% 

100 54 43 41 52 \ 

LiC 60s1p -4.7 -6.4 -4.9 -1.0 -4.1 -5.4 
Passive 

HESS 
-7.9 -3.0 -1.7 +0.1 -3.0 -1.7 

Figure 20 shows the simulation for the passive HESS on an ECMS CS 

50%. During the simulation the LiCs’ SoC is the reference, and it 

follows the SoC target of 50%. On the other hand, the battery’s SoC is 

not controlled, and it is progressively discharged, even if the battery 

maintains the same terminal voltage of the LiCs being in a parallel 

connection. The graph shows a current that varies very frequently, 

especially for LiCs. This is also due to the strategy calibration that has 

been chosen, which could be adjusted to ensure smoother activation 

profiles. Table 4 shows the fuel consumption results for the ECMS CS 

50%. The ECMS guarantees a fuel consumption reduction, but, as in 

the RBS, the configuration cannot recover all the energy available 

through regenerative braking due to the control strategy that needs to 

be adopted for safety reasons, explained in Table 1and Table 2. So, 

even in this case the results are not as good as the ones obtained 

through the LiC-only simulation. Moreover, since the system cannot 

be actively controlled, the capacitor energy cannot be fully used [6,34] 

as it is bound to the battery voltage. 

In conclusion, for the passive HESS, fuel consumption reduction is 

achieved, but the current limits of the 21700 batteries are too 

challenging and the passive HESS cannot achieve better recuperation 

than the LiCs alone. This makes a passive system with a bigger 

capacity worse than a LiC-only system with respect to fuel 

consumption reduction. 

Semi-Active HESS 

The configuration that is here tested is the one based on Figure 18 and 

on the theory presented in DC-DC Converter. 

RBS 

The RBS makes the vehicle work in electric drive mode once the SoC 

is over a certain target value. The current system is characterized by 

two energy storage systems, and the LiCs’ SoC represents the strategy 

reference. This allows to activate the hybrid components only when 

the electric traction power is available. On the other side, as it was 

described in [31,54] the battery deals with the average power and it is 

charged or discharged until it reaches its limits as it can be seen in 

Figure 21 and Table 5. 

 

Figure 21. RBS simulation for a semi-active configuration. 

Table 5. WLTC Class 3b simulated results, for a P2-P4 hybrid 

configuration with a passive and a semi-active HESS, and an RBS. 

P2-P4 RBS 
Phase 

1 
Phase 

2 
Phase 

3 
Phase 

4 
Combined 

Corrected 

Simulated % 100 54 43 41 52 \ 
LiC 60s1p -1.2 -7.1 -2.7 +0.6 -2.3 \ 

Passive HESS -2.1 +1.5 -3.5 +1.2 -0.7 -0.2 
Semi-Active HESS -1.9 -7.1 -5.1 +1.0 -3.0 +0.7 

Figure 21 shows the activation of the RBS on the semi-active 

configuration. The LiCs’ SoC is the reference, and the phases in which 

it is rapidly discharged correspond to the electrical driving activation. 

With respect to the passive HESS, the electrical driving is here 

activated more frequently. This is because the semi-active HESS 

separates the current limits of the two different energy storages, 

allowing the HESS to react better at dynamic situations. This means 

also that better recuperation can be achieved without the same strict 

limits on currents that are present for passive HESS. However, the 

semi-active configuration is not proficient for fuel economy, as shown 

in Table 5. This is true once the fuel consumption correction is applied, 

as the battery is discharged in an uncontrolled manner and ends the 

cycle at a SoC much lower than the initial one. It can be noticed that 

even if the RBS guarantees a fuel consumption reduction for the LiC-

based hybrid powertrain and for the passive HESS, it is not capable to 

guarantee the same results for a semi-active HESS. 

So, the additional energy present in the form of additional batteries 

does not guarantee improvements on this side. Different solutions 

could be analyzed for a HESS with a larger battery pack, that could 

compensate for the additional weight by extending the driving periods 
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in electrical drive. Further analysis could be carried out by actuating a 

control on the battery SoC, in addition to the control already done on 

the LiCs’ SoC. 

ECMS 

The ECMS is focused on optimizing the equivalent fuel consumption 

at every instant. The LiCs’ SoC is taken as a reference for the strategy, 

and it follows the SoC target throughout the whole cycle. On the other 

side, the battery is charged or discharged with respect to the average 

power. The results for a ECMS in charge sustaining mode are shown 

in Figure 22 and Table 6. 

 

Figure 22. ECMS CS simulation for a semi-active configuration. 

Table 6. WLTC Class 3b simulated results, for a P2-P4 hybrid 

configuration with a passive and a semi-active HESS, and an ECMS 

CS. 

P2-P4 ECMS CS 
Phase 

1 
Phase 

2 
Phase 

3 
Phase 

4 
Combined 

Corrected 

Simulated % 100 54 43 41 52 \ 
LiC 60s1p -4.7 -6.4 -4.9 -1.0 -4.1 -5.4 

Passive HESS -3.6 -1.8 -1.2 +0.3 -1.5 -1.7 
Semi-Active HESS -4.2 -5.3 -3.9 +0.3 -3.1 -6.8 

Figure 22 shows that the battery’s SoC increases during the cycle, and 

this leads to a final SoC higher than the initial one. So, the fuel 

reduction correction is applied. The application of an ECMS CS on a 

semi-active system is proficient for fuel economy. Differently from the 

RBS, the ECMS is designed to target the minimization of the 

equivalent fuel consumption at every instant, and this can be seen in 

the results that have been obtained. Table 6 shows that a semi-active 

HESS configuration can reduce fuel consumption up to 6.8%, making 

this solution better than the LiC 60s1p and the passive HESS. The 

advantage of the semi-active configuration is the major flexibility in 

the system’s control that makes it possible to work better in dynamic 

situations. However, the drawback is represented by the high 

complexity and the addition of a component that involves greater 

weights and dimensions. 

Later, an ECMS Spd is tested. The LiCs’ SoC follows the target SoC 

varying with speed, and the battery works with the average power. The 

results are shown in Figure 23 and Table 7. 

 

Figure 23. ECMS Spd simulation for a semi-active configuration. 

Table 7. WLTC Class 3b simulated results, for a P2-P4 hybrid 

configuration with a semi-active HESS, and an ECMS Spd. 

P2-P4 ECMS Spd 
Phase 

1 
Phase 

2 
Phase 

3 
Phase 

4 
Combined 

Corrected 

Simulated % 100 54 43 41 52 \ 
LiC 60s1p -2.3 -7.9 -5.1 -2.7 -4.3 \ 

Semi-Active HESS +2.0 -5.8 -3.6 -1.5 -2.0 -5.5 

Figure 23 shows the activation of an ECMS with a SoC target 

dependent on speed, for a semi-active HESS. The capacity of the semi-

active configuration to unbind the two energy storages and the current 

that is flowing through them, is relevant for this application. In fact, it 

is thanks to this that the LiCs can follow a rapidly varying SoC target 

while the battery can deal with the average power, recharging through 

the entire cycle and acting as an energy reserve whether it would be 

needed. As shown in Table 7, this configuration guarantees a fuel 

consumption reduction. This application is of particular interest for 

super sport cars, as the energy reserve that is guaranteed by the varying 

SoC target could be used for the activation of additional hybrid control 

functions. This guarantees great flexibility. and ensures the possibility 

to follow rapid variations of the target SoC. 

Fixed Ratio HESS 

The fixed ratio HESS is based on Figure 18 and based on the theory 

presented in Fixed Ratio DC-DC. 

RBS 

As for the semi-active configuration, the system is characterized by 

two energy storage systems, and the LiCs’ SoC represents the strategy 

reference. This allows to activate the electric drive mode only when 

the traction power, mainly given by the LiCs, is available. On the other 

side, the battery is controlled by the fixed ratio DC-DC and it is 

charged or discharged until it reaches its limits as it can be seen in 

Figure 24 and Table 8. 
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Figure 24. RBS simulation for a fixed ratio configuration. 

Table 8. WLTC Class 3b simulated results, for a P2-P4 hybrid 

configuration with a passive, a semi-active, a fixed-ratio HESS, and 

an RBS. 

P2-P4 RBS 
Phase 

1 
Phase 

2 
Phase 

3 
Phase 

4 
Combined 

Corrected 

Simulated % 100 54 43 41 52 \ 
LiC 60s1p -1.2 -7.1 -2.7 +0.6 -2.3 -2.3 

Passive HESS -2.1 +1.5 -3.5 +1.2 -0.7 -0.2 
Semi-Active HESS -1.9 -7.1 -5.1 +1.0 -3.0 +0.7 
Fixed Ratio HESS -3.1 -8.1 -3.9 +0.9 -3.2 +0.3 

The fixed ratio HESS shows a frequent activation of the electrical 

drive, and it behaves as the semi-active configuration previously 

simulated. Further analysis should be carried out by actuating a control 

on the battery SoC, in addition to the control already actuated on the 

LiCs’ SoC. Table 8 shows that the fixed ratio HESS is not capable to 

achieve a reduction of fuel consumption once the fuel consumption 

correction is applied to the result. 

ECMS 

The results for a ECMS in charge sustaining mode are shown in Figure 

25 and Table 9. 

 

Figure 25. ECMS CS simulation for a fixed ratio configuration. 

Table 9. WLTC Class 3b simulated results, for a P2-P4 hybrid 

configuration with a passive, a semi-active, a fixed-ratio HESS, and 

an ECMS CS. 

P2-P4 ECMS CS 
Phase 

1 
Phase 

2 
Phase 

3 
Phase 

4 
Combined 

Corrected 

Simulated % 100 54 43 41 52 \ 
LiC 60s1p -4.7 -6.4 -4.9 -1.0 -4.1 -5.4 

Passive HESS -3.6 -1.8 -1.2 +0.3 -1.5 -1.7 
Semi-Active HESS -4.2 -5.3 -3.9 +0.3 -3.1 -6.8 
Fixed Ratio HESS -8.3 -7.4 -5.5 -0.1 -5.1 -4.0 

The results in Table 9 show that the fixed ratio HESS configuration 

guarantees fuel consumption reduction when simulated on an ECMS 

CS 50%. This makes the fixed ratio HESS a viable solution for fuel 

economy. However, the control simplicity of the fixed-ratio DC-DC is 

here paid with worse results with respect to the semi-active 

configuration. At last, an ECMS Spd is tested. The LiCs’ SoC follows 

the target SoC that varies with speed. The results are shown in Figure 

26 and Table 10. 

 

Figure 26. ECMS Spd simulation for a fixed ratio configuration. 

Table 10. WLTC Class 3b simulated results, for a P2-P4 hybrid 

configuration with a semi-active, a fixed-ratio HESS, and an ECMS 

Spd. 

P2-P4 ECMS Spd 
Phase 

1 
Phase 

2 
Phase 

3 
Phase 

4 
Combined 

Corrected 

Simulated % 100 54 43 41 52 \ 
LiC 60s1p -2.3 -7.9 -5.1 -2.7 -4.3 \ 

Semi-Active HESS +2.0 -5.8 -3.6 -1.5 -2.0 -5.5 
Fixed Ratio HESS +1.7 -8.3 -6.3 -3.1 -3.8 -3.0 

Table 9 and Table 10 show that the fixed ratio DC-DC is capable to 

achieve fuel economy when the hybrid control strategy targets the 

minimization of equivalent fuel consumption as the ECMS does. 

However, the results that are obtained do not improve what was 

previously simulated on the semi-active HESS. The current profiles 

that are obtained in Figure 26 resemble the ones obtained for the semi-

active simulations in Figure 23, especially for the LiCs’ current that in 

both cases is capable to react at the SoC target variations. On the other 

hand, the battery’s current has a different profile as in the semi-active 

configuration is meant to deal with the average load power, while here 

aims to maintain the same voltage between battery and load as 

explained in Fixed Ratio DC-DC. 
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Performance 

The last part of the activity has been destined to the study of dynamic 

conditions (typically seen for sport driving or use on the track). The 

energy storage system is here dimensioned to recover all the energy 

available for high-speed braking. The study aims to understand what 

kind of solutions would be needed to satisfy this target and whether 

these solutions are viable. The semi-active fixed ratio HESS is now 

analyzed for performance. Simulations for a 0-200 km/h acceleration 

and a 200-0 km/h braking are run. At first, a braking from 200 km/h to 

0 km/h is analyzed as this represent an extremely challenging 

condition, especially for the battery due to its stringent current limit. 

During braking, energy is usually dissipated through mechanical 

brakes, but here it can be recovered through regenerative braking. The 

target is to design a HESS capable of storing all the energy generated 

from braking. The hybrid powertrain as it has been described until now 

is not capable of recovering the whole amount of energy, so a new 

HESS is designed. 

Since the batteries are strongly limited in current, they are not capable 

of recovering great energy quantities during hard braking and their 

impact in a high-power situation, like the 200-0 km/h braking, is low. 

So, the battery maintains the 54s1p configuration. On the other side, 

the LiCs are sized to recover all the available energy and a 

configuration of 60s5p is chosen, maintaining the same voltage range 

of the previous hybrid configuration. Furthermore, EMs about 5 times 

more powerful than the previous configuration are chosen to satisfy 

the peak power. The new hybrid powertrain, which we refer to as 

Hybrid 60s5p, is simulated as shown in Figure 27. 

 

Figure 27. Hybrid 60s5p simulation for the 200-0 km/h braking. 

The simulation demonstrated that during recuperation the braking 

energy is coming from the EMs and not the mechanical brakes, 

allowing to recover all the available energy. In this simulation the 

battery and the LiCs are starting at the same voltage (respectively 

corresponding to a LiCs SoC=30% and a battery SoC=2%), and, as 

soon as the vehicle speed gets under 190 km/h, the regenerative 

braking strategy is activated as the front EM is attached. 

A negative current start flowing in the HESS, and the battery 

immediately reaches its lower limit while the LiCs can manage all the 

remaining current (here the values are normalized with respect to the 

maximum LiCs’ current). The 𝑆𝑜𝐶 [%] in Figure 27 of a pack of 

capacitors at terminal voltage 𝑉𝑡, minimum voltage 𝑉𝑚𝑖𝑛, maximum 

voltage 𝑉𝑚𝑎𝑥, is equal to: 

𝑆𝑜𝐶 = (
𝑉𝑡

2 − 𝑉𝑚𝑖𝑛
2

𝑉𝑚𝑎𝑥
2 − 𝑉𝑚𝑖𝑛

2) ∙ 100 

(26) 

Meaning that it depends on the terminal voltage of the LiCs’ pack, that 

according to the scheme in Figure 5 is formulated as: 

𝑉𝑡 = 𝑉𝑐 − 𝑖𝑐 ∙ 𝑅𝑐 
(27) 

This means that its variation depends both on the internal voltage that 

increases during a braking simulation, and on the voltage drop 

generated by the negative current. This is evident at the beginning of 

the simulation (approximately instant 0.05), when a rapid spike takes 

place because of the sudden demand of current. Moreover, this 

explains the curvilinear pattern of the SoC during the braking phase. 

As the braking phase ends, the current goes back to zero and the system 

is left with a voltage imbalance between LiCs and batteries. The two 

components start exchanging low values of current to bridge this gap 

and the LiCs start delivering positive current to the battery until voltage 

equilibrium is reached. This is shown in Figure 28, where the LiCs 

current becomes positive and the SoC of the batteries slowly increases 

to reach the same LiCs voltage as explained in Fixed Ratio DC-DC. 

 

Figure 28. Detail of the system’s currents. 

Figure 29 shows the energy dissipated through mechanical braking. 

The Hybrid 60s5p makes use of the mechanical brake mainly in the 

initial phase as the regenerative braking is activated under 190 km/h. 

The remaining braking energy is almost completely given by 

regenerative braking, meaning that the HESS is properly sized. 

 

Figure 29. Mechanical contribution for the 200-0 km/h braking. 

The Hybrid 60s5p is tested also for a 0-200 km/h acceleration. At first, 

the conventional vehicle is simulated for a 0-200 km/h acceleration and 
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the times of 0-100 km/h, and 0-200 km/h are recorded and normalized 

with respect to the greatest of the two. Later, simulations for the Hybrid 

60s1p and for the Hybrid 60s5p are run and the results are compared 

to the conventional ones, showing the percentage improvement or 

reduction, as shown in Table 11, Figure 30, and Figure 31. 

Table 11. 0- 200 km/h simulated performance results. 

Time 0-100 km/h 0-200 km/h 
Conventional (%) 36 100 
Hybrid 60s1p (%) +15 +6 
Hybrid 60s5p (%) -14 -25 

 

Figure 30. Hybrid 60s1p simulation for the 0-200 km/h acceleration. 

The Hybrid 60s1p is less performant than the conventional vehicle. 

This is because in hybrid configuration the P4 EM is the only power 

source at the front axle, and it is not capable to output the same power 

that was split to the front from the ICE in conventional configuration 

all-wheel drive. Moreover, as soon as the LiCs reach the minimum 

SoC, the hybrid contribution ends leaving the ICE alone. In fact, the 

battery is not capable to satisfy the power request by itself. As the 

hybrid contribution ends, the battery continues to deliver positive 

current to the LiCs, as the HESS tries to bridge the difference in 

voltage between the LiCs and the battery. 

 

Figure 31. Hybrid 60s5p simulation for the 0-200 km/h acceleration. 

In Figure 31, at approximately instant 0.87, the vehicle speed of 

190km/h is reached, and the front EM is detached modifying the 

current requests. In the Hybrid 60s5p configuration the front EM 

delivers more power than before and the LiCs deliver higher currents. 

Moreover, the presence of parallels lowers the internal resistance and 

the voltage drop, and this allows to run in hybrid mode for longer time. 

The results highlight that a HESS can guarantee improvements on the 

0-200 km/h acceleration and energy recuperation on the 200-0 km/h 

braking. While the battery can be seen as the responsible for the energy 

target, the LiCs are capable to achieve the power target. Performance 

tests highlight the possibility of using a HESS to achieve both power 

and energy targets, focusing on proper LiCs and battery sizing. 

Conclusions 

The present document carries out the analysis of a super sport car HEV 

fitted with two EMs in P2-P4 configuration and with a HESS based on 

LiCs and Li-Ion batteries. The control strategies that are adopted to 

simulate this vehicle configuration are an RBS and an ECMS. At first, 

the HESS is introduced as a passive HESS, where the LiCs and 

batteries are directly connected in parallel. Then, a semi-active HESS 

is introduced, where a DC-DC converter is the interface for the two 

energy storage systems. The DC-DC converter is also evaluated as a 

fixed ratio DC-DC. The control strategy that is adopted for the semi-

active HESS is an online energy management strategy capable to 

guarantee real-time performance. 

The current work is based on experimentally validated models, and the 

main contribution is represented by the evaluations that can be made 

by integrating the systems in a super sport HEV. The various energy 

storage configurations that are analyzed and simulated on the WLTC 

Class 3b have their own advantages and disadvantages. The passive 

HESS is a simple system that ensures low weight and small size; 

however, it cannot be actively controlled, and it limits the energy that 

would be available from LiCs. The results for the passive HESS show 

a low reduction in fuel consumption (up to 1.7% with an ECMS), and 

a strong limit in the energy that could be recovered because of the 

current limits. 

On the other side, by introducing a DC-DC converter, the semi-active 

HESS increases the weight, size, and complexity. However, it allows 

to properly control the currents flowing in both batteries and LiCs 

guaranteeing lower stress on the batteries and better energy 

recuperation. The semi-active configuration does not achieve fuel 

economy with the RBS but guarantees a fuel consumption reduction 

that goes up to 6.8% for the ECMS. This highlights the opportunity to 

achieve better results through an optimization of the control strategies. 

The adoption of a fixed ratio DC-DC converter is seen as an alternative 

to maintain the complexity low, while still controlling the current 

limits of the HESS. This simplicity is paid with worse results on fuel 

economy, if compared with the other semi-active configuration, both 

for an RBS and an ECMS. 

Another consideration is related to the comparison between the HESS 

and an energy storage uniquely based on LiCs. The choice to work 

with a HESS allows to improve the system’s flexibility, as greater 

energy content could be guaranteed, while maintaining the power of 

the LiCs. However, the results for the RBS show that in some 

situations, the energy storage system uniquely based on LiCs could 

achieve better fuel economy results. On one side, this clarifies the 

importance of high-power density systems for super sports car, that can 

guarantee fuel economy even if characterized by low energy density. 

On the other side, it makes clear that the hybrid system carries more 

weight and that it needs a more accurate management of the additional 

energy that it makes available (for example with strategies targeting 

the minimization of fuel consumption), which otherwise will not lead 

to the expected benefits. However, the main limit of the configuration 

is represented by the batteries’ current limit, that impacts on the whole 
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system. With respect to this, the introduction of high-power batteries 

could be prioritized. 

The final analysis on the super sport HEV is run by simulating its 

performance on fast accelerations and decelerations. A HESS is 

specifically sized to recover all the energy available during a 200-0 

km/h braking and to guarantee a reduction in the time performance for 

a 0-100 km/h and 0-200 km/h acceleration. These simulations show 

that the HESS can be an interesting solution to cover both the energy 

and power requirements that are typically associated to a super sport 

HEV. 

To sum up, it is evident that the LiC technology is limited for energy 

performance at the moment, but with a proper development of the 

control strategy and keeping into account the growth of the technology 

[15,63–65], the system capabilities could lead to major applications in 

the hybrid environment. The high-power characteristic of the LiCs 

makes them interesting for applications like super sport cars, which 

greatly evaluate features such as performance and drivability along 

with fuel economy. 
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Definitions/Abbreviations 

CO2 Carbon Dioxide 

CS Charge Sustaining 

ECMS Equivalent Consumption 

Minimization Strategy 

EM Electric Motor 

EV Electric Vehicle 

HESS Hybrid Energy Storage 

System 

HEV Hybrid Electric Vehicle 

ICE Internal Combustion Engine 

LiC Lithium-Ion Capacitor 

PDT Pulsed Discharge Test 

RBS Rule Based Strategy 

SoC State of Charge 

WLTC Worldwide harmonized 

Light-duty vehicles Test 

Cycle 

 

 

 
 

 


