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ABSTRACT  
 

The expansion of Electric Vehicle numbers would lead a significant decrease in harmful gases emission.  Energy 

storage and power boost are one of the major issues in the development of Electric vehicles.  In order to improve 

the Energy Storage System (ESS) and overall efficiency of Electric Vehicles, a Hybrid Energy Storage System 

(HESS) with super-capacitor is used. Hybrid energy storage system is used to optimize the energy management for 

Electric Vehicles.  This strategy allows using a smaller battery for low power and the second powerful technology 

like super-capacitor to supply the very high power during Acceleration and Regeneration brake. Super-capacitor is 

an auxiliary power source on Electric Vehicles, which is used to improve working condition of the battery and also 

improve the acceleration performance of the vehicle. The central focus of this paper is to improve the performance 

of the Energy Storage System of the Electric Vehicles of an optimal control algorithm design based Hybrid Energy 

Storage System (HESS) of a Li-ion battery power dynamic limitation rule-based control based with respect to the 

state of charge (SOC) of the super-capacitor. In the meantime the Magnetic Integration Technology adding a 

second order Bessel low pass filter is introduced to DC-DC Converter of Electric Vehicles.  As a result the size of 

battery is minimized. A battery and super capacitor collaboration can reduce the average energy consumption and 

the mileage in one charge of electric vehicle will also enlarge.  Finally the simulationresults based on 

MATLAB/SIMULINK demonstrate the proposed HESS applied on Electric vehicle and control strategy of HESS 

based on both conventional controller (PID) and fuzzy controller. 

Keywords:DC-DC converter, Electric vehicles Hybrid energy storage system, integrated magnetic 

structure, power dynamic limitation. 

I. INTRODUCTION  

 
ENERGY storage systems (ESSs) are of critical importance in electric, hybrid electric and plug-in hybrid electric 

vehicles (EVs, HEVs, and PHEVs) [1]–[9].Of all the energy storage devices, batteries are one of the most widely 

used. However, a battery-based ESS has several challenges providing the impetus to look for additional solutions 

[1]–[5]. In battery-based ESSs, power density of the battery needs to be high enough to meet the peak power 

demand. Although batteries with higher power densities are available, they are typically priced much higher than 

their lower power density counter parts. A typical solution to this problem is to increase the size of the battery. 

However, this also causes an increase in cost. In addition, thermal management is a challenge for batteries to safely 
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work in high power-load conditions not only to cool down the battery, but also to warm up the battery in cold 

temperatures in order to reach the desired power limits. In addition, an issue concerning the life of the battery is the 

balancing of the Cells in a battery system. Without the balancing system, the individual cell voltages tend to drift 

apart over time. The capacity of the total pack then decreases rapidly during operation, which might result in the 

failure of the total battery system. This condition is especially Severe when the battery is used to do high-rate 

charge and discharge [6],[7]. In addition to these issues, applications that require instantaneous power input and 

output typically find batteries suffering from frequent charge and discharge operations, which have an adverse 

effect on battery life [6], [7]. For such systems, it is crucial to have an additional ESS or a buffer that is much more 

robust in handling surge current. 

in order to solve the problems listed previously, hybrid energy storage systems (HESS) have been proposed[3]–

[5],[10]–[12]. The basic idea of an HESS is to combine super capacitors (SCs) and batteries to achieve a better 

overall performance. This is because, compared to batteries, UCs have a high power density, but a lower energy 

density. This combination inherently offers better performance in comparison to the use of either of them alone. 

Several configurations for HESS designs have been proposed, which range from simple to complex circuits. Based 

on the use of power electronic converters in the configurations, HESS can be classified into two types: passive or 

active. Conventional active methods use one or multiple full size dc/dc converters to interface the energy storage 

device to the dc link. In this case, full size refers to the fact that the dc/dc converter forms the sole path for the flow 

of energy in the device. Lithium-ion battery is a new energy storage component, which is very attractive for 

automotive applications because of its high specific energy and specific power compared to other battery 

technologies. Unfortunately, the specific power and the lifetime of this technology is very low compared to that 

given by super capacitor, but this last one has very low specific energy compared to the Lithium battery. For that 

the combination (hybridization) of these two technologies (Lithium battery and super capacitors) can reduce the 

weight and/or ameliorate the lifetime of the vehicle supply. For this hybrid supply, two kind of storage system are 

used, lithium battery as energy tank and super capacitor as power source which ensures high power needed for the 

propulsion and that recovered during the braking [13]. In the other hand, for automotive applications, the phases 

which need very high power (acceleration, braking …) don’t exceed few seconds, for that the needed energy is 

very low for these phases, what can reduce the super capacitors size. However, aging of Li-ion batteries depends 

on the Depth of Discharge (DOD) and cycling profiles (charge and discharge currents), for that the use of 

energetic batteries can reduce the effect of DOD [14] - [15]. Currently, the manufacturers sell different 

technologies of lithium battery. These technologies have different specific power, different specific energy, 

different lifetime and different power rates for charge and discharge. For that it’s very interesting to know the best 

technology for electric vehicle and how to combine this technology with super capacitors to ameliorate the 

characteristics of the power supply. 

 

 

 



 

 

 

 
 

 

110 | P a g e   

II. SCHEMATIC DIAGRAM OF HYBRID ENERGY STORAGE SYSTEM 

 

    
Fig: 1. Schematic diagram of the hybrid energy storage system 

 
 

The above figure shows the schematic diagram of hybrid energy storage system composed of DC/DC converter, 

super capacitors and the Li-ion battery. DC/DC converters consist of four IGBT switches T1~T4 and its 

corresponding diode (added battery) tube D1~D4, and an integrated magnetic structure self-inductance L1 、L2 

and mutual inductance M, which share a core inductors. The battery pack provides power to the smooth DC motor. 

The super capacitor deals with the instantaneous state of peak power supply. The power management system of 

electric vehicles determines the electrical energy flow. 

 

III. INTEGRATED MAGNETIC TECHNOLOGY FOR DC/DC CONVERTER 

 

Magnetic elements such as inductors are the main components of energy conversion, filtering, electrical 

isolation and energy storage. The size of the magnetic element is a major factor in determining the size and weight 

of the converter. To achieve the integration of magnetic elements, an E-type magnetic core is used in this paper. 

Herein, a coupling inductance (L1 and L2) is used. As shown in Fig.2, L2 as the output filter inductor, L1 as the 

external inductance, and C as additional capacitance.  

In the steady state, the voltage of C is equal to the output voltage of L2 and L1 without regard to the 

capacitor voltage ripple. The DC/DC converter of Fig.1 consists of 4 IGBT switches (T1~T4) and 4 diodes 

(D1~D4). As a boost converter, there are two operational modes (consisting of L1, T4, D4 or L2, T2, D1); and as a 

buck converter, there also are three operational modes (consisting of L1, T3, D4 or L2, T1, D2). 

It can be seen from Table 2, a comparison of two structures of DC/DC converter is illustrates that the 

volume and weight of the DC/DC converter with integrated magnetic structure are reduced. In the electric vehicle, 

the application of the DC/DC converter with integrated magnetic structure can reduce the overall size and weight of 

the energy storage system. Moreover, integrated magnetic structure can reduce the output current ripple.  
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Fig: 2. Schematic diagram of dc/dc converter with integrated magnetic structure 

 

 

 

Feature Discrete 

inductors 

structure/  

Integrated 

magnetic 

structure/  

Surface area 79015 60 

Core volume 104.19 79.60 

Core weight/kg 0.31 0.23 

Wire weight/kg 0.21 0.20 

 

Table: 2 Comparison of two structures of dc/dc converter 
 

 

IV        CONTROL METHODS OF HYBRID ENERGY STORAGE SYSTEM 

 
4.1 Super Capacitor 

 

 A cascade voltage and current controller is selected to provide a stable load voltage. When the DC side 

voltage has a significant increase during braking, Super-capacitors can make a more rapid response and recycle the 

braking energy. Fig.3 is the control block diagram of the super capacitor controller. 

 Where  and  are respectively the actual voltage and rated voltage of DC motor and 

are respectively the per unit of super-capacitor actual current and rated current;  is the switching 

frequency  are the switching signal of and . In boost mode, the duty cycle of the inductor current transfer 

function can be expressed as:    

 
 

is the reference current of ,  is the DC motor voltage, Cdc is the capacitor DC motor, D is the duty cycle. 

In the frequency range, the relationship between the inductor current and the DC-side voltage is represented by the 

following equation. 
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Fig:  3. Control block diagram of the super capacitor 
 

 

4.2 Li-Ion Battery 

 
The battery pack control can produce a smooth supply of the DC motor current. The second-order cut-off frequency 

of 50Hz Bessel low-pass filter has been applied to reduce output current ripples or avoid instantaneous large 

changes. 

 Assuming the converter is lossless, the DC motor current is equal to the battery current, which can be 

expressed as: 

 

From the above equation 

 

The reference current of the battery pack is expressed as 

 

 

Where and stand for the voltage and current of DC motor; Vbat and Ibat are the voltage and current of Li-

ion battery. 

GLP (s) is the transfer function of Bessel low-pass filter which can be expressed as: 

 

 

s the reverse Bessel polynomials,  is the cutoff frequency, a(n) and b(n) are coefficient of the Bessel 

polynomials. 

 The Bessel filter is a linear filter with the largest flat group delay or linear phase response and can fully 

retain a filtered waveform and maintain a stable group delay. Once the battery output reference current is 

established, the converter is controlled by the peak current controller. Fig.4 is a specific control block (where 

and  are the per unit of actual and rated battery current  are the switching signal of  and ). 

Moreover, Li-ion battery power dynamic limitation rule-based control based on the SOC of the super capacitor is 

introduced to avoid the frequent switch of Li-ion batteries (charge and discharge) and reduce the stress on the Li-
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ion batteries. 

The operating modes of HESS are as follows: 

Mode a: - When the HESS is charging, if the SOC of super-capacitor exceeds the upper limitation  the 

limitation of Li-ion power is increased to  

 
 

Fig: 4. Block diagram of the Li-ion battery pack 
 

 
Fig: 5. The diagram of Li-ion battery power Dynamic limitation 

 

 

If the SOC of super-capacitor is lower than the lower limitation , the limitation of Li-ion power is 

reduced to . The dynamic limitation of the Li-ion battery can be written as 

If 

, 

(7) 

 

If 

 

               (8) 

 

Mode b: - When the HESS is discharging, if the SOC of super-capacitor exceeds the upper limitation 

,the limitation of Li-ion power is increased to  if the SOC of super-capacitor is lower  

than the lower limitation , the limitation of Li-ion power is reduced to . The dynamic 
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limitation of the Li-ion battery can be written as 

If  

, 

 

If  

, 

(10) 

 

 The above control parameters can be acquired by a hybrid algorithm based on particle swarm optimization 

and Nelder-Mead simplex approach. 

 

4.3 Continuous Recharge of Super-Capacitor from Li-Ion Battery 

 
 In order to ensure enough energy from the super capacitor, when the SOC of the super-capacitor is below 

the limit, the super-capacitor charges from the Li-ion battery. Moreover, in the beginning of the driving cycle, a 

target value of super-capacitor SOC is chosen as the initial value to provide enough energy. An additional control 

loop based on PI controller, which controls the continuous recharge of super-capacitor from Li-ion battery during 

the driving phase and also when the electric vehicle is at a standstill, is designed. Fig.6 is a specific block of the 

additional control loop. 

 
 

Fig: 6. Block diagram for additional control loop 

 
 

    Where  and  are the rated and actual super-capacitor voltage  and  are the rated and actual 

super-capacitor current and  are the rated and actual voltage of DC motor  and  are the rated 

and actual battery current are the switching signal of  and  

4.4 Control Parameter Optimization 

 
The optimization of HESS energy is targeted to solve a mathematical multi-constrained nonlinear problem. It can 

be described in the following equations: 
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Subject to: 

 

 

 

Where is X =(x1, x2,..., x10) is the control parameter; x1, x2, x3, x4, x5, x6, x7 and x8 represent 

 and  and  

and  are PI control parameters to ensure that the energy of super capacitor is kept around its beginning 

value at the end of each driving cycle (KP1 and Ti1). In order to reduce the stress of the Li-ion battery pack, the 

HESS energy management proposed in the paper is designed to reduce the instantaneous power of the Li-ion 

battery pack under the premise of ensuring the performance of HESS. Therefore, a function aiming at minimizing 

the battery power RMS of the Li-ion battery is established as shown in Equation (14).     

    (14) 

Where T is a time period covering full charging and discharging cycles  is the instantaneous power of 

battery charging or discharging.  

The hybrid optimization based on particle swarm optimization and Nelder-Mead simplex approach of control 

parameters is as follows: 

I. Initialize particles and calculate fitness values for each particle. Then find local position (LP) and assign 

LP to global position (GP). F (LP)=min{ fi} 

II.  Particle swarm optimization: Calculate velocity for each particle and update each particle’s position; Then 

evaluate each particle fi =F(Xi) and find LP, if the LP better than GP, assign LP as new GP; Otherwise, 

keep it. When iteration＞m1, go to the next step.  

III. Nelder-mead simplex approach: Define verticals GP, LP, WP (worst position F(WP) = max{ fi}); Then, 

reflect, expanse, contract,shrink the vertices; Evaluate each particle fi =F(Xi ); and find LP, if the LP better 

than GP, assign LP as new GP; Otherwise, keep it. When iteration＞m2, end. Li-ion battery power 

constraints: 

 (15) 

          (16) 

         (17) 

 

Where  is HESS energy consumption  is the Li-ion battery cell  is the number of cells in series 

and  is the number of cells in parallel and  and are respectively the rated capacity and cut-off 

voltage of Li-ion battery cells and is the discharge depth;  and are respectively the discharging 

current and charging current of Li-ion battery  and  are respectively the peak lithium ion battery 

discharging and charging power. 
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Super-capacitor power constraints:  

(18) 

Where   is the energy requirement of super capacitor to fulfill the transient powers ( = ), 

 are the number of Super-capacitor branches in parallel and in series; ,  are the rated 

capacity and maximum peak of the super-capacitor output voltage.   

 

4.5 Fuzzy Based PSO Control Technique 

 

 
 

Fig: 7.Control block diagram of the super capacitor with fuzzy controller 

 

 

Fuzzy Control System 

 

 A fuzzy control system is a control system based on fuzzy logic a mathematical system that analyzes 

analog input values in terms of logical variables that take on continuous values between 0 and 1, in contrast to 

classical or digital logic, which operates on discrete values of either 1 or 0 (true or false, respectively). Fuzzy logic 

is widely used in machine control. The term "fuzzy" refers to the fact that the logic involved can deal with concepts 

that cannot be expressed as the "true" or "false" but rather as "partially true". Although alternative approaches such 

as genetic algorithms and neural networks can perform just as well as fuzzy logic in many cases, fuzzy logic has the 

advantage that the solution to the problem can be cast in terms that human operator can understand, so that their 

experience can be used in the design of the controller. This makes it easier to mechanize tasks that are already 

successfully performed by humans. 

Fuzzy Sets 

 

 The input variables in a fuzzy control system are in general mapped by sets of membership functions 

similar to this, known as "fuzzy sets". The process of converting a crisp input value to a fuzzy value is called 

"fuzzification". 

 The membership functions of the Fuzzy controller used in our simulation model are given as follows 
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Membership Function of Input 1 

 

 
Membership Function of Input 2 

 

 
Membership Function of Output 

 

 

 A control system may also have various types of switch, or "ON-OFF", inputs along with its analog inputs, 

and such switch inputs of course will always have a truth value equal to either 1 or 0, but the scheme can deal with 

them as simplified fuzzy functions that happen to be either one value or another. Given "mappings" of input 

variables into membership functions and truth values, the microcontroller then makes decisions for what action to 

take, based on a set of "rules", each of the form 

 
 

 



 

 

 

 
 

 

118 | P a g e   

4.6 Particle swarm optimization Algorithm: 
 

 
 

Fig: 8. Algorithm of PSO 
 

 Initialize a population of particles with random position and velocities in d dimensional problem space. 

Confine the search space by specifying the lower and upper limits of each decisionvariable. The populations of 

points are initialized with the velocity andposition set to fall into the pre-specified or allowed range and satisfying 

thequality and inequality constraints. 

PSO algorithm consists of the following steps like initialization, velocity updating, position updating, and memory 

updating termination criteria examination. 

Optimal Parameters of PSO: For all the problems considered the following parameters give optimal results: 
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 Population Size 

 Number of Iterations (c1, c2) 

 W is varied from 1.4 to 0.4. 

Maximum velocity Vmax is limited to 10% of the dynamic range of the variables on each dimension.  

V         SIMULATION AND RESULTS 

 
5.1 Simulation 

 

The simulation model of the proposed HESS applied to a typical car driving cycle is built on 

Matlab/Simulink to test the dynamic performance of the system. 

 

 

Fig: 9. Simulink model of HESS with super capacitor 
 

The above figure show the Simulink mode for the HESS with super capacitor with dc motor consider as a load (in 

electric vehicle). 

 

5.2 Results 

The simulation results shows the battery current, super capacitor current, load current and load voltage of the HESS 

with super capacitor for both conventional controller and fuzzy based controller. 

 

5.2.1 Using Conventional Controller(PID) 

 

 
Fig: 10.Battery current 

 



 

 

 

 
 

 

120 | P a g e   

 
Fig:11.Super-Capacitor Current 

 

 
Fig:  12.Load current profile 

 
Fig: 13.Load voltage profile 

 

 

5.2.2 Using FUZZY BASED CONTROLLER 

 

 
Fig: 14.Battery current using fuzzy 
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Fig: 15.Super-Capacitor current using fuzzy 

 

 

 
 

Fig: 16.Load current profile using fuzzy 

 

 
Fig: 17.Load voltage profile using fuzzy 
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5.2.3 Result Compariosn Of  PID  And Fuzzy Controller 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Fig:18. Comparison of PID and fuzzy controller for HESS with super capacitor(a).Battery Current(b).Super 

Capacitor Current(c).Load Current Profile(d). Load Voltage Profile 
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VI       CONCLUSION  
 

In this paper, a new hybrid energy storage system for electric vehicles has been proposed on a Li-ion battery power 

dynamic limitation rule-based HESS energy management and a new bi-directional DC/DC converter. The system is 

compared to traditional hybrid energy storage system with PID based PSO controlling and Fuzzy Based PSO 

controlling, Is shown that addition of super capacitor to the supply of the vehicle enables to reduce the battery stress 

by ensuring high short peaks of power: it results in reducing the size of the batteries. Showing Moreover, the 

performance of the battery is improved with Fuzzy Based PSO controlling over PID based PSO control. 
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