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Abstract 
 

Energy Storage Systems (ESSs) are utilized in variety of applications to store 

the energy such as uninterruptable power supplies, wireless communications, 

renewable energy systems and in industrial applications. Also, it is very 

important in Electric vehicles (EV), Hybrid Electric Vehicles (HEVs) and 

Plug-in Hybrid Electric Vehicles (PHEVs) to deliver appropriate power and 

ESS is also referred as Ultra-capacitors (UCs) or Super-capacitors (SCs) in 

many of the applications. For the past few years, this research is executed 

with the presentations of Ultra-Capacitors (UC) in EV by replacement of 

Battery. To design the UC to decrease the demand while control schemes 

monitor the efficiency of the system and recognition of UC is considered as 

major task of this research work. In modern trends, the power necessities in 

some appliances have improved evidently and have surpassed the proficiency 

of batteries with an ordinary model. This impacts leads to design high power 

batteries frequently with the expenditure of life cycle and its energy density. 

UC has been established as an alternate for the battery and it has more power 

and longer life cycle over batteries. To enhance the power delivery 

restrictions of batteries and UC, Hybrid ESS (Battery and UC) have been 

developed with HEV. The peak charge/discharge currents are levelled 

effectively to improve the lifetime of the battery. Adaptive Neuro Fuzzy 

Inference controller (ANFIS) is established in MATLAB environment and 

the results are proven to be successful in producing an electrical vehicle in 

high speed of 90 km/hr which is much better than existing methods. 
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1 Introduction 
 

Nowadays, due to the proper control of global ecological conditions and 

energy complications, EVs have become unpolluted, well-organized, and 

supportable traditions which are developing remarkable and favorable 

resolutions [1]. As a power supply, battery shows a significant character in 

EV arrangements, and in recent times, Lithium-ion batteries have been 

extensively implemented in EV structures because of their extraordinary 

energy, high power density, low self-discharge, high energy proficiency and 

protracted service life etc. [2], [3]. Commonly, an EMS (Energy management 

system) ought to be equipped to assure the presentation, protection and 

dependability of the battery pack [4]. One of the most substantial purposes in 

an EMS is to evaluate the SOC (State of Charge), meanwhile Lithium-ion 

batteries are penetrating to overcharge and over-discharge which can end 

result in unalterable harms [5], [6]. Current vehicle presentations of UC 

comprise their procedure in braking schemes and upcoming presentations can 

be charge supporting for plug-in and battery powered EV using progressive 

batteries consuming more density [7]. Battery is chosen as the furthermost 

common electrical ESS are used in EV [8]. Batteries have chosen as the 

equipment of high-quality for most presentations. For the reason they can 

collect more quantities of energy [9] in a comparatively slight size and 

weight which deliver appropriate intensities of power for numerous 

applications [10]. 

Nowadays, a general disadvantage of the SOC estimators of EV adhesive 

friction batteries [11] is that they would not deliberate the modification 

amongst separate cells and apply the “averaged SOC” as the state of control 

for the battery pack [12]. Over charging may occur to the fragile cells with 

this SOC in vehicular appliances [13]. To decrease the calculating problem, 

the optimization technique is implemented, which is an important process 

that is extensively applied in the difficulties of HEV and additional industrial 

appliances [14], [15]. As a result, ANFIS based control approach is 

suggested for EMS of HEV, which may have decent cost-effective 

performance and its prospective to be applied in real-world HEV system. 

ANFIS controller procedure is an optimum technique for adjusting the hybrid 

EV. In this investigation, a minor municipal EV model expending with 2 

direct-drive in-wheel motors present in the tail is analyzed in this method. 

The assistances connected with ANFIS control are as follows: (i) total 

number of rules are defined inevitably, (ii) computational time is decreased, 

(iii) quicker learning, and (iv) diminishes the error. A hybrid EV needs the 

required torque for driving and functioning the aboard fittings which is 

produced by incorporation of battery and UC.  
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The major controls of this research is stated as follows: 

 The effective power distribution to the HEV is performed by using 

two different energy sources such as battery and ultra-capacitor in 

HESS. 

 ANFIS is used to establish coordination of charging and discharging 

between electric vehicles and electric grid. 

 Here the ANFIS based controller is used for enabling the discharge on 

the UC, once the battery doesn’t have enough control to compensate 

the HEV load necessity.  

 In this research, an efficient power is specified to the HEV which 

produces better torque and speed. 

 

2 Literature Review 
 

Rui Xiong et al. [16] suggested the-loop method to authenticate an 

instantaneous energy monitoring for every weather condition. This active 

software design arrangement reduces the proportion of SOC in the battery 

package which extends the life duration and rises the efficiency of the 

organization. Conversely, till now there is a definite break amongst the 

virtual reality and real-world presentation. 

Akif Demircal et al. [17] demonstrated high temperature reliant 

prototypes for the hybrid ESS driven EV to accomplish loading mechanisms 

and its constituents. The vitality organization of the EV is attained in two 

steps. The crucial step is to regulate the exploration space of the method 

deliberating to conditions of ESS and demand of the motor. Subsequently, 

the determination and restriction of the exploration space with dissemination 

technique has implemented by PSO. On the other hand, these analyses are 

intended only to decrease the exploitation of single source alone which 

cannot deliberate definite constraints and apparatus’s. 

Hui Peng et al. [18] demonstrated a composite controller outline for EMS 

of hybrid ESS drive scheme. The structure promises that the UC and battery 

current can be measured independently. In this research, the controlling of 

the energy source is associated over electrical determinations. The main 

benefits of the suggested controller are: swell current is high whereas battery 

provides uneven and unstable current. Most of the time, only lower current is 

produced by the battery source, however the UC source cannot produce 

sufficient current to avoid disorder present in the battery. 

Bin Wang et al. [19] introduced the HESS and its efficient EMS approach 

for EVs. The EMS strategy has improved by rule-based approach and power 

balancing scheme which is used for selecting the power distribution mode. 

The energy from the battery transferred to UC by DC-DC converter. Here, 

the multimode HESS selects the pre battery mode for achieving the low 

power demands. Moreover, the HESS have pure UC mode, pre battery mode,  



 

 
 

 

 

 

 

recycle mode and hybrid output mode, etc. The voltage fluctuation has 

occurred in the vehicles, when the improper mode is selected in the HESS. 

Kursad Gokce and Ayhan Ozdemir [20] exhibited an effectual strategy to 

the joint ESS. The SOC of the system are expressed by the weighting 

constraints of imperative table. The conditions of SOC are well determined 

by weighting constraints and level of ESS. The UC and battery exist in the 

EV are secured from over heat and over current. However, in this research, 

the battery is slightly insecure to the prompt current fluctuations. 

 

3 Problem Statements 
 

 Analyze this concept under different aspects while referring to the 

batteries’ performance, also need to find an optimal balance between the 

driver and the sources. 

 There is an important constraint to determine an economical, lifelong and 

eco-friendly procedure to protect the energy which is accomplished from 

numerous collection of sources. 

 Frequently the batteries do not introduce at nil voltage and still it 

confirms only an insignificant quantity of charge which is crucial to acquire 

an enormous portion of the open circuit voltage.  

 The purpose of State-of-charge is to monitor a problematic in entire 

sections if that comprises a battery. 

 

4 Proposed Method 
 

 
Figure 1 Architecture of the HEV system 

 

The main goal of the proposed method is to set the SOC of the UC and 

battery in a specific manner to confirm that the obtainable power and energy 

is appropriate to driven the drivetrain or not. By exploiting a procedure 

where the SOC of both sources are strongly measured and permitted for the 

complete size of the system to moderate meanwhile supplementary power is 

obtainable in a smaller ESS. It presented that none of the energy sources has  
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its own specific energy or power, but that can exclusively accomplish all the 

difficulties of HEV in some conditions. In this research, a Simulink design 

for Battery/UC/HESS has executed in MATLAB. Based on the implemented 

design, a control scheme is developed which approves UC as load smoothing 

scheme which has established with an aim of enhancing the life of battery. 

Figure 1 illustrates the architecture of HEV system. 

At first, EMS is established conferring to the constraints and situations of 

the ESS and load response of the EV. In the meantime, the total demand was 

calculated according to the information equivalent to the motor cycle. To 

associate the parameters of the design, the load demand has been 

concentrated. The power from sources were recognized by calculating the 

optimum values at every single interval over the control method. 

Management for the hybrid source has been produced by deliberating the 

constraints like internal resistance, power demand, voltage and charge 

capability. This SOC chooses the momentum of EV which makes that 

control scheme to experience the load request to withstand the charging 

capability for battery/UC to develop the efficiency and prolong the lifetime 

of battery. ANFIS is involvement of both artificial intelligence techniques 

such as Fuzzy Interface System (FIS) and Neural Network (NN).  The FIS 

have been successfully applied in different field like automatic control, 

decision analysis, data classification and computer version. This FIS 

structure, whose membership function can be adjusted employing either a 

Back Propagation (BP) scheme or combination with a least squares type of 

technique. In this research work, four-inputs are given ANFIS to attain the 

control signal for inverter of the PV system. Designing the ANFIS involves 

three stages such as collecting the dataset, training the dataset and testing the 

dataset. The dataset collections are achieved from the design of traditional PI 

controller which are used for increasing the accuracy. The proposed ANFIS 

is tested and trained based on the same collected data set. In the training 

module, the input data are applied to the ANFIS, antecedent and consequent 

parameters are tuned by reducing the output error employing BP scheme. 

Generally, FIS is to categorize the data into linear regression models to 

reduce the Sum of Squared Errors (SSE).  

    ∑   
 

                                                                                             (1) 

From the equation (1),   is the number of variable, and   denotes the 

fuzzy divisions for every input variable and   
 represents the error among the 

actual and target output. Here, the ANFIS speed controller is based on 

SUGENO algorithm, which is including two set of rules. The common fuzzy 

rule used for the first order SUGENO fuzzy interface model, which is define 

below in the equation 2,                                                             

                                            

                                                                     (2) 

 



 

 
 

 

 

 

 

 

Here,   and   are the predecessor fuzzy sets and      &    are the design 

factors of fuzzy, which are tuned when the during process (i=1,2,3,....n). And 

then the testing process, actual inputs are applied in training to the ANFIS, 

that offers an output signal. The ANFIS output is equal to actual output with 

error tolerance. The structure of the ANFIS speed controller is shown in fig 

2.  

 
Figure 2 General structure of ANFIS 

 

ANFIS control exploits the arrangement of IF-THEN rules and it can be 

simply assumed as it uses semantic expressions. ANFIS is a kind of Neural 

Network (NN) which executes the principle of Takagi– Sugeno FIS. As 

Takagi–Sugeno FIS integrates NN and fuzzy rules. The ANFIS structure 

consists of 5-layers such as input & output layer, rule layer and 2 

membership layer. The layer 1 and 3 are adaptive nodes, and 2, 4 and 5 are 

fixed nodes. The proposed ANFIS having five-layers with two input and one 

output which is implemented for expanding the benefits of controller. In the 

figure.2, two-inputs and one-output ANFIS structure is implemented. Where, 

  and   are the two inputs and   denotes the output. It employs the 

SUGENO model interface to formulate the automatic fuzzy rules. Definition 

of each layer in ANFIS structure is given as follows,  

Layer-1: Each and every node contains of membership function, which 

are established in mathematical form that are expressed in equation (3)   

  
     ( )  

  
     ( )                                                                                             (3) 

Here,   is the input to the    node.   -  represents the linguistic lable 

related to node function.   
  represents the first layer output, which is 

specified as a function of        satisfies the quatifier   . There are different 

kinds of membership function used in ANFIS structure like generalized bell 

function, transigmoidal function and so on. The triangular shaped 

membership function for control strategy is derived by using the equation (4)    
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     ( )     { .
    

  

   
/}                                                                (4) 

Here, the parameter set *        +are known as premise parameters, 

which modifies the different bell shaped function used for fuzzy set  with 

different premise values. It is similar for    ( )function.  

Layer-2: Every node is denoted by  in this layer. The output of the each 

and every node is multiplication of input signal. The output of every node is 

derived by using equation (5).  

  
        ( )    ( )                                                             (5) 

Layer-3: Each and every node is denoted by N in this layer. The output of 

each node is computed with additional weight by using equation (6). Here, 

  is weight of    node.  

  
   ̄  

  

∑  
                                                                               (6) 

 Layer-4: In this layer, the output is the linear function of ANFIS inputs 

as these are adaptive node, which is computed by using equation (7). Where,  
*        +are consequent parameter of the ANFIS.  

  
     ¯    ¯ (          )                                                               (7) 

Layer-5: In this layer, each node is denoted by  , it is additions all input 

signals. The output of ANFIS is calculated by using equation (5). The ANFIS 

output is computed by using equation (8). 

  
  ∑     ̅̅ ̅̅ ̅

  = 
∑      

∑    
 

       ¯  ∑  ¯                                                                                     (8) 

In this paper, the actual ANFIS structure is enhanced with 4-inputs such 

as      ( )   ( )    ( ) and output is        ( )of the control purpose. 

 

5 Result and Discussion 
 

The implementation of the proposed ANFIS is accomplished in the 

MATLAB R2018a. The investigation of HESS in HEV is done by means of 

the two various sources such as battery and UC. The battery type employed 

in this research is Nickel Metal Hydride. Here, the permanent magnet 

synchronous motor is used as the HEV load. Then ANFIS is exploited to 

execute working of UC which completely depends on the condition of 

battery. The stipulations for overall systems are specified in the Table.1. 

HESS is executed for a static load with the interval length of 200 seconds. 

The performance of the proposed ANFIS is analyzed in terms of speed, 

torque and SOC. 

 

 

 

 

 



 

 
 

 

 

 

 

 
Table 1 Ratings of Overall System 

 

 

 

 

 

 

Rating of 

Battery 

Discharging current  50, 100 [i1, i2] (A) 

Energy Capacity at nominal 

voltage 

7.7885 (Ah) 

Exponential zone [Voltage, 

Capacity ] 

216.9492 (V), 1.62 

(Ah) 

Fully Charged Voltage  235.5932 (V) 

Initial State of Charge  100 (%) 

Internal resistance  0.24691 (Ohms) 

Maximum capacity  8.7231 (Ah) 

Nominal discharge current  1.62 (A) 

Volumetric energy density  200 – 250 (Wh /L) 

 

 

Rating of 

UC 

Capacitances ,        - 2.5, 1.5, 4 ( ) 

Initial Voltage  16 (V) 

Maximum Voltage 270 (V) 

Resistances ,        - 0.2, 90,100 (Ohms) 

Voltage dependent capacitor gain 0.95 

 

 

 

Rating of 

PMSM 

Armature inductance  0.000835 (H) 

Flux linkage  0.17566 

Number of pole pairs 4 

Power rating  50 (KW) 

Speed  3500 (rpm) 

Stator phase resistance  0.18(ohm) 

Voltage  500 (V) 

 

Fig. 3 illustrates the Simulink design of the ANFIS based HEV. The 

major constituents present in this exemplary are UC, Ni-MH battery, HEV, 

and ANFIS controller. Primarily, battery delivers the essential energy to 

drive the vehicle, as it is exploited as the main source. After that, the UC is 

utilized when the SOC of the battery is lesser than 60%, it is handled by 

using ANFIS controller. 
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Figure 3 Simscape design of the proposed methodology 

 

 
Figure 4 Nominal current discharge characteristics 

 



 

 
 

 

 

 

 

 

SOC is well-defined as the accessible capacity (in Ah) and it is stated as 

the proportion of its rated volume. Fig. 4 illustrates the discharge features of 

nominal current for NiMH battery. Where, R is specified as internal 

resistance,    as constant voltage;   is referred as polarization current;   is 

described as exponential voltage and   is expressed exponential capacity. 

The values of the   ,  ,  , and   are lined as nominal voltage, while   

depends on battery type. Fig. 5 illustrates the SOC of the battery with and 

without ANFIS.  

 
Figure 5 Comparison of battery SOC 

 

The SOC approximation of the battery prevents the system from 

unexpected disturbance and protect the batteries from over 

charged/discharged that might cause destruction to the internal arrangement 

of battery. From the Fig. 6, it determined that the SOC of the battery has 

been developed when the ANFIS organized the charging/discharging 

characteristics of the UC. The lifespan of the ANFIS method is high when 

associated with other existing techniques. The Fig. 6 shows the battery’s 

SOC down to zero at 60 Sec. At that stage, UC is directed by the ANFIS to 

deliver the necessary power to the HEV. The SOC of the ultra-capacitor is 

shown in the following Fig. 6. 

 

 
 

Figure 6 SOC of the ultra-capacitor 
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Figure 7 Input and Output of ANFIS controller 

 

The input and output of the ANFIS controller with sugeno fuzzificaiton is 

shown in Figure 7. There are four types of membership functions are given to 

the ANFIS controller such as error samples (in1), load power (in2), SOC of 

Ultra Capacitor (in3) and Speed of the motor (in4). In this ANFIS, sugeno is 

used as a fuzzification method. Because this sugeno is computationally 

sufficient and also it is well suited for mathematical analysis. Sugeno 

fuzzification gives the output in the form of constant or a liner (weighted) 

mathematical expression. It produces only one output in the form of cost 

(weight) values from 0 to 1. Based on these output (power from the battery 

and UC), the effective injected power reference is delivered by UC module. 

 

 
 

Figure 8 Membership function of ANFIS controller 



 

 
 

 

 

 

 

The graphical representation of membership function which is present 

inside the ANFIS controller is shown in Figure.8. 

 

 
 

Figure 9 Rules table for ANFIS 

 

The rules of ANFIS are created by using the membership functions and it 

is created based on IF and THEN statements. These rule statements are used 

to define the performance of the overall PV module control strategy with 

ANFIS controller. The rule table present in the proposed ANFIS controller is 

shown in Figure.9. Based on these rules, the ANFIS performance is analyzed 

in terms of SOC, rotor speed, vehicle speed and torque. The control structure 

of ANFIS method is analyzed in fig 10. 
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Figure 10 Control structure of ANFIS method 

 

 
 

Figure 11 Comparison of motor speed 

 

Fig. 11 illustrates the assessment of motor speed with and without ANFIS 

method. This graph designates the extent of the speed which is attained from 

the PMSM motor. The speed of motor without algorithm is not as much of 

related to ANFIS. The vehicle speed of the ANFIS based HESS is related 

with rule based control strategy [20]. The rule based control strategy [20] has 

analyzed in two various sequences, one is Manhattan cycle and another one 

is UDDS cycle. The proportional exploration of ANFIS is specified in the 

following Table 2 and illustrated in Fig. 12. 
 

 



 

 
 

 

 

 

 

 
 

Figure 12 Vehicle speed of ANFIS method 

 

Fig. 12 illustrates the vehicle’s speed with and without ANFIS control. 

The speed of the vehicle with ANFIS is exploited more when associated with 

HEV without ANFIS. From table 2, it clearly indicates ANFIS based electric 

vehicle achieves extreme speed of 90 (km/hr.) that is much better than 

existing methods. 

 
Table 2 Qualitative evaluation of Proposed Method. 

 

Approaches 
Maximum speed of HEV 

(km/hr.) 

ANFIS based HEV 90 

Hybrid PSO-FLC based 

HEV 

85 

ANN based HEV 64 

Split strategy based 

Manhattan cycle [20] 

40 

Rule based UDDS cycle 

[20] 

32 

 

In figure 13, it clearly indicates that proposed ANFIS controller achieves 

the maximum speed of 90 (Km/hr.) which is much better than remaining 

existing techniques. 
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Figure 13 Comparative Analysis of Proposed Method 

 

 

6 Conclusion 
 

In this research, an ANFIS based EMS is proposed for HRES which is 

integrated with HEV to improve the efficiency of the vehicle.  This 

procedure is established with the purpose of enhancing the power 

transmission between the source and load. And, it provides numerous 

advantages in HEV concept such as improved predicting proficiency, simple 

and less complication.  In this research paper, ANFIS is accomplished with 

the inputs of instantaneous energy of the obtainable sources, essential 

demand of the current system and equivalent target power with suitable 

storage devices to achieve maximum speed. With respect to the load 

difference, ANFIS creates the suitable control signals at the analysis stage to 

accomplish the better performance from the HRES. The employment of the 

system components and its proposed method is analyzed by means of various 

environmental and load circumstances. The simulation results in MATLAB 

confirms that the proposed ANFIS method is efficient in forecasting the 

energy demand for the following instantaneous period and achieves electrical 

vehicle in high speed of 90 km/hr. In the future, the battery life of the HEV 

can be maximized by using novel optimization based procedure and its 

different energy sources may improve the designing of the current system. 
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