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ABSTRACT 

Fuel sources for modern transportation systems are getting pricey and negatively 

affect  the environment which lead to increase the demand for electric vehicles. 

Energy storage systems in majority of  electric and hybrid vehicles are based on 

battery storage devices. Nevertheless, battery based systems have several issues that 

caused by high peak power demand which could resolved by high power density 

batteries .However, high power  density batteries are much more expensive which 

lead to increase the overall cost of the vehicle.  

 

Proposed Hybrid system (HESS) which connected to exciting electric bike consist of 

super capacitor bank ,DC to DC converter, motor controller, Battery bank and  

BLDC motor.DC to DC converter positioned between supercapacitor bank and 

battery bank, which pumps required energy to the supercapacitor bank,in order to 

maintain a greater voltage value than the battery terminal voltage. In most riding 

occations in a control  manner. 

Only when battery voltage equal to the capacitor bank voltage at continous bulk 

energy demands, battery connected to the Brush less DC-Motor which Maintain a 

relatively fixed load profile. Further, regenerative energy generated by braking is 

also fed to the battery indirectly via capacitor array, thus, battery pack isolated from 

frequent power demands which caused to reduce number of charge discharge cycles 

hence, increase the lifetime of the battery. 

 

Finally,  Test results clearly indicate, this Hybrid energy storage system has  

enormous benefits compared to Electric bikes such as reduction of overall power 

consumption of the battery , enhance quick acceleration , increased travelling range 

per single charge and decrement of per kilometer cost. Further, HESS system more 

energy efficient, more cost efficient and smooth in running compared to current 

electrical bikes in the market which makes HESS bike good choice  for future higher 

speed electric bike industry. 
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Chapter 1: Introduction 

1.1: Background 

Presently , fuel sources which used by vehicles are getting pricey and negatively 

affect to the environment which lead to increase the demand for electric 

vehicles.Energy storage system in most of the electric and hybrid vehicles (Plug in 

hybrid, E_ bike ) are based on battery storage devices.Nevertheless,battery based 

systems ( ESS ) has several drawbacks that caused by high peak power demand 

which could resolved by high power density batteries .However, high power  density 

batteries are much expensive which lead to increase the overall cost of the vehicle.  

1.2: Problem Statement 

 

Due to high rate power demands capacity of the battery array decresases with the 

time which could caused to total failure of battery system.Especially, during high 

rate charging due to sudden deceleration and high rate discharging during sudden 

acceleration  cause batteries to drain instantaneous high Energy that seviourlyaffect 

on the life of the battery.  

1.3: Approach 

This Hybrid electric bike is a modification of conventional Electrical bike which uses 

super capacitors and Buck, Boost converters between battery and the motor.This will 

enhance the acceleration performance and battery lifetimeby using fast and efficient 

charging, discharging capabilities of super capacitors and by decreasing the charging 

cycles of the battery. 

The combination of battery and super-capacitor results in the best of bothworlds, 

creating an ultra-efficient power source for a hybrid Electrical bike with,Increase 

theservice  life of batteries , Extend the driving range ,Increase the fast acceleration 

capabilities. In order to achieve above qualities for the system there must be a buffer 

or an additional energy storage system ( ESS ) have to be installed to handle surge 

power demands. This system must , absorb  the braking energy with high efficiency 

and lower negative effects to the  batteries , supply instantaneous and extreme energy 

output during acceleration , maximally increase the driving range of the E-bikes. 
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1.4: Thesis outline 

 Literature Review 

Studied about relevant theories and other related projects about 

Hybrid energy storage systems 

 Methodology 

Here , whole structure and procedure of the Hybrid energy storage 

system hasdeeply explained 

 System Development 

Here illustrates the development of the hardware structure of the 

system, including selection of hardware components and modules for 

the system. 

 Result and analysis 

Here, outcomes of the Hybrid energy storage system analyses with the 

alternative external and internal conditions. 

 Conclusion 

Here, Discussed about the advantages achieved by introducing Super 

capacitors and convertors to a Hybrid energy storage system . 
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Chapter 2: Literature Review 

 

2.1: Introduction to literature review 

In this chapter, explaining the electric vehicles which consist with capacitors, 

converters in order to improve their performance. Further, theories related to 

components and modules used in proposed systems also explained. 

 

2.2: Related Researches 

Following researches related to electric vehicle driver system improvement are 

analyzed to identify their advantages and disadvantages that will used to improve the 

proposed system for this project. 

 

2.2.1: Energy management and control of electric vehicles, using a hybrid power 

source in regenerative braking operation 

 

 

 

Figure 2.2.1.1 

Energy management and control of electric vehicles, using a hybrid power source in 

regenerative braking operation overall structure[1] 
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The research paper  is proposed to manage and control electrical energy in 

electrically driven vehicles, mainly in order to, increase the range with a single 

charge and energy absorb energy efficiently.Battery,Motor controller , buck-boost 

controller ,driving motor and ultra capacitor bank arranged  as in Figure 2.2.1.1 

 

In advancement of modern technology, electric vehicles play an important role 

because of it‟s valuable features such as high efficiency and environmental friendly. 

In last decade , more attention is focused on plugging electric vehicles , hybrid 

electric vehicles and fuel cell electric vehicles. Currently many electric vehicles still 

face many challenges, For examples , how to „recover regenerative energy  with 

minimum harm to the batteries‟[1] ,and  how to deliver maximum power at various 

road conditions, and how to increase mileage.  

Many steps have been taken to find a win win solution for this challenge, with the 

use of Ultra capacitors.Ultra capacitors have many benefits compared to the other  

electric capacitor ,as it has high energy and high power density .Another two more 

features that lead to achieve this challenge are  it‟s long endurance, high efficiency 

and number of cycling‟s. 

To optimize the operation of this design both batteries and ultra capacitors have been 

used for power releasing. This design uses small DC to Dc converter to keep ultra 

capacitor at a high higher voltage than the ordinary battery, which specially boost 

running at city driving conditions. The battery directly feed power ,when ultra 

capacitor voltage drops lower than the battery voltage. The state of battery charge, 

capacitor voltage and current are maintained in safe limits, moreover ultra capacitor 

allocate , instant charging and discharging due to its capability. 

.  
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Figure 2.2.1.2 
Energy management and control of electric vehicles, using a hybrid power source in 

regenerative braking operation hardware structure[1] 
 

 

 

Figure 2.2.1.3 

Super capacitor charging current during negative breaking braking.(a) Supercapacitor 

terminal voltage (Vc) and charging current Ic; (b)supercapacitor charging power 

(Pc).([1]) 

 

 

This system absorb  the braking energy with high efficiency and lower 

negative effects to the  batteries and also this system Supply instantaneous 

and extreme energy output during acceleration ,Thus  Maximally increase the 

driving range of the E-bikes. On the other hand ultra_capacitorbank array 
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bridged to the motor indirectly through a buck and boost converter,ultra 

capacitor bank unable to fully perform its quick charge, discharge capabilities 

due to, delays occurred in buck-boost converter.In regenerative state most of 

the sudden peak regenerative energy may drain by motor controller unit due 

to indirect coupling of capacitor bank to the motor.Because of the direct 

connection of the battery to the motor controller some of the unfiltered 

energy surges and instant power demand via motor controller may effect to 

the battery that will eventually reduce the lifetime of the battery. 

 

2.2.2: Energy management system of Fuel-cell-Battery hybrid Tramway 
 

 This research paper describe the design ,layout ,and control of a fuel cell 

(FC)-hybrid metro tram in spain. Here ,polymer electrolyte membrane and 

nickel_metal hydride battery used as as primary and secondary energy source 

respectively which fulfill the energy demand during acceleration and absorb energy 

when braking . 

The traction system of this vehicle is composed with four induction motor drives. In 

this design there are two boost converters, unidirectional DC-DC converter and Bi-

Directional Converter, Unidirectional one for the Fuel Cells and Bi-directional one 

for the Battery. To regulate the power accurately, reference signals were taken from 

electric motor drives , fuel cells and power converters and also while regenerative 

breaking braking chopper dissipate energy accordingly. In this project, „all the test 

results evaluated for the real driving cycles and reveal that the system has the 

capability to meet appropriate driving cycles.‟[2] 
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Figure 2.2.2.1 
Fuel-cell-Battery hybrid Tramway operation structure of EMS 

(Energy management systems)[2] 

 

This system absorb  the braking energy with high efficiency and lower 

negative effects to the  batteries and Supply instantaneous and extreme energy 

output during acceleration , The other side of this design is most of the 

regenerative energy will wasted via breaking chopper and RDS(ON)  of 

MOSFETS 

2.2.3: The Ultra capacitor-Based Controlled Electric Drives With Braking and 

Ride-Through Capability: Overview and Analysis 

 

In this research paper , it is highlighted that mainly two problems remains as a 

challenge in design advanced controlled electric drives, especially how to recover the 

braking energy. Ordinary devices are equipped with the energy storage elements and 

this phenomina help to boost in use of Ultra capacitors.Ultra capacitor power density 

is much higher than the excisting batteries.„Power density of the ultra capacitor is 

much higher than that of the Existing electro chemical batteries‟[3]. In this paper 

discussed how to increase the ride-through capability via these regenerative electric 

drives. In this design three level DC-DC converter is used as the interface of the 

power converter.  

This Ultra capacitor  based , regenerative controllable electric device, consist with 

voltage DC-bus, Diode rectifier and output inverter and with a parallel connected 
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energy storing unit , (  Ultra capacitor and  bidirectional DC-DC converter  ) , This 

two level or three level converter is controlled by a variable adjuster  ,‟which 

controls Duty cycle , switching frequency and phase shift‟[3] . 

 

Figure 2.2.3.1 

           DC–DC CONVERTER  USING A THREE-LEVEL TOPOLOGY[3] 

(a). Circuit Diagram          (b).Wave foam   d < 0.5       (c).Wave foam  d > 0.5 

 

Here, three Level bi-directional converter is used as the main power interface of the 

system and Figure 2.2.3.1 shows three levels of Bi-Directional converter‟s circuit 

diagram including four  Bi-Directional Switches, a Inductor and two Capacitors. The 

switches are IGBT or MOSFET with free wheel Diodes. PWM 1 & PWM 2 are pulse 

width modulators. The Figure shows the wave foams of the Three Level DC-DC 

Converter. Output Voltage is  between  zero and Vbus / 2 if d =d1=2  and in a range 

0 < d <  0.5   output voltage is between Vbus / 2 and Vbus  0.5 < d <1 

 

This is most suitable for the controlled electric drives in equipments such as  Lifts 

and cranes, “characterized by low balance between average and peak power”[4] This 

system capable of recovering regenerative energy dissipating via braking resistor 

(chopper circuit) much efficiently in most applications. On the other hand Power 

losses are higher than usual when this system handling sudden spikes and 

regenerations. 
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2.3: Summary of Literature Review 

 

Literature review reveals about, theories explaining about the electric vehicles which 

consist ofcapacitors, converters in order to improve their performance. Further, 

theories related to components and modules used in proposed systems also 

explained. The literature review can be used to identify the advantages, drawbacks 

and technical detials of Hybrid electric vehicles with capacitors. Main advantages 

and disadvantages of these systems can be pointed as follows. 

The main advantages of the system are Supply instantaneous and extreme energy 

output during acceleration and Maximally increase the driving range of the vehicle . 

These systems  absorb  the braking energy with high efficiency and lower negative 

effects to the  batteries , it has the capable of recovering regenerative energy 

dissipating via braking resistor (chopper circuit) much efficiently in most 

applications. 

On the other hand there are several  negatives in the system ,Because of the 

ultra_capacitorbank array bridged to the motor indirectly through a buck and boost 

converter,ultra capacitor bank unable to fully perform its quick charge, discharge 

capabilities due to, delays occurred in buck-boost converter.In regenerative state 

most of the sudden peak regenerative energy may drain by motor controller unit due 

to indirect coupling of capacitor bank to the motor.Because of the direct connection 

of the battery to the motor controller some of the unfiltered energy surges and instant 

power demand via motor controller may effect to the battery that will eventually 

reduce the lifetime of the battery.Most of the regenerative energy will wasted via 

breaking chopper and RDS(ON)  of MOSFETS 
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Chapter 3: Methodology 

3.1: Fundamental Concept of the System 

 

 The main driving motor is connected to the capacitor bank via buck-boost 

converter to the battery pack, in order to reduce the amount of sudden current drain 

from the battery packwhich  eventually prolong its lifespan. Further, use of Buck-

Boost converter will also increase the operating voltage range of the batteries. 

In addition to that, this arrangement of the system able to deliver more energy to the 

motor in a short period due to increased operating voltage range of the super 

capacitor array. 

Moreover, during braking process system able to gather and deliver wasting energy 

as regenerative energy of the motor via a second loop of a buck - boost converter  

which further enhancethe system efficiency. 

 

Figure 3.1.1 
Overall conceptual design of the system 
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3.2  Energy management and control stratergy 

 

Accelaration resistance power ,  aerodynamic power, slope resistance power and 

rolling power are the key components that calculation of  hybrid systems   power 

demand  depends on . 

  (   )    (    )    (   )    (     )    (    ) 

 
 

The total current demand can be calculated as  

 

 

  (      )  
     

     
 

 

 

Life time of the battery and overall system efficiency are increased by protecting 

battery pack from sudden current demand ( without over charging or discharging 

ultra capacitor array) using power balancing stratergy that based on basic control 

logics. 
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3.3: Power flow chart 

 

 

Figure 3.3.1 
Power  flow chart 
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Charging Plan  

 Super capacitors 

In this HESS, the super capacitor is charged via 

 1. Regenerative Energy from BLDC motor ( P(sc)=P(Load)) 

 2. From the Lead-acid battery Bank 

  At running condition (P (SC) = P (Load) -P (Battery) ) 

  At stop (P (sc) = P (Battery))   

 Battery Bank 

The battery bank is charged via 

1. Regenerative Energy from the BLDC motor  

( whenVsc = VSC(Max)   P(Load) = P(Battery)) 

 2. From the External power Source  

 

3.4:System operation (Constant speed operation ) 

There are two types of operation  modes at constant speed as follows 

 Low constant speed mode 

whenPloadis equal to or smallerthanPbattery (Pload<=Pbattery ) 

 High constant speed mode 

 When Ploadis higher than Pbattery  (Pload>Pbattery ) 

 

Both above modes (Low constant speed mode and  High constant speed ) are ideal 

modes because in real world application power  demand of the bike continuously 

varing. 
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3.4.1: Low constant speed 

 

Figure 3.4.1.1 
Low constant speed, energy flow diagram 

 

Low contant speed energy flow demonstrates inFigure 3.4.1.1whichreveiled,at 

Low_speedmode,super capacitor voltageVSC maintained at higher level than battery 

voltage VBattdue to battery power is grater than load power( Pbattery>Pload). 

Likewise,DC bus voltage kept at greater value than battery voltage.Super-capacitor is 

not absorbing or delivering any power to the electric motor at constant speed 

mode.BLDC-Motor not receive any energy from the battery since ,main power diode 

at its reversed biased mode due to super-capacitor voltage is at greater value than the 

battery voltage.  
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3.4.2: High constant speed 

 

Figure 3.4.2.1 
High constant speed energy flow diagram 

 

 

High- contant speed energy flow demonstrates in Figure 3.4.2.1 whichreveiled, at 

High-speed mode,super capacitor voltage VSCno longer maintained at higher level 

than battery voltage VBattdue to battery power is lower than load power ( 

Pbattery<Pload) . Likewise,DC bus voltage no longer kept at greater value than battery 

voltage.BLDC-Motor directly receive energy from the battery since ,main power 

diode at its forward  biased mode. 
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3.5: Acceleration 

 

Figure 3.5.1 

At acceleration energy flow diagram (phase I) 

 

Figure 3.5.1 shows acceleration mode in  ( Phase-I ) energy flow.Assume  VSC>VBatt 

At starting point of the acceleration mode . Since Pbattery<Plaod, VSC  keep decreasing. 

Energies from the SC and the DC-DC converter are both supporting the E-bike 

acceleration process. 

 

 

 

Figure 3.5.2 

At acceleration energy flow diagram (phase II) 
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If acceleration continoues voltage of the supercapacitor reduced to the battery 

voltage (VBatt).At this point , super_capacitor and the battery  directly connected via 

forward biased power diode. 

 

3.6: Deceleration (Braking) 

 

Figure 3.6.1 

At deceleration (braking) energy flow diagram (phase I)-a 

 

 

 

Figure 3.6.2 

At deceleration (braking) energy flow diagram (phase I)-b 
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In deceleration mode can be divided into several phases as follows, 

 

 Deceleration mode – Phase I-a( Figure 3.6.1 ) 

 

This occurs when accelerator of the bike released without 

braking. At this mode regenerative energy of the motor fed 

only into the supercapacitor bank.  

 

 Deceleration mode – Phase I-b( Figure 3.6.2 ) 

 

This occurs when breaking . At this mode DC-DC converter 

set into boost operating mode when target super-capacitor 

voltage ( VSCtgt) greater than or equal to the supercapacitor 

voltage ( VSC). If supercapacitor voltage is lower than the 

target super-capacitor voltage (VSC tgt),DC-DC converter  set 

into the No operation mode. 

 

 Deceleration mode - phase II ( Figure 3.6.3) 

 

This occurs when regenerative braking power continuously fed 

into the super-capacitor( VSC).  array and eventually terminal 

voltage of the supercapacitor bank reached to its target 

voltage(VSC tgt).At this point , DC-DC  converter operate in buck 

mode to feed excess energy towards the battery pack. 
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Figure 3.6.3 

At deceleration (braking) energy flow diagram (phase II) 

 

 

 

3.7: Sudden acceleration 

At sudden acceleration immediate power demand to the motor is supplied by the 

super capacitor array.Because , super-capacitors  are muchsustainable  to withstand 

more charge and discharge cyclesthan batteriesand well suited for fast dynamic 

cycles (which cause of sudden acceleration). 
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Chapter 4: System Development 

This chapter illustrates the development of the hardware structure of the system, 

including selection of hardware components and modules for the system. 

 

Figure 4.1 
HESS bike- completed structure 

4.1: Hardware components selection and Modules 

4.1.1: Battery Bank selection criteria and deciding cutoff voltage of the motor   

controller 

 

Number of test reveals that average energy consumption per kilometer Conventional 

E-bike is vary between 20 Wh to 30 Wh, there for by considering cost factor and 

availability , as well as motor controller operating voltage(42V-66V) range four 

number of 20Ah  lead acid batteries were taken to design the battery bank  to drive  

32km-48km 
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Determining state of charge (SOC) and depth of discharge (DOD) of the 

batteries 

 

Assumptions 

 There is no as self-discharge of the cells and leakage effects. 

 

 Total released capacity of the battery when it fully discharged from a 

certain level is difined as releasable-capacity  (Creleasable). 

Percentage value of the releasable-capacity respective to the battery 

rated-capacity (Crated), defined as the state of charge ( SOC).    

Battery rated capacity of this project-20Ah ( According to datasheet 

of the  manufacture) 

 

    
            

       
      

There are several techniques that can be used to calculate the SOC value. Here 

,amphere - hour counting and current-Integration method has been used to determine 

by intergrating current ratings over usage-period to obtain the SOC as follows. 

         (  )  
 

      
  ∫ (         )

    

   

    

 

 

SOC(  ) - The Initial SOC 

      - Rated Capacity 

   – Battery Current 

I loss –Current consumed by the loss reactions 
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When a battey is discharging ,the depth of discharge can be expressed as follows  

  

 

    
            

       
       

 

The measured charging and discharging current I ( ) , the difference of the depth of 

discharge in an operating period can be calculated by  

      
∫ (     ( ))   
      

   

  (     )
      

 

here Ib is negative ( - ) for discharging  and positive(+) for charging. As time elapsed 

DOD is accumulated  

   ( )      (  )          
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Lead acid battery characteristics 

Percentage of State of charge of the 12V Lead acid battery and terminal voltage 

 

Figure 4.1.1.1 
State of charge and Lead acid battery terminal voltage[5] 

 

Figure 4.1.1.2 
Lead acid battery discharge characteristic curve[6] 
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Figure 4.1.1.3 
Lead acid battery cycle service life in relation to depth and discharge[7]

 

Figure 4.1.1.4 
Lead acid battery discharge current vs discharge voltage[7] 

Test result of 12 V (20 Ah) lead acid battery terminal voltage at open 

circuit and close circuit (1C (rated)discharge)  

 

 

 
Figure 4.1.1.5 

Lead acid battery open and close circuit voltage vs SOC 
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Calculation 

Without considering the battery aging and operating efficiency  

    ( )          ( ) 

Practical testing is done at the same flat foam before modification and after 

modification  

Conventional E – bike testing 

After the number of practical testing average battery current Crates were 15 Ah, 12 

Ah, 16.5 Ah 15.5 Ah,13Ah, 13.6Ah, 16 Ah, 

No of tests C released 

Test-1 15   Ah 

Test-2 12   Ah 

Test-3 16.5  Ah 

Test-4 15.5  Ah 

Test-5 13   Ah 

Test-6 13.6  Ah 

Test-7 16   Ah 

Table 4.1 

Conventional E- bike practicle testing results 

 

Depth of discharge (DOD)     = {(16.5 / 20)} × 100  = 82.5 % 

(0.82 Crated) ) 

SOC   of the battery-Pack  ( 100% - 82.5 % ) = 17.5 % 

According to characteristic (SOC-17.5 %) terminal voltage is= 46 V 

According to the data sheet if discharge rate 0.82Crated is continues final discharge 

voltage (per cell) is 1.70V  =10.2 v 

Final discharge voltage   (1.70 × 6 ) =10.2 v 

There for battery bank final discharge voltage(10.2 × 4) = 40.8 V 
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Modeled HESS testing 

After the practical testing average battery current Crates and supercapacitor Crates  are 

as below . 

 

No of tests C released – Super capacitor C released- Battery 

Test-1 15   Ah 4 Ah 

Test-2 12   Ah 3.7Ah 

Test-3 16.5  Ah 5.3Ah 

Test-4 15.5  Ah 4.8Ah 

Test-5 13   Ah 3.9Ah 

Test-6 13.6  Ah 3.9Ah 

Test-7 16   Ah 5.3Ah 

Table 4.2 

practicle testing resultsof the HESS 

 

 

HESS battery discharge current is (C released)  = 5.3 Ah 

Battery discharge current is below 0.2C (rated)< (A) < 1 C (rated) =  4 < (A) <20 

Depth of discharge (DOD)   = (5.3 / 20) × 100 %   =  26 %  

State of charge (SOC) of the battery (100% - 26%)  = 74% 

According to characteristic (SOC-74 %) terminal voltage is =  49.2 V 

According to the data sheet if discharge rate 0.26Crated is continues final discharge 

voltage (per cell) is 1.70V  

Final discharge voltage ( 1.70 × 6  )  = 10.2 V 

There for battery bank final discharge voltage(10.2 × 4) =  40.8 V 
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Test result shows that Conventional E-bike DOD is 82 .5 % and SOC 17.5%, and 

battery bank terminal voltage 46V .HESStest  result shows Battery DOD is 26 % 

and SOC 74% battery bank terminal voltage 49.2 V.By decreasing the Battery- 

DOD of the battery 82.5 % to 26 % charging cycles of the battery can be 

increased more than double than the conventional E-bike system.According to 

the internal impedance and chemical reaction of the battery, terminal voltage 

drops when loaded, according to the test results in sudden acceleration terminal 

voltage drops 9 % - 10 % from the initial battery terminal voltage. There for 

Motor controller cut off voltage( at SOC 30 % initial battery bank terminal 

voltage is 47 V ) is taken as 42 V as the safety factor of the battery  

 

4.1.2: Super Capacitor Bank selection criteria 

 

 

State ofcharge of the supercapacitor which can be used to determine the rated energy 

capacity percentage , calculated as follows. 

    
          

             
 

 

U sc – super capacitor load voltage 

Ucmax - maximum terminal voltage of the Super capacitor 

Ucmin- maximum terminal voltage of the Super capacitor 

 

 

Hybrid energy storage system capable of depending the  Battery-Array from extreme 

vigorous current demands without over Charging / Discharging the Ultra-Capacitor 

bank. Energy management system used in HESS based on power balancing 

stratergydetermined by simple logical rules. 
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For this system (HESS) energy storage capability of capacitors depends on 

following factors, 

 Regenerative energy generating volume  

 Sudden acceleration 

 Sudden acceleration rate 

Energy storage capability of charging& discharging of super capacitors depends on, 

 Rated voltage of the super capacitor 

 Super capacitor rated capacitance 

  

Maximum voltage to the super capacitor array always less than or same to the bus 

voltage  

Vcap (max) ≤   V bus  

  

To get the Super-Capacitor  maximum efficiency the Minimumvoltage should be 

limited to 40% ~ 50 % of maximum voltage. Here, bottom level of the limitation 

considered to 40% also by considering the safety limit of the battery. 

Therefore, voltage range values selected as follows,  

V max = 62 V 

V min    = 42 V 

Considering Braking Energy (capacitor charging) 

Energy storage capacity  

 E cap = C cap{ V
2

max – V
2

min} / 2 

 V max – Super capacitor maximum working voltage 

V min  - Super capacitor initial working voltage 

C cap = 2 Ecap/  [V
2

max – V
2

min] 

By number of practical tests, it is observed that maximum regenerative energy can be 

stored in the super capacitor bank is within 3s, 55Vmaxis  800W 
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In most of the Conventional braking systems, regenerating energy is dissipated via 

internal RDS (ON)(Total resistance between the drain and source of MOSFETs) and an 

external braking resistor. This will convert mechanical energy into electrical energy, 

and finally dissipated as heat.  

 

 

 

Figure 4.1.2.1 
Dynamic braking with braking resistor and control loop[8] 

 

In HESS, super capacitor acts as a “current storage tank” When the motor is stopped, 

the tank absorbs regenerating current and level up(smooth) the voltage overshooting 

and enhance the efficiency of the system hence, increase the mileage of the bike.  
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At Constant current discharge (discharging)  

 

 

Figure 4.1.2.2 
Discharge profile[9] 

 

 

Capacitance = Id × td / ( Vw  -Vmin) 

Id  -  discharge current 

TD – Time to discharge from the initial voltage to minimum voltage 

Vd=Vw-Vmin   (Initial voltage – Minimum voltage under load)      
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Figure 4.1.2.3 
HDSS bike speed vs. time plot 

 

Without modification (in conventional systems) 

Practically, time takes to reach to its maximum speed = 33 s 

Maximum speed = 1500 r.p.m 

Maximum current   Imax   = (1000 w  / 42 v) *1.052 

                                                = 24.21 A   

 

The main target of HESS system is to reach its maximum speed within 5 seconds 

Vd= Vw-Vmin= 62-42 

Td   =  5 s 

Id    = 24.21 A 

Capacitance = ( Id × td )  / ( Vw – Vmin) 

=  24.21 × 5 / ( 62-42 ) =  6.05 F 
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At a heavy traffic congestion ,3 to 6 number of sudden accelarationscan 

beexpected in a short period of time, specially in developing countries. 

In order to achieve a single maximum acceleration required energy of the super 

capacitor, 

  E = Cc1 { V
2

 W   -V
2

min}/2 

={6.05(  62
2 

- 42
2
)}  / 2 

      =6.2 KJ 

Therefore, 3 times acceleration requires total energy of 18.6kJ ( 6.2×3) can be given 

if the capacitance value, 

        3Cc1=  6.2 * 3   ≈  20 F  

By considering regeneration energy storagecapacity requirement and sudden 

acceleration (3 times) required overall capacitance of the capacitor array should be 

20 F 
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4.1.3: Modules 

 

Buck-Boost converter  

 

 

Figure 4.1.3.1 
Buck-Boost converter[10] 

Input voltage  :    8-60V 

Input Current   :  20A 

Output voltage  :   12-80V continuously adjustable 

Constant Range : 0.5-20A 

Output Current   : 20A MAX Over 15A, enhance heat dissipation (input, the greater 

the pressure the smaller the output current  output pressure related,) 

Operating frequency : 150 KHz 

Conversion efficiency : Uup to 95%   (  efficiency and input and output voltage, 

current, pressure related) 
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Super Capacitor Bank 

 

Figure 4.1.3.2 
Super capacitor bank[11] 

 

Each cell voltage: 2.7 V 

Each cell capacitance: 500 F 

 

Battery  

 

Figure 4.1.3.3 
Sealed lead acid battery 

 

Sealed lead acid battery  

12V 20AH 

Constant charge current 2.4 A - 3 A 

Constant voltage charge 14.7A- 14.9A  
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Energy meter (kW meter) 

 

 

Figure 4.1.3.4 
kW meter 

 

 

Type   : PAEM-051 

Working voltage : 6.5-100V DC 

Test voltage : 6.5-100V DC 

Color: as picture shows 

Shunts Current : 50A 

Shunts Voltage: 75mV 

Rated power : 100A/10000W 

Measurement accuracy: 1.0 grade 

Shunts Size : approx. 120*25.5*1.75mm(L*W*H) 

LCD screen size: approx. 51*30mm(L*W) 

Size: approx. 89.6*49.6*24.4mm(L*W*H) 

Shunts Material : steel + plastic 

 Note : when use of 50A or 100A shunt you need to set the Meter range of 50A or 

100A 
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Brushless DC (BLDC) motor  

 

 

Figure 4.1.3.5 
BLDC motor 

 

BLDC motor 1000 W (no load) 

Service life >10000h 

Rotation speed 1500 Rpm. (no load) 

 

 

Figure 4.1.3.6 
 Motor speed controller (48V 1000W) & Electric BLDC bike throttle Twist Grip  
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4.2: Final Hardware System Arrangement 

 

Different modules (LCDdisplay,relays, motor controller, BLDC motor, super 

capacitor bank, Lead-acid battery bank, and Buck & Boost Converters) are arranged 

as Figure 4.2.1 below 

 

 

Figure 4.2.1 
Over view of the complete system 

 

Figure 4.2.2 

Side view of the complete system 
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Figure 4.2.3 

Hardware operational structure of the HESS 
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Figure 4.2.4 

Operational flow chart-HESS 
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Typical Operation of the system 

 

When main switch of the system turnON, batteries supply necessary power to 

capacitor bank if capacitors are at its minimum voltage level (But usually capacitors 

are at its maximum voltage level because it fed with regenerative energy when 

parking). Capacthe main switchrovidesthe initial power demand of the motor through 

motor controller module. Motor controller module feed power to the motor according 

to the adjustment of the accelerator (accelerator can adjust by throttle twist 

grip).When accelerating the bike, capacitor bank pumps necessary power to the 

motor controller, at the same time capacitors are fed continuously through boost 

converter. At Low constant speeds capacitors saturated to its maximum voltage 

leveland motor controller supplied directly by batteries through Buck converter. At 

high constant speed capacitors drop to its minimum voltage level because of the high 

demand of energy which cannotfulfilled through the boost converter, then necessary 

energy supplied through the bypass diode. At a sudden acceleration, supercapacitor 

pump necessary high power demand of the motor controller. Further, when brake 

applied, then regenerative energy absorb from the motor and feed in to the super 

capacitor unless capacitors are at its saturated level, hence, excess regenerative 

energy feedback to the batteries via buck converter. 

 

 

 

 

 

 

 

 

 



41 
 

Chapter 5: Result and analysis 

5.1: No-load Test Analysis 

 

Here, modeled system test under no-load condition ( motorruns freely without a 

load).This test has been conducted by using two clips on ampere meter, voltmeter 

and LCD display as shown in Figure 5.1.1.There are two types of test has been 

conducted on this condition as follows, 

 

 Sudden acceleration test  

 Typical running test 

 

 

Figure 5.1.1 

No-load test arrangement 
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5.1.1: Sudden acceleration test (NO-Load) 

 

Two types of sudden acceleration test has been conducted as follows  

 

Figure 5.1.1.1 

Sudden acceleration test result (no-load)-with super capacitor array 
 

 

Figure 5.1.1.2 

Sudden acceleration test result (no-load)- without capacitor array 
 

Test results reveal that,  

Without a super capacitor - Sudden acceleration instantaneous battery current is 25 

A ( in 200ms period )  
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With super capacitor (in HESS)- Sudden acceleration Battery current is 2.5A .With 

super capacitor  arrangement ,test result reveal that DOD(Depth of Discharge)  of the 

battery can be minimized and able to increasethe life cycle  of the battery 

5.1.2: Typical running test (No-Load) 

Two types of typical running test have been conducted as follows  

 Typical running test with capacitor array 

 Typical running test without capacitor array 

 

 

 
 

Figure 5.1.2.1 
Typical running test result (no-load)-with super capacitor 

 

 

 

 
 

 

Figure 5.1.2.2 
Typical running test result (no-load)-without super capacitor 
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At No-Load testing (various speeds), the results shows a  constant current profile 

for the battery , which lead to enhance the battery life time. 

 

5.2 On-Load Test Analysis 

 

Here, modeled system test under Load condition (motor run under a  load).This test 

has been conducted by using two clips on ampere meter, voltmeter and LCD display 

as shown in Figure 5.2.1 There are two types of test has been conducted on this 

condition as follows, 

 Sudden acceleration test  

 Typical running test 

 

 

Figure 5.2.1 
On-load test arrangement 

 

 

5.2.1: Sudden acceleration test (On-Load) 

 

Two types of sudden acceleration test have been conducted as follows  

 Sudden acceleration test with capacitor array 

 Sudden acceleration test without capacitor array 
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Figure 5.2.1.1 
Speed curves of HESS and conventional E-bike 

 

 

Test results reveals that, HESS reached to its maximum speed instantaneously (quick 

acceleration) compared to its conventional counter-parts due to very fast dynamic 

cycles of the super-capacitor. For optimize the operation of this design both batteries 

and ultra capacitors are being used for power release. DC to Dc converter keeps ultra 

capacitor at  higher voltage than the battery to boost sudden acceleration especially 

when driving at city conditions 

 

5.2.2: Typical running Test (On-Load) 

 

Two types of typical running test have been conducted as follows, 

 Typical running test with capacitor array 

 Typical running test without capacitor array 
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Graph shown in Figure 5.2.2.1  is used as basic speed curve to test the system with 

above conditions with capacitor array , without capacitor array.Here , speed curve 

maintained , as following curve (Figure 5.2.2.1) then monitor battery and capacitor 

power variation according to the speed fluctuations.  

 

 
 

Figure 5.2.2.1 
Typical running test (on-load)-speed( km/h )vs time( second ) curve 

 

 

 

 
 

Figure 5.2.2.2 
Typical running test (on-load)-power vs time(second)curve 
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According to the above test results, conventional E-bike runs 1km of distance using 

0.056kWh Test result indicates, that vigorous energy is delivered directly via battery 

bank, and it leads rapid current drains in the system. In addition, the battery array 

unable to harvested sudden spikes and regenerative energy while braking. There for 

it shows that conventional E-bike unable to  ,increase the prolong life of the  battery 

array.  

 

 

 

Figure 5.2.2.3 
HESS-super capacitor power (on-load)-power curve 
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Figure 5.2.2.4 
HESS-Battery power (on-load)-power curve 

 

 

Test result indicates, a relative constant load profile is generate for the Battery-Array. 

Not only that, the battery not directly fed with harvested regenerative energy while 

braking. Instead, super capacitor first absorb regenerative energy  and feed that 

energy to the motor for its frequent smaller demands unless regenerative energy is 

too large for the capacitor array which then feed back to the battery. This mechanism  

reducestha amount of charging-dischargingcycles of the battery and hence ,increase 

the prolong life of the  battery array.  HESS system run efficiently with  lower energy 

per kilometer (0.049 kWh per 1km)  
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5.3 Overall Test Results Analysis 

 

The designed system work as expected according to the test results. In complete 

drive cycle the super-capacitor combine with Buck-Boost converter able to satisfy 

system power demands. 

The peak power demand for the super capacitor bank ranges from −0.8 kW to 1 kW. 

While, the peak power to the battery pack is limited to 0.170 W. 

In HESS, the current demand via the DC/DC converter minimized because of the 

capacitor array fulfill high rated demands and reduce the impact on DC/Dc converter 

hence, low rated DC/DC converter can be used. 

In a situation which motor continuously demands power from the system and come 

to a certain point which voltage of the capacitor array and battery terminal voltage 

equal 

(VSC<=. Vbatt) This will activate the bypass diode and hence, bypass the DC/DC 

converter and deliver current via diode loop that reduce the additional burden to the 

converter. 

Here test result shows HESS takes 10 -20s to reach it‟s maximum speed , as well as 

HESS system  reduces frequent charging cycles and depth of discharge of the battery 

and increases the service life of the battery.  

Test result shows that, in conventional systems Lead –acid batteries demand nearly 

20A of current as its initial current to achieve its initial torque  ,HESS demands only 

3.6 A initial current thus, reduce DOD of the Lead acid batteries will caused to 

increase charging cycles up to1000 or more. 
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5.3 Overall Cost Result Analysis 

Existing bike 

E-Bike Rs. 100000.00 

Expenses for the modification of existing bike  

Super Capacitor Rs.  25000.00 

Buck / Boost converters Rs.  6500.00 

Other expenses Rs. 10000.00 

Total Expenses Rs.41500.00 

HESS Total Cost Rs. 141500.00 

E-bike prior to modification 

Total cost for 4 numbers of lead-acid battery =   Rs 30000.00 

Number of average charging cycles =   500 

For 500 charging cycles cost for units ( 500 × (18.5 * 6 )) 

  

=   Rs 55500.00 

Average distance that the battery can drive at an single 

charge 

=  40 KM 

For 500 charging cycles total distance battery can drive 

 

=  40 KM × 500 

 =  20000 KM 

Total cost the battery set & charging units =   Rs. (30000  + 55500)  

Unit cost =   4.20   RS/KM 

 

HESS bike after modification 

Total cost for to design the New HESS system for E-bike      = Rs.41500 

Increased mileage for a single charge      = 13 % 

 = 40 KM ×   13 % 

 ≈ 6  KM 

Total distance that can drive for a single charge                  =46 KM 

After increasing the efficiency by changing DOD of 

the battery 

 

 

Number of average charging cycles   =   1000 

For 1000 charging cycles total distance battery can drive     =  46 KM × 1000 

 = 46000 KM 

Of 1000 charging cycle cost of units =  1000 × 18.5 * 6                                       

 = Rs 111000.00 

Total cost, the battery set & charging units               = Rs 141000 / 46000 

Unit cost  =  3.06  RS/ Km 
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Chapter 6: Conclusion 

 

By introducing Buck-Boost converter and super capacitor bank to the conventional 

Electrical bike following advantages has been achieved. 

 

 Reduction of Overall power consumption per kilometer,                   

0.056 kWh/km of power consumption in conventional E-bike reduced 

to 0.049 kWh /Km  by harvesting the regenerative energy  without 

dissipating it  as heat  in HESS which indicates a increment of  

13 % efficienc ,by reducing power consumption 

 Increased the service lifetime of the battery 

By overtaking additional stress of batteries(lowest rate of discharge) 

by the super capacitor bankduringpeakand frequent power demands 

and during sudden acceleration byincreasing the efficiency by 

changing DOD of the battery .  

 

 Enhanced quick acceleration  

By fast operating capabilities of super capacitors which feed sudden 

power demands during acceleration. 

In HESS   takes 15-20 s to reach its maximum speed while 

conventional e-bike takes more than 35 seconds 

 Increased traveling range per single charge. 

Because of the increased energy efficiency of HESS(with harvest the 

regenerative energy) compare to conventional electric bike, the 

average traveling range per single charge of the batteries increased to 

46+ km compared to 40km range in the conventional system (this 

result observed by driving both the conventional and HESS bike in 

similar driving platform)   
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 Increased driving smoothness 

Due to, quick energy releasing and absorbing capabilities of the super 

capacitors, they could supply a precise amount of energy demand of 

the motor in real-time (without delays) will lead to improve the 

smoothness of running of the bike.  

 Decrement of per kilometer cost 

Because of the increased travelling range per single charge and 

increased lifetime of the battery that reduce the per kilometer unit cost 

from 4.20 Rs. /km to 3.06 Rs. /km 

By considering aboveimprovements of HESS compared to conventional electric bike 

that conclude HESS system more energy efficient, more cost efficient and smooth in 

running compared to current electrical in the market which makes HESS bike good 

choice  for future higher speed electric bike industry. 
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LIST OF ABBRIVATION 

 

BLDC   Brush less DC motor 

SC   super capacitor 

V(sc-   Super capacitor voltage 

V(Battery)  Battery Voltage 

SOC     State of the charge 

DOD   Depth of discharge 

ESSs    Energy storage systems  

HESS   Hybrid energy storage system 
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