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ABSTRACT 

Dense traffic of metro cities has been resulted into long idling time, lower average speed 

and frequent stops of the vehicles. The vehicles like city buses, shuttle rickshaws, waste 

collection vehicles, school vans observe additional stops due to their nature of operations. 

Driving pattern/cycle of such vehicles is far from standard Indian driving cycle conditions 

and resulted into very poor fuel economy, more pollutant emissions and longer trip 

duration. Application of regenerative braking system can improve performance parameters 

like acceleration, average speed, maximum speed, road-mileage and pollutant emissions of 

such vehicles. Moreover, portion of recovered braking energy can be used to assist vehicle 

acceleration to reduce total trip duration. Out of many form of energy storage available, 

Electric, Pneumatic, Mechanical and Hydraulic forms of energy storage have been proved 

promising through theoretical as well as experimental analysis. Hydraulic regenerative 

braking system has advantages of high power density, lower weight, high efficiency and 

reliability compared to other regenerative braking systems.  

This research work is oriented to carry out experimental instigation on effects of hydraulic 

regenerative braking system on vehicle performance having similar driving characteristics. 

At the initial stage braking energy potential for the school van under actual driving 

conditions is predicted and analyzed.  Later on braking energy predicted under actual city 

driving conditions is compared with driving conditions of Modified Indian Driving Cycle. 

Based on the braking energy analysis components of hydraulic regenerative braking system 

are designed for the school van. The school van is modified with the hydraulic regenerative 

braking system.  Experiments are carried out under real road conditions to find the 

regeneration efficiency of the hydraulic regenerative braking system. The research also 

includes the effects of parametric variations like initial accumulator pressure, pump-

displacement, initial braking speed and mass of the vehicle.  The results show that the 

school van and BRTS bus both shows significant braking energy regeneration potential 

under actual city driving conditions. The braking energy under actual city driving 

conditions is significantly higher compared to the braking energy under MIDC driving 

conditions. Application of hydraulic regenerative braking system is able to regenerate 

significant amount of braking energy. The regeneration efficiency of the hydraulic 

regenerative braking system improves while reducing initial accumulator pressure. The 

regeneration efficiency improves significantly while increasing pump displacement, the 

vehicle mass and initial braking speed.  
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CHAPTER 1 

 

Introduction 

 
Once a luxury item, an automobile has been essential for human being nowadays. 

Thousand of passenger and commercial automobiles are plying day and night to move 

passengers and goods to their destinations. The Automobile industry offers a vital 

contribution to the economy of any country. Automobiles have made human life better. As 

the most widely accepted method of transportation, automobiles have changed the way 

people live all over the world. They have affected all aspects of society such as family life, 

the economy and even the environment. Rising fuel price, environmental impact, fuel 

economy and pollutant emission are the key parameters for further growth of the 

automotive sector.  

 

1.1 Motivation 

 

Being an active automobile user, I have wandered in the city and highway a lot, to serve 

purposes like daily commute, shopping, social gathering and journey for vacation. During 

such journeys, it was noted that riding on highways is far pleasant than a city ride. To 

reduce unpleasant experiences of frequent start-stop, long idling, low average speed, lower 

fuel mileage and unhealthy environment during city driving is the motivation for the 

present research work. 
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1.2 Background  

 

Automobiles are playing a vital role in the development of any country. A wide network of 

rail and road is essential to connect different locations of the nation for the transportation 

of passengers and goods. India has the third-largest road network in the world. In India, 

The total numbers of vehicles in the fiscal year 2017 were 253 million. Over 60% of the 

population used personal or shared vehicles for commute [1]. Indian industries have 

reported over two billion metric tons of freight transported through roads in 2016 [2].   

 

1.2.1 Automotive crude oil consumption in India [3] 

 

To fuel these automobiles, India imports and produces crude oil in million tonnes. The 

transport sector was accounting about 10% of the gross energy consumption in India. 

Crude oil contributes around 33.2% of gross energy consumption. India has estimated 

consumption of crude oil 257.20 MMT during 2018-19 and has a Compound Annual 

Growth Rate (CAGR) of 3.3%.  India has imported around 88% of total crude oil 

consumption during 2018-19 and the import increases at a CAGR of 3.6%. The import of 

Crude oil has registered a CAGR of 3.6 %. High-speed diesel oil accounted for 39.18% of 

the total consumption of all types of petroleum products in 2018-19. This was followed by 

Petrol at a rate of 13.27%. 

 

1.2.2 Automotive emissions in India 

 

While playing their role, automobiles are facing problems related to increasing fuel price 

and environmental pollution. Table 1.1 shows the share of the equivalent amount of CO2 

emissions from the road transport sector in major cities of India. The emission proportion 

varies between 12.7-56.8% depending upon the city [4]. The road transport emissions 

share is highest in the Hyderabad, whereas Kolkata has the lowest share of road transport 

emissions. It is seen that road transport significantly contributes to gross emissions in large 

cities. Pollutant emissions not only affect the life of human beings, it also affects life 

plantations and animals living on the ground as well as water. Government has to allot 

more resources in the health sector and pollution control sector due to pollutant emissions 

from road transport. 
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TABLE 1.1: CO2 equivalent emissions from the transportation sector in major cities (2009-10) [4]  

 

City 
Roar Transport 

emissions (Gg) 

Gross 

emissions (Gg) 

Share of road 

transport (%) 

Delhi 12394.54 38633 32.1 

Greater Mumbai 3852 22783.08 16.9 

Kolkata 1886.60 14812.1 12.7 

Chennai 4180.28 22090.55 18.9 

Greater Bangalore 8608 19796.60 43.5 

Hyderabad 7799.57 13734.59 56.8 

Ahmedabad 2273.72 9124.45 24.9 

 

Pollutant emissions from automobiles lead to the poor air quality of the city. Pollutant 

emissions affect adversely and develop health-related deceases among human being. The 

average air quality index of discussed cities is given in Table 1.2. The air quality index of 

the majority of the cities shows the degraded quality of the environment for humans [5]. To 

improve the air quality, the government of India has decided to change the emission norms. 

Table 1.3 shows the pollutant emission standards of India in force since 1991 [6]. 

 

TABLE 1.2: The average air quality index in different cities across India [5] 

 

City Air Quality Index Indication 

Delhi 271 
Breathing discomfort to most people on prolonged 

exposure. 

Mumbai 83 

Minor breathing discomfort to sensitive people. Kolkata 55 

Chennai 51 

Ahmedabad 127 
Breathing discomfort to the people with lungs, asthma and 

heart diseases. 

 

TABLE 1.3: Limits of pollutant emissions for cars and commercial vehicles [6] 

 

Year 1991 1996 2000 2001 2005 2010 2017 2019 

Cars light duty diesel (g/kW) 21.6 7.9 3.83 1.78 1.25 0.83 0.73 0.67 

Cars Gasoline (g/kW) 16.3 11.68 3.69 2.7 2.65 1.18 1.16 1.16 

Commercial vehicles (g/kWh) 35.5 28 13.96 12.25 7.86 5.48 4.07 2.07 
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It is seen that emission standards are continually strengthening and demands for new 

vehicle technologies to satisfy the emission norms. This will add cost to the automobile. 

Table 1.4 shows the aggregate emission standards and enforcement of technology to 

achieve acceptable limits of pollutant emission.  It is seen that day by day emission norms 

will become stringent locally as well as globally. The automotive emissions in India are 

regulated using BS standards (Bharat Stage standards).  

 

TABLE 1.4: The aggregate emission standards and compliance technology 

 

Emission 

Norm 

Year of 

introduction 
Technologies for compliance 

--- 1995 Mandatory fitment of catalytic converters for 4 metro cities. 

BS I 

(India 

2000) 

2000 

To achieve India 2000-compliance, the carmakers were required to 

re-tune the carburettor, secondary air intake system, exhaust gas 

recirculation system and increase in the catalyser capacity along with 

the addition of a tri-metal coating to the system. 

BS II 2001 Replacement of the carburettor by a Multi-point Fuel Injection 

BS III 2005 Installing a catalytic converter. 

BS IV 2017 

Bigger catalytic converters to minimise nitrogen-based emissions. 

Additionally, the carmakers tweaked the ECU to ensure more 

efficient combustion. BS IV motors also received modified air 

intakes and exhaust systems. 

BS-VI 2020 
Onboard diagnosis, Gasoline Direct Injection (GDI), Selective 

Catalytic Reduction (SCR) and Diesel Particulate Filter (DPF). 

 

1.2.3 Indian pathway to improve fuel economy and reduce pollutant emissions 

 

ARAI, The Government India undertaking, certifies the fuel economy and pollutant 

emission for a particular class of vehicles based on a laboratory test. It is very important to 

quantify the fuel economy and pollutant emissions under real road conditions. To imitate 

real road conditions, country-specific standard driving cycles are developed by capturing 

and analysing speed-time data of several vehicles under actual driving situations. The 

driving cycle represents vehicle velocities over time and distance for a specific region or 

country. Velocities over time and distance for a significant number of vehicles are logged 

and analysed to form a drive cycle. The driving cycle gives information about average 

speed, acceleration-deceleration rate, idling time and maximum speed over a particular 
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distance for the definite region. Driving cycles are a useful tool to assess and predict fuel 

consumption and pollutant emissions under real driving situations. ARAI uses the 

Modified Indian Driving Cycle (MIDC) to imitate Indian road conditions. A vehicle is 

tested on a chassis dynamometer under the MIDC driving cycle conditions to predict fuel 

consumption and pollutant emissions. Initially, the MIDC drive cycle represents highway 

conditions and later on gradually integrated with city driving conditions.  From Figure 1.1, 

it is seen that the MIDC is divided into two parts. Where, part I imitates city driving 

conditions and part II imitates highway driving conditions. The time duration and distance 

covered to complete one cycle of the MIDC is 1180 seconds and 5.85 km respectively. 

Significant observations from the MIDC Part I and Part II are summarised in Table 1.5.  

 

 
FIGURE 1.1: Modified Indian Drive Cycle 

TABLE 1.5: Component analysis of Modified Indian Drive Cycle 

Component 
MIDC Part I 

Value 

MIDC Part II 

Value 

Idling time percentage (%) 35.4 10 

Gear changing time percentage (%) 4.1 1.5 

Acceleration time percentage (%) 18.5 18 

Steady-speed time percentage (%) 29.2 63 

Deceleration time percentage (%) 12.8 7.5 

Average Speed (kmph) 19 59.3 

Distance covered (km) 4.053 6.594 

Maximum acceleration (m/s2) 0.833 0.833 

Maximum deceleration (m/s2) 0.89 1.389 

Maximum speed (kmph) 50 90 
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City driving conditions are far different from highway driving conditions. While running 

through the city, the vehicle observes frequent braking episode, low cruising time, frequent 

acceleration, low average speed and prolonged idling time. Moreover, the engine operates 

under the part-load condition for almost the entire hours of the operation. Under such 

conditions, pollutant emission and fuel consumption increase drastically. CAFE (Corporate 

Average Fuel Economy) standards are introduced to regulate pollutant emissions and 

improve fuel economy for a vehicle running under similar conditions.  India has imposed 

rule to meet BS-VI and CAFE standards for automobile sale since April 2020. To meet the 

above standards, automobiles are required to be integrated with a bundle of advanced 

technologies. While BS-VI norm is introduced to reduce pollutant emissions, the CAFE 

standard limits the fuel consumption and CO2 emissions per km basis. The CAFE standard 

has introduced incentive schemes to promote the integration of the following technologies 

to production vehicles. 

 

 Start-stop system 

 Tyre pressure monitoring system 

 Six or more speed transmission 

 Electric/Hybrid vehicle 

 Regenerative braking 

 

1.2.3.1 Start-stop system 

 

During city driving conditions, the vehicle has to frequently stop at signals or traffic jam. 

With increasing population and vehicle traffic, more and more road intersections are set 

with stop signals. This will result in more number of stops per km during conveyance of 

the vehicle. Normally, during the stoppage of a vehicle, the engine runs idle which results 

in higher fuel consumption and pollutant emissions. In case of a prolonged idling 

condition, fuel consumption and pollutant emissions can be reduced by the engine shut 

down during the idling condition. Integration of a start-stop technology to the vehicle 

automatically shut down the engine under idling conditions. The engine also starts 

automatically when the accelerator pedal is depressed. Application of the start-stop 

technology to the vehicle has shown considerable improvement in fuel consumption and 
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pollutant emissions during similar driving conditions. In India, more and more vehicle 

manufacturers are introducing start-stop technology to the present and upcoming 

production vehicles.  

 

1.2.3.2 Tyre pressure monitoring system 

 

To run a vehicle with lower tyre pressure results in higher fuel consumption. A drive can 

save a significant amount of fuel while maintaining the designated tyre pressure during a 

long trip. The Tyre pressure monitoring system warns the driver in case of a low tyre 

pressure than the designated tyre pressure. The instrument cluster displays a warning signal 

when tyre pressure falls below the designated value. This system will help the driver to 

maintain the tyre pressure of the vehicle during all course of running. 

 

1.2.3.3 Six or more speed transmission 

 

Today’s automobile comes with engines having enormous power to deal with a variety of 

road conditions. The vehicle needs less engine power on a flat terrain compared to the hilly 

terrain. Six or more speed transmission can help to run the vehicle in higher gear ratios 

while driving on a flat road. An increase in transmission speed ratios results in a substantial 

reduction in fuel consumption and pollutant emissions.  

 

1.2.3.4 Electric/Hybrid vehicle 

 

In an electric vehicle, an IC engine is replaced with an electric motor and a fuel tank is 

replaced with a battery. The energy stored in the battery is utilised to power the electric 

motor. Electric vehicles are more effective under urban driving conditions.   Pollutant 

emissions and running cost of electric vehicles are lower compared to IC engine based 

vehicles. Hybrid vehicles are gaining attention as they address problems associated with 

electric vehicles like initial cost, range and charging time. 

 

1.2.3.5 Regenerative braking 

 

During frictional braking of the vehicle, the kinetic energy of the vehicle is dissipated 

through heat. Whereas in a regenerative braking system, a portion of the kinetic energy of 
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the vehicle is recovered in a useful form that can be stored or used immediately. The 

application of the regenerative braking system to a vehicle not only reduces fuel 

consumption but increases the life of brake system components and reduces maintenance 

cost. The regenerative braking system is most suitable for vehicles plying under urban/city 

driving conditions.  Advantages of the application of the regenerative braking system to the 

vehicle are as following:   

 

 Enhanced fuel economy – Partial recovery of lost kinetic energy during braking, 

Operating engine in best efficiency region with power assistance from recovered 

energy/downsizing the engine.  

 Reduced pollutant emissions – Improved fuel economy, reduced pollutant 

emissions by assisting engine power during acceleration. 

 Improved vehicle performance – A higher acceleration by assisting engine power 

during acceleration. 

 Improved life of brake components – Reduced wear of friction lining, increases 

periodic maintenance of braking components. 

 Decreased auxiliaries – Elimination of starter motor, reduced gearbox ratios. 

 

Disadvantages of the application of the regenerative braking system to the vehicle are as 

following:   

 

 Increased weight – Additional components of the regenerative braking system can 

increase the weight of the vehicle. 

 Complexity – Integration of regenerative braking system to friction braking system 

and engine.  

 Added cost – Cost of components for a regenerative braking system. 

 Noise – Operational noise of the regenerative braking system.  

 Safety – Failure risk of additional components of a regenerative braking system. 

 Size and packaging constraints – Reduced space predominantly for a passenger car. 

 Added maintenance requirement – Maintenance requirement for a regenerative 

braking system. 
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1.3 Different types of Regenerative braking systems 

 

There are many conceptual and promising regenerative braking technologies available. 

Based upon how the braking energy is stored, many brake energy regeneration systems are 

available in the market.   However, following regenerative braking technologies are at an 

advanced stage of development and implementation.  

 

 Flywheel/Kinetic brake energy regeneration system 

 Compressed-air brake energy regeneration system 

 Electric brake energy regeneration system 

 Hydraulic brake energy regeneration system 

 

1.3.1 Flywheel brake energy regeneration system 

 

A flywheel is used to capture and store the mechanical or rotational kinetic energy of the 

wheels. During braking operation, a flywheel is coupled to the wheel through the gearbox.  

The kinetic energy of the vehicle is utilised to spin the flywheel. The amount of energy 

stored can be increased by increasing the mass and speed of the flywheel. Energy 

conversion losses are least while using a flywheel as an energy storage device.  Flywheel 

has high storage energy capacity to compare to its counterparts. Advantages of the 

application of flywheel regenerative braking system to the vehicle are as following:   

 

 High power and energy density 

 The flywheel life is independent of the charge-discharge cycle. 

 Less maintenance required 

 While operating in a vacuum container, temperature effects are least.  

 Energy conversion efficiency in a range of 85-90% 

 Flywheels are highly reliable, safe, long life, energy-efficient and non-polluting. 

 Able to cyclic discharge to zero energy without degrading 

 

 Disadvantages of the application of flywheel regenerative braking system to the vehicle 

are as following:   
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 Rotating mass creates stability problems in automobile. 

 Packaging of the system to a passenger car is difficult. 

 To reduce system size gearbox are added to the system reduces controllability and 

increases the complexity of the system. 

 

1.3.2 Pneumatic brake energy regeneration system 

 

An air compressor is used to capture and store the mechanical or rotational kinetic energy 

of the wheels. During braking operation, an air compressor is coupled to the wheel through 

the gearbox.  The kinetic energy of the vehicle is utilised to power the compressor. The 

kinetic energy is stored in the form of compressed air. The amount of energy stored can be 

increased by setting the system pressure at a higher value. Energy conversion losses are 

higher compared to the flywheel regenerative braking system. Advantages of the 

application of a pneumatic regenerative braking system to the vehicle are as following:   

 

 The Engine can be used as a compressor. 

 Very low losses during energy storage. 

 Not as costly compared to other technologies. 

 The efficiency of the system can be further boosted with the utilization of heat 

energy of exhaust gas. 

 The system is safe, reliable, non-polluting and has a long life.  

 Integration of the system is easier compared to other technologies. 

 

Disadvantages of the application of pneumatic regenerative braking system to the vehicle 

are as following:  

 

 Energy storage capacity and density are low compared to its other technologies. 

 Moisture in the air can affect the life, performance and maintenance of the system 

components. 
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1.3.3 Electric brake energy regeneration system 

 

Electric motor and battery are used to capture and store the mechanical or rotational kinetic 

energy of the wheels. During braking operation, an electric motor is coupled to the wheel 

through the gearbox.  The kinetic energy of the vehicle is utilised to spin the electric motor. 

The kinetic energy is stored in the form of chemical energy in the battery. The amount of 

energy stored can be increased using a higher voltage. Energy conversion losses are higher 

compared to the other regenerative braking system. Advantages of the application of an 

electric regenerative braking system to the vehicle are as following:   

  

 Excellent energy storage capacity. 

 The state of technology is advanced and proven. 

 Readily available in the market. 

 Integration of the system to the vehicle is simple. 

 The utilization of regenerated energy is easier.  

 

Disadvantages of the application of an electric regenerative braking system to the vehicle 

are as following:   

 

 Power density is low compared to other technologies. 

 Maintenance cost is higher and battery life is limited. 

 Unable to capture entire available braking energy. 

 Losses of energy due to energy transformations. 

 The efficiency of the system is lower. 

 

1.3.4 Hydraulic regenerative braking system (HRBS) 

 

A hydraulic pump and accumulator is used to capture and store the mechanical or 

rotational kinetic energy of the wheels. During braking operation, a hydraulic pump is 

coupled to the wheel through the gearbox.  The kinetic energy of the vehicle is utilised to 

power the hydraulic pump. The kinetic energy is stored in the form of compressed nitrogen 

in the accumulator. The amount of energy stored can be increased with the setting of the 

system pressure at a higher value. Energy conversion losses are higher compared to the 
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flywheel regenerative braking system.  Advantages of the application of a hydraulic 

regenerative braking system to the vehicle are as following:    

 

 System losses are very less during conversion and energy storage. 

 Not as costly compared to other technologies. 

 The system is safe, reliable, non-polluting and has a long life.  

 Integration of the system is easier compared to other technologies. 

 

Disadvantages of the application of a hydraulic regenerative braking system to the vehicle 

are as following:    

 

 Energy storage capacity and density are low compared to its other technologies. 

 

1.4 Hydraulic regenerative braking system (HRBS) 

 

1.4.1 Principle of working 

 

In a hydraulic regenerative braking system, braking energy is stored in the form of pressure 

energy of a fluid in a hydraulic accumulator by compressing nitrogen/inert gas.  

 

1.4.2 The architecture of the HRBS 

 

Figure 1.2 depicts the basic architecture of a hydraulic regenerative braking system. The 

major components of hydraulic regenerative braking systems are as following: 

 

 Hydraulic accumulator 

 Hydraulic pump/motor unit  

 Hydraulics connectors 
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FIGURE 1.2: Architecture of hydraulic regenerative braking system 

 

1.4.2.1 Hydraulic accumulator 

 

Accumulators store the energy when hydraulic system pressure exceeds a threshold value 

and provide hydraulic energy when the system pressure falls below the threshold value. In 

many respects, it resembles the operation of a capacitor in an electronic power supply. An 

accumulator usually performs the following functions: 

 

 Storage of energy in the form of high-pressure fluid. 

 It provides a reserve of power and supply oil for high transient flow demands 

 It provides sufficient power to complete one or more cycles of operation of the 

equipment when the pump does not work 

 

The selection and design characteristics of accumulators will vary with the applications of 

an accumulator in the system. A few of the selection considerations are: 

 

 The size and mass of a unit 

 Operating temperature range 

 An operation to be performed by the unit 

 Quantity of energy to be stored by the system 

 

Hydro-pneumatic accumulators are the most common type of accumulators used in the 

industry. Nitrogen gas is used for storing oil under pressure. Following are the most 

common types of hydro-pneumatic accumulators: 
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 Bladder type accumulator 

 Diaphragm bladder type accumulator 

 Piston type accumulator 

 Metal bellows-type accumulator 

 

Bladder type accumulators are most suitable for energy storage compared to other types. It 

consists of a metal shell and an elastomeric bladder.  The shell is attached to the fluid pipe 

through a fluid port. Nitrogen gas is filled in the bladder through a valve located on top of 

the shell.  A typical bladder type accumulator is shown in Figure 1.3. The bladder is 

charged to a pre-charge/nominal pressure when a fluid port is closed. When the pump 

develops pressure exceeding the nitrogen pressure, oil flows into the accumulator against 

the gas pressure. When the bladder is fully compressed, the nitrogen pressure and the 

hydraulic pressure are equal to the system pressure. As system pressure drops the bladder 

expands, forcing fluid from the accumulator into the system. As the bladder expands, 

pressure in the bladder decreases. The bladder will continue to expand until the gas 

pressure equals the hydraulic pressure or system pressure. The maximum flow rate of the 

fluid can be controlled by the opening area of the orifice and the pressure difference across 

the opening. The main advantages of this type of accumulator are fast response and low 

hysteresis. The bladder type of accumulator is the best choice for pressure pulsation 

damping and is also reliable in service. The size of the gas accumulator is larger than the 

other type of accumulators. 

 

 

Figure 1.3: Bladder type hydraulic accumulator [7] 
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The basic term for defining different pressure and volumes are enlisted as following: 

 

 Pre-charge pressure (PO): It is the pressure of the nitrogen in an accumulator 

without any hydraulic fluid in the accumulator.  

 Accumulator volume (VO): Accumulator volume or the total volume of the 

accumulator is the volume of the gas bladder at pre-charge pressure. The quantum 

of energy stored is directly proportional to the accumulator volume. 

 Initial accumulator pressure (P1): This is the minimum pressure that the 

accumulator must maintain in the hydraulic system to avoid any damages to the 

bladder. 

 Initial accumulator volume (V1): This is the volume of the gas bladder 

corresponding to Initial accumulator pressure. 

 Maximum accumulator pressure (P2): It is the maximum hydraulic pressure in 

the accumulator according to design conditions. 

 Maximum accumulator volume (V2): This is the volume of the gas bladder 

corresponding to maximum accumulator pressure. 

 Output Volume ( V): It is the fluid displacement in or out of the accumulator 

between initial and maximum accumulator volume. Energy stored is proportional to 

the output volume.  

 

1.4.2.2 Hydraulic pump/motor 

 

The hydraulic pump/motor transfers the fluid in/out of the hydraulic accumulator while 

doing so they absorb/produce mechanical work. The amount of work depends upon the 

pressure ratio and a volume of fluid displaced. Fixed and variable displacement 

pump/motors are used based upon the system requirement. The power of the pump/motor 

can be calculated using the following equation: 

 

	 	 	∆ 	  
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Where, 

 

Notation Description Unit 

P Power required to drive the pump W 

x Displacement factor - 

N Revolutions of the pump  RPS 

P Initial pressure difference across pump Pa 

D Displacement of the pump m3/rev 

 

 Hydraulic connectors 

  

Direction control valves, hydraulic hoses and connectors are used to connect hydraulic 

components in the circuit to serve a useful purpose. A direction control valve is used to 

control the flow direction of hydraulic fluid in the circuit. Non-return valves allow the flow 

of fluid in one direction only. Hydraulic hoses are capable of withstanding very high 

pressure in the range of hundreds of bar. The selection of hoses and connectors are based 

on the port size of the hydraulic components like pump, motor and accumulator. Reducers 

and enlargers are used to connect components with different port size. The pressure relief 

valve is used to relieve excessive pressure above the set limit in a hydraulic circuit. 

 

1.5 Research area 

 

It is evident that urban/city driving conditions, a vehicle observes frequent braking, 

prolonged idling time, low average speed, higher acceleration episodes and very low 

cruising. The vehicle driven under such conditions observes poor fuel economy and higher 

pollutant emissions. A significant amount of energy is wasted during numerous braking 

episodes. It is also evident that vehicle driving behaviour is far different from the standard 

driving cycle compared to urban/city driving conditions. To address the discussed 

problems, the present research is oriented to identify the braking energy potential and 

analysis of braking episodes of the experimental vehicle under real urban/city conditions. 

The research also aims to size the hydraulic accumulator and pump based on the analysis 

of the braking energy and braking pattern analysis for the experimental vehicle under 

study. Experimental investigations are carried out to study the effects of parametric 

variations like initial accumulator pressure, pump displacement, initial braking speed and 

vehicle mass on the recovery/regeneration efficiency of the regenerative braking system. 
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Finally, prediction of improvement in fuel economy is carried out with the application of a 

hydraulic regenerative braking system to the vehicle.  

  

1.6 The Constraints of Research work 

 

Experimental work under real-world conditions has a large number of parameters to study. 

However, it is very difficult to involve all the parameters related to the study. Hence, the 

present experimental work is carried out with the following constraints.  

 

1.  The design of the experimental hydraulic regenerative braking system (HRBS) 

carried out at the initial set of parameters.  

2. Any effect of the gradient is not considered while calculating regenerative braking 

related parameters in the analysis. 

3. The analysis focuses only on regenerative braking system design, thus any 

influence of traction application is not accounted while making design or control 

decisions. 

4. While utilization of recovered energy, the conversion efficiency of 100% is 

considered. 

5. The HRBS applies brake torque to the rear wheels only. The friction brake of the 

vehicle remains idle during the regenerative braking episode.   

6. It is assumed that regenerated energy is utilized during immediate acceleration and 

the accumulator will be at initial pressure at the next braking episode.  

7. Proportional reduction in available braking energy due to aerodynamic drag and 

rolling resistance is calculated at the initial braking speed of 50 kmph and 

subtracted from the gross kinetic energy of the vehicle.  

8. While analysis of fuel economy, it is assumed that the recovery efficiency of the 

HRBS system remains constant throughout the span of 10 kmph. Prediction of fuel 

economy improvement is carried out at average and minimum overall regeneration 

efficiency of the HRBS.  

9. Prediction of fuel economy does not account for the deceleration rate followed 

during the particular braking episode.  

10. The HRBS is unable to regenerate at a certain set of parametric variations at the 

initial braking speed of 10 kmph. Hence, some portion of result discussion excludes 

results obtained during the initial braking speed of 10 kmph.  
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11. The vehicle deceleration rates were assumed to be constant throughout the braking 

episode.  

 

1.7 Original contribution by the thesis 

 

At present, Indian vehicle manufacturers are facing problems of reducing pollutant 

emission and improving fuel economy for upcoming vehicles. City driving conditions like 

frequent start-stop, prolonged idling and low average speed results in higher pollutant 

emissions and reduced fuel economy of the vehicle. The research work carried out can be 

generalized and applied to design a hydraulic regenerative braking system for different 

vehicles. Application of hydraulic regenerative braking to the vehicle results in reduced 

pollutant emission, improved fuel economy and increased average speed during city 

driving conditions.   

The thesis identifies critical parameters for observation to obtain brake energy regeneration 

potential for a vehicle. Quantum of braking energy, initial braking speed and deceleration 

rate are critical parameters to design a hydraulic regenerative braking system. Procedures 

followed during the study help to design and select important components for a 

regenerative braking system for other vehicles. 

The study carried out shows the effects of parametric variations on the regeneration 

efficiency of the hydraulic regenerative braking system. It is seen that reduction in initial 

accumulator pressure and larger pump displacement results in improved regeneration 

efficiency. The effect of limited mass variation has little effect on the regeneration 

efficiency of the system. Deviation in initial braking speed corresponding to design pump 

speed results in lowered regeneration efficiency of the system. The study shows that under 

actual city driving conditions, the application of the regenerative braking system can 

significantly improve the fuel economy and reduce pollutant emission of the vehicle.  

1.8 Structure of the Thesis 

 

Chapter 1 (Introduction): In this chapter, the motivation and background behind the 

work are described. The chapter gives insight into the need and basic knowledge of 

regenerative braking systems. Finally, the chapter includes a research area, the original 

contribution and constraints of the present research work.  
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Chapter 2 (Literature survey): The chapter describes the state of the art of the present 

research area. Based on the extensive literature survey, this chapter also describes the 

research gap, problem identification and objectives of the present research work.   

 

Chapter 3 (Development of Experimental setup and procedure): This chapter describes 

the design of important components of the regenerative braking system. Modification of 

the experimental vehicle with a hydraulic regenerative braking system is discussed in this 

chapter. Finally, the experimental procedure and sample calculations are covered in this 

chapter. 

 

Chapter 4 (Results and Discussion): This chapter describes the braking energy potential 

for the experimental vehicle under real-world urban/city driving conditions. Braking 

energy distributed according to the braking pattern of the episode. The chapter identifies 

the recovery efficiency of the hydraulic regenerative braking system. Effects of parametric 

variations like initial accumulator pressure, pump displacement, initial braking speed and 

vehicle mass on recovery efficiency of the HRBS is discussed in this chapter.  Finally, the 

prediction of improvement in fuel economy is described for the vehicle understudy during 

real-world driving conditions.  

 

Chapter 5 (Conclusion): The conclusions obtained from the present research work 

provide the guidelines and direction for future researchers in this field by generalizing the 

results of the application of hydraulic regenerative braking system to the vehicles driven 

under similar environment. In short, the conclusion is the brief outcome of the work done 

during the present research. 

 

Chapter 6 (Uncertainty Analysis): This chapter identifies the uncertainty in results 

calculated at measured and derived parameter during derivation of recovery efficiency of 

the hydraulic regenerative braking system.  
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CHAPTER 2 

 

Literature survey 

 
2.1 Background for the study  

 

The automobile sector is facing burning problems of pollutant emissions and improving 

fuel economy. Pollutant emission from the automobile is one of the causes of reduced air 

quality of major cities in India. T. Ramchandra et al. carried out a sector-wise assessment 

of carbon footprint across major cities in India [4]. The study shows that the proportion of 

the equivalent amount of CO2 emission from the transport sector ranges from 12.7 to 

56.8% in gross pollutant emissions based on the city. The road transport emission share is 

highest in the Hyderabad, whereas Kolkata has the lowest share. The study clearly shows 

that road transport significantly contributes to gross emissions in large cities. These 

pollutants emissions lead to the poor air quality index (AQI) of the majority of cities in 

India. The average air quality index is 152 for the year 2019 which is rated as unhealthy 

[8]. Since 1991, the Government of India has implemented the emission norms to curb 

pollutant emissions.   The emission standards are continually strengthening and demands 

for new vehicle technologies. Vehicle manufactures successfully managed to comply with 

emission standards from time to time with the introduction of new technologies. However, 

the emission norms, that came in force only limit the rate at which pollutants are emitted 

and not the total amount of pollutants released into the atmosphere. To control gross 

automotive pollutant emissions, the government of India has now introduced the CAFE 
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standards. The CAFE standard limits the amount of pollution in gram per km. Though the 

CAFE standard strongly supports electric hybrid vehicles, technologies like start-stop, 

regenerative braking, tyre pressure monitoring system and 6 or more speed transmission 

technologies are given due importance [9]. A study by Amy Hu et al. [10] shows that City 

bus operations require frequent stops, acceleration and deceleration. The buses with 

regenerative brake systems, hybrid technologies, or other efficient stops/go features may 

stand out in energy and emission performances for their effective management of low-

speed operations. A study by William Midgley and David Cebon [11] shows that present 

technologies like regenerative braking, stop-start hybrid, aerodynamic improvements and 

engine efficiency improvements have the potential to reduce fuel consumption by 20, 7, 7 

and 3% respectively. A simulation study by Goodfellow Craig et al. shows that combined 

application of start-stop function and electric regenerative braking system results in fuel 

savings by 21.2, 7.8 and 4.4% compared to a conventional Ford Transit T280 vehicle 

running under UDDC1, UDDC2 and NEDC drive cycle respectively [12]. The study shows 

that regenerative braking has a far greater potential to reduce fuel consumption compared 

to other technologies discussed above.  

 

2.2 Brake energy regeneration  

 

2.2.1 History of the regenerative braking system [13] 

 

Since the late 1800s, the concept of recovery of waste kinetic energy during braking is in 

existence. An early attempt was made to install spring type regenerative braking on front-

wheel-drive bicycles or horse-drawn cabs. The Baku-Tbilisi-Batumi railway started 

applying RBS in the early 1930s. Oerlikon has developed gyrobus using a flywheel type 

energy storage system in the 1950s. The AMC Amitron is the concept electrical car that 

used an electrical brake energy regeneration system manufactured by the American Motor 

Car Company (AMC) in 1967. Toyota was the first car manufacturer to commercialize 

Regenerative Braking System (RBS) technology in their Prius series hybrid cars. Since 

then, RBSs has evolved to be used in almost all-electric and hybrid cars, as well as some 

gas-powered vehicles. 
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2.2.2 Quantum of brake energy of the vehicles 

 

To identify a need for a brake energy regeneration system one must know the potential of 

kinetic energy lost during the braking of a vehicle. A comprehensive review study by 

Clegg S. J. shows that 62.5% of energy is dissipated in the metropolitan cycle due to 

frequent braking [14].   A simulation study by Torsten Kohmascher and Hubertus 

Murrenhoff shows that kinetic energy stored in forklift truck of approx. 12 tons is 62 Wh at 

22 kmph [15]. The study shows that when the forklift truck is loaded with 8 tons the 

kinetic energy stored reaches 104 Wh. A Well to wheel analysis shows that a very minor 

proportion of fuel energy at the tank is available as mechanical power at wheels under real-

world driving conditions. A study by Andrej Ivanco et al. shows that a refuse truck 

receives only 1/6 of the fuel energy at the wheel [16]. Besides, the study shows that 

braking energy represents around 68% of the energy loss at the wheels.  Another approach 

of showing the quantum of braking energy is using country-specific drive cycle analysis. 

The driving cycle of the specific country is the repetitive speed-time data of any vehicle 

over time in that country. The drive cycle is a useful tool to understand the microscopic 

movement of the vehicle and provides important data like average vehicle speed, 

maximum speed, number of acceleration and deceleration events, acceleration and 

deceleration rates, idle time and travel time to cover the specific distance.  Driving cycles 

are useful to assess the performance of vehicles in terms of fuel consumption, pollutant 

emissions and acceleration performance. The researcher uses the driving cycle analysis to 

estimate the quantum of braking energy for a particular vehicle running under similar 

conditions. A simulation study by Gino Sovran and Dwight Blaser shows that the average 

braking energy to tractive energy ratio for US 5U/3H, NEDC and Japan 10/15 drive cycle 

is 0.302, 0.310 and 0.460 respectively [17]. A simulation study by Fabio Santiciolli et al. 

shows that a vehicle that has a mass of 1206 kg dissipates 1/9 of total energy as braking 

energy under the Brazilian driving cycle [18]. A simulation study on an electric city bus by 

Perrotta Deborah et al. shows that available brake energy regeneration potential is 21% and 

24% of total energy to complete NYCC and UDDS driving cycle respectively [19]. The 

study is done with accounting for available energy as 65% of the total energy. An 

exhaustive study by Lars-Henrik Bjornsson and Sten Karlsson [20] shows that under 

Swedish driving conditions, the regeneration potential for a mid-size car is 0.033 kWh/km 

and corresponds to 27% of the traction energy. Urban /city driving conditions show a 



Chapter 2 Literature survey 

23 
 

considerable higher quantum of braking energy, compared to highway driving, mainly due 

to stops at intersections, traffic jam and short distance travel.   

 

2.2.3 Potential of brake energy under urban/city driving conditions 

 

One must admit that urban/city driving conditions lead to the more frequent application of 

brakes compared to highway driving conditions. The potential of braking energy increases 

proportionally as the number of braking episodes increases. The fuel economy of a vehicle 

under urban driving conditions is always lower than highway driving conditions. The 

vehicles like a city bus, BRTS bus, garbage truck, school van, shuttle rickshaw show the 

additional potential of braking energy due to their nature of duty compared to other 

vehicles plying through the urban area. An exhaustive study by Lars-Henrik Bjornsson and 

Sten Karlsson [20] shows that a high share of city driving correlates with a high amount of 

energy lost through braking per km. Various studies show that a standard driving cycle 

does not match the vehicle running profile during actual driving conditions. Average and 

maximum vehicle speed during actual city driving conditions is significantly lower 

compared to the standard driving cycle.  Deceleration and idling durations are significantly 

higher under actual city driving conditions compared to the standard driving cycle. Gross 

emissions per distance covered are higher under city driving conditions. An experimental 

study by Sachin Chugh et al. shows that vehicle driving in Delhi city has average and 

maximum speed is lower by 45.8 and 33% respectively compared to Modified Indian 

Driving Cycle (MIDC) [21]. The study shows that the idling and deceleration time are 

higher by 20.5 and 20.8% under the Delhi driving cycle compared to MIDC. The study 

shows that both gasoline and diesel vehicle emits a higher amount of CO, CO2 and HC per 

km under Delhi Drive Cycle (DDC) compared to MIDC. However, the study shows that 

NOx emissions are lower under DDC compared to MIDC. An experimental work carried 

out by Michael Lammert et al. shows that a postal hydraulic hybrid vehicle drives an 

average of 56 miles per day at an average driving speed of 18 mph. The HHV drove 20% 

of the miles below 15 mph, 35% of the miles between 15-30 mph and 45% of miles drove 

above 30 mph [22]. Due to serious traffic congestion in Beijing, the low-speed or 

acceleration operations can easily lead to higher emission and fuel consumption levels 

[23]. In general, under urban/city driving conditions, the quantum of braking energy and 

pollutant emissions are significantly higher compared to the standard driving cycle and 

highway driving conditions.  
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2.2.4 Acceleration and emission performance with regenerative braking  

 

Application of a regenerative braking system, to the conventional vehicle, not only 

improves the fuel economy of the vehicle but it improves acceleration and emission 

performance of the vehicle. Captured braking energy is utilised to assist the engine power 

during the acceleration event. This will lead to an increase in average speed and reduced 

trip duration of the vehicle during city driving conditions. A simulation study carried out 

by Kim Young et al. on a series hydraulic hybrid propulsion system for a light truck shows 

the reduction in acceleration time by 5% compared to the conventional vehicle while 

accelerating through 0-50 mph [24]. Experimental investigation on chassis dynamometer 

carried out by R Kepner shows that, with the hydraulic power assist system, acceleration 

time, for 0-30 mph, reduced by 35% for a vehicle weighing 7000 lb [25]. An experimental 

study by Flynn M. et al. shows that a bus fitted with the flywheel-regenerative braking 

system shows approximately 1/3 of acceleration time for 0-72 kmph [26]. Norio Nakazawa 

et al. carried out an experimental study demonstrates a reduction in acceleration time by 

6.5% by installing a hydraulic regenerative braking system on city bus [27]. A simulation 

study by M. Vint and D. Gilmore [28] shows that acceleration time, through 0-50 kmph, 

for transit bus with RBS is significantly lower compared to conventional transit bus. 

Various studies have reported the impact of the acceleration period on pollutant emissions 

of the vehicle. During the acceleration period, the pollutant emissions per distance covered 

are higher compared to the cruising phase of the vehicle. Experimental investigation on 

diesel Volvo bus by Jayaratne E. et al. shows that the CO2 emission is 63% greater when 

accelerating from rest to 80 kpmh over cruising past at this speed to cover the same 

distance of 850.3 m [29]. Several studies [10, 23] show that the emission factors of CO2, 

CO, HC, NOx and PM as well as fuel consumption factors for buses are closely related to 

speed and acceleration. They all decrease as speed increases and they all increase as 

acceleration increases. The sharp acceleration significantly increases bus emissions and 

fuel consumption. Experimental investigation on chassis dynamometer carried out by R 

Kepner shows that with the hydraulic power assist system, pollutant emission of CO2, 

NOX, HC and CO is reduced by 19, 30, 21 and 32% respectively for a vehicle weighing 

7000 lb under EPA city cycle with heavier acceleration [25].  
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2.3   Brake energy regeneration systems 

 

The brake energy regeneration system recovers the braking energy generally wasted as 

heat during the braking operation of the vehicle. There are various types of regenerative 

braking systems depending upon the type of energy storage used. Kinetic/flywheel, 

pneumatic, electric and hydraulic regenerative braking systems are the most researched 

regenerative braking systems. 

 

2.3.1 Kinetic/flywheel/mechanical brake energy regeneration system 

 

In this type of brake energy regeneration system, the energy is stored in form of kinetic 

energy or strain energy. This kind of system can achieve higher recovery efficiency due to 

fewer energy conversions during the braking energy absorbing process. An experimental 

study by Hayes R. et al. shows that a composite flywheel running at 40000 rpm is capable 

to store the braking energy of an electric bus [30].  An experimental study by Flynn M. et 

al. shows that a composite flywheel having a mass of 58.2 kg and running at 40000 rpm is 

capable to store the 1.93 kWh of braking energy of an electric bus [26].  The study also 

shows that a bus fitted with a flywheel-regenerative braking system has a 25% tractive 

power reduction during acceleration from 0-72 kmph. The experimental investigation, on a 

scaled model of 3000 lb vehicle, by L. Hoppie demonstrates round trip energy transfer 

efficiency of the elastomeric regenerative braking system around 71.2% [31]. A simulation 

study for a vehicle mass of 1500 kg by Latchezar Tchobansky et al. shows that a fuel 

saving of 0.476 kg per 100 km is possible with the application of a purely mechanical 

energy storing device with CVT [32].  

 

2.3.2 Pneumatic brake energy regeneration system 

 

The pneumatic regenerative braking system stores energy in the form of high-pressure gas 

in a cylinder using a compressor. The storage capacity of the system increases with an 

increase in maximum pressure.  The system has moderate power density and poor energy 

density and mostly suitable for small size applications. A simulation study on the bus by 

Joao Francisco et al. shows that a pneumatic regenerative braking system can accumulate 

5.92% of the available braking energy operating at 40 bar pressure [33].  
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2.3.3 Electric brake energy regeneration system 

 

The electric brake energy regeneration system uses the battery to store the energy absorbed 

during braking. The system has poor power density and excellent energy density. A 

simulation study on an electric bus by Farhad Sangtarash et al. shows that an electric 

regenerative braking system is capable to recover 15-36% of total input energy based on 

various braking strategies under Nuremberg driving cycle [34].  A simulation study on an 

electric city bus by Perrotta Deborah et al. shows that batteries can absorb 67% and 57% of 

the available braking energy under the NYCC and UDDS driving cycle while neglecting 

the battery efficiency [19]. A simulation study by Torsten Kohmascher and Hubertus 

Murrenhoff shows that application of hydraulic regenerative braking and capacitor 

regenerative braking to a loaded forklift truck of approx. 20 tons results in around 38% and 

14% fuel savings compared to the conventional vehicle [15].  

 

2.3.4 Hydraulic brake energy regeneration system 

 

The hydraulic brake energy regeneration system uses the hydraulic accumulator to store 

the energy absorbed during braking. The system has excellent power density and fair 

energy density. A simulation study on the heavy truck using a regenerative hydraulic in-

wheel motor by  Guanghan Li et al. shows that 24 -58 % of the braking energy can be 

regenerated using different control strategies [35].  The simulation study on 1900 kg 

vehicle under FTP driving cycle done by Marcello Canova et al. shows that round trip 

efficiency of the hydraulic regenerative braking system can range between 44.8 to 60.1% 

based on the performance requirement of the vehicle [36]. Experimental investigation on 

chassis dynamometer carried out by R Kepner shows that it is possible to absorb 72% of 

the available braking energy in the EPA city cycle with the hydraulic power assist system 

[25]. Experimental and simulation study on the heavy hybrid vehicle done by Hui  Sun et 

al. shows that hydraulic regenerative braking system can regenerate 71.87, 59.20, 62.51 

and 48.93 % of the braking energy under 1015 JDC, NYCC, NEDC and HWFET driving 

cycle respectively [37]. A simulation study by Peirong wu et al. shows that a hydraulic 

pump-accumulator can recover 41.4% of road-load plus acceleration-energy for a 1360 kg 

vehicle running under FUDC. The simulation results show that a passenger vehicle with a 

mass of 1360 kg, can attain a mileage of 25 km/l under FUDC [38]. A simulation study 

carried out by Kim Young et al. on series hydraulic hybrid propulsion system for a light 
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truck shows 49.2 % improvement in fuel economy compared to the conventional vehicle 

under FUDC city driving cycle [24].  

 

2.3.5 Suitability of brake energy regeneration system for automotive application 

 

A comprehensive review by Clegg S. J. shows the summary of regenerative braking 

systems in table 2.1. The study shows that flywheels are best in efficiency, capacity and 

power performance. However, while considering parameters like efficiency, capacity, 

power and complexity, hydraulic regenerative braking systems are most suitable for 

regenerative braking system for automotive application [14]. A study by William Midgley 

and David Cebon shows that hydraulic regenerative braking systems are more preferable to 

electric or kinetic systems when specific and volumetric properties are used as the decision 

metrics. The study shows that hydraulic systems are up to 33 % smaller and 20% lighter 

than the electrical system [11]. Experimental and simulation study on the heavy hybrid 

vehicle done by Hui Sun et al. shows that hydraulic regenerative braking system is 

significantly more efficient than battery regeneration system [37]. A study by Jia-Shiun 

Chen [39] shows that under series hybrid configuration hydraulic regenerative braking 

systems are more efficient than electric regenerative braking system. An experimental 

study by Robert Llyod shows that a replacement of conventional hydraulic transmission 

with hydraulic transmission results in a cost saving of 800 dollars and estimated fuel 

savings around 25% under combined city-highway operation [40].  

 

TABLE 2.1 Comparison of different regenerative braking systems [14] 

 

Braking System 

Parameters 

Efficiency Capacity Power Complexity 

Flywheel Good Good Fair Poor 

Hydraulic Fair Fair Good Fair 

Batteries Good Poor Poor Good 

Elastomeric Poor Fair Good Fair/good 
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2.4   Hydraulic brake energy regeneration system 

 

As discussed above, hydraulic regenerative braking systems are most suitable compared to 

other regenerative braking systems. Various theoretical, simulation and experimental 

researches show that the application of hydraulic regenerative braking leads to significant 

improvement in the fuel economy of the vehicle. 

 

2.4.1 Improvement in fuel economy 

 

A comprehensive review by Clegg S. J. shows that all the energy, dissipated in the 

metropolitan cycle due to frequent braking if recovered than fuel consumption would be 

improved by 33%.  The study shows that a 1000 kg vehicle can achieve a theoretical fuel 

savings of 15% [14].  The study done by Marc Ross et al. shows that, the application of a 

hydraulic regenerative braking system can increase the fuel economy of the vehicle from 

5.45 l/100 km to 4.08 l/100 km under urban driving conditions [41]. A simulation study by 

S. Tollefson et al. shows that a 1360 passenger car mileage can be improved form 25-30 

mpg to 65 mpg with the application of hydraulic regenerative braking under city driving 

conditions. The study shows that with the application of hydraulic regenerative braking 

mileage of 70.2, 66.0 and 48.9 mpg can be achieved under NYCC, FUDC and FHC driving 

cycle respectively [42]. A simulation study on the Ford Mondeo vehicle by Toulson E. 

shows that the application of hydraulic launch assist can save fuel by 9.8% and 7.45% 

compared to the conventional vehicle under UDDS and SFTP driving cycle respectively 

[43].  A simulation study by Torsten Kohmascher and Hubertus Murrenhoff shows that 

application of regenerative braking to a loaded forklift truck of approx. 20 tons results in 

around 38% fuel savings compared to a conventional vehicle. The study shows that the 

application of the capacitor for regenerative braking results in 14% fuel savings [15].  

 

Experimental studies show a bit smaller improvement in fuel economy compared to 

simulation or theoretical study with the application of hydraulic regenerative braking 

system. Norio Nakazawa et al. carried out an experimental study on the effects of the 

hydraulic regenerative braking system on city bus [27]. The study shows that a 90-litre 

accumulator operating between pressure range between 20 and 34.3 MPa is capable to 

store the energy of a bus with a mass of 13000 kg braking from 40 kmph. A study by 

Andrej Ivanco et al. shows that a parallel hydraulic hybrid platform applied to refuse truck 
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shows 9.4% of fuel savings under a specific duty cycle [16].   The mass of the brake 

energy regeneration system is around 600 kg. The study shows that the implementation of 

a brake energy regeneration system results in around 40 % improvement in fuel 

consumption of the bus. Experimental investigation on chassis dynamometer carried out by 

R Kepner shows that the fuel economy of 7000 lb vehicle improves between 23.6 - 35.5% 

under EPA city cycle with the application hydraulic power assist system [25].  A study 

carried out by Michael Lammert et al. shows that the hydraulic hybrid postal van 

demonstrated 19%-52% better fuel economy than conventional diesel on different driving 

cycle under laboratory test conditions [22]. The hydraulic hybrid postal van demonstrated 

30%-56% better fuel economy than conventional gasoline on different driving cycles. 

Incorporation of regenerative braking system to the vehicle at production state may result 

in the reduced overall cost of the vehicle. An experimental study by Robert Lloyd shows 

that a replacement of conventional hydraulic transmission with hydraulic transmission 

results in a cost saving of 800 dollars and estimated fuel savings around 25% under 

combined city-highway operation [40]. 

 

2.4.2 Effect of parametric variation 

 

Parametric variation has a significant impact on the regeneration efficiency of the system. 

A simulation study shows that improving the efficiency of hydraulic components can 

significantly improve vehicle mileage. Parameters like size and displacement of the 

hydraulic pump, size of the hydraulic accumulator, operating pressures of the hydraulic 

accumulator and viscosity of hydraulic fluid have shown significant impact on the 

efficiency of the regenerative braking system.  

 

2.4.2.1 Effect of hydraulic pump-related parameters 

 

The simulation study by Hui Sun shows that the size of the hydraulic accumulator and 

pump have a remarkable influence on the vehicle performance and fuel economy [44]. An 

experimental and simulation study performed by Wei wu et al. shows that the design 

parameter of the hydraulic motor should be optimised considering the vehicle speed range 

since the operation efficiency of the hydraulic motor is closely related to its speed [45]. A 

simulation study on transit bus by M. Vint and D. Gilmore [28] shows that as pump 

displacement increases from 160 to 250 cc/ rev, predicted fuel savings improved from 16.3 
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to 23.6%. A simulation study considering vehicle mass of 2500 kg by Tri Vien et al. shows 

that operating the hydraulic pump/motor at a capacity between 30-100 % of the design 

capacity results in variation in system efficiency from 50.44 to 68.81% [46]. A study by 

Wu Peirong et al. shows that a significant amount of around 15% of energy loss occurs in 

two pump-motor units [38]. Laboratory experimental study carried out by Ramkrishnan et 

al. shows the effect of system parameters on the quantum of regeneration energy while 

using a hydraulic regenerative braking system. The study shows that as volumetric 

displacement of the hydraulic pump increases the quantum of regenerated energy increases 

[47]. The theoretical study under FUDC driving cycle carried out by Ramkrishnan et al. 

shows that increase in volumetric displacement of hydraulic pump results in increasing the 

quantum of regenerated energy [48]. A simulation and experimental study by 

Pourmovahed A et al. demonstrates that the efficiency of the hydraulic regenerative 

braking system with variable pump displacement, at high and moderate pump swivel 

angles, the round trip efficiency varies from 61 to 89 %.  The study shows that at small 

angles, this efficiency can be as low as 34% [49].   

 

2.4.2.2. Effect of hydraulic accumulator related parameters 

 

A simulation study by S. Tollefson et al. shows that the mileage of the vehicle improves as 

maximum accumulator pressure in hydraulic regenerative braking is reduced [42]. A 

simulation study on transit bus by M. Vint and D. Gilmore [28] shows that an accumulator 

size reduced from 100 to 50 l, predicted fuel savings improved from 14.3 to 16.3%. A 

simulation study on the storage capacity of the hydraulic accumulator by Puddu Pierpaolo 

and Maurizio Paderi shows that at initial accumulator pressure of 200 bar, the maximum 

accumulator pressure reaches to 350 and 450 bar respectively for ideal gas behaviour and 

real gas behaviour under isentropic compression. The study shows that accumulator should 

have a 40% higher capacity than the case of an ideal gas [50]. Laboratory experimental 

study carried out by Ramkrishnan et al. shows that the regeneration energy increases from 

10 J to 209 J as pre-charge pressure reduced from 0.8 MPa to 0.2 MPa. The study shows 

that regeneration energy increases as maximum accumulator pressure increased from 1 

MPa to 5 MPa [47]. The theoretical study under FUDC driving cycle carried out by 

Ramkrishnan et al. shows that decreasing accumulator pre-charge pressure results in an 

increasing quantum of regenerated energy [48]. A thermodynamic analysis by Satyam 

Panchal et al. [51] shows that the charging efficiency of the accumulator increases from 
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around 76 to 84% as pre-charge pressure decreases from 200 to 170 bar. However, the 

study shows that the cyclic impact of pre-charge pressure is balanced by higher efficiencies 

during the discharge cycle. Similar conclusions are drawn for the variations in accumulator 

outlet-pressure.   

 

2.5 Summary of the literature survey 

 

The following statements concisely summarise the above literature review for a better 

understanding of the state of the art of research work. 

 

 The automobile waste a significant portion of energy as braking energy. The 

quantum of braking energy significantly increases under urban/city driving 

conditions due to more frequent braking operations. The vehicles like a city bus, 

shuttle rickshaw, garbage truck, school van, school bus how even more braking 

energy potential due to their nature of service.  

 Various simulations, theoretical and experimental studies show that the application 

of regenerative braking can significantly improve the fuel economy of such 

vehicles. Additionally, the application of the regenerative braking system improves 

the acceleration performance of the vehicle and reduces pollutant emissions.  

 Hydraulic regenerative braking systems are more efficient and least complex 

compared to other regenerative braking technologies for automobile applications. 

 Parametric variations like Pre-charge and maximum accumulator pressure, 

pump/motor size and displacement, the viscosity of the hydraulic fluid, the control 

strategy of the system have a considerable impact on the recovery efficiency of the 

regenerative braking system.  

 Though the regenerative braking system adds a considerable amount of weight and 

bulk to an existing vehicle, the fuel economy of the vehicle improves significantly. 

 

2.6 Research gap 

 

The following statements concisely summarise the research gap found during the literature 

survey and used further to formulate the definition of the problem.  
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 A few research studies have been carried out in the field of the hydraulic 

regenerative braking system. Further, Most of the work is carried out using a 

simulation tool and/or using a laboratory experimental model. From open 

resources, it is found that a rare experimental work is done on actual vehicles under 

real-world road conditions. 

 It is observed that a few research studies, from the open resources, focus on Indian 

city driving conditions and Indian vehicles (Low average and maximum speed, 

Low vehicle mass).  

 Braking energy potential and analysis under real-world driving conditions in India 

for school van and BRTS bus is not available from the open resources.  

 A little or negligible experimental research studies found on the impact of 

parametric variation like the effect of initial braking speed, initial accumulator 

pressure, vehicle mass on regeneration efficiency of the system. 

 A little or negligible experimental/simulation studies on the impact of the fixed 

displacement pump on the regeneration efficiency of the system is available from 

open source.  

 Any experimental study using a light motor vehicle like the Maruti Omni van is not 

available from open source. 

 

2.7 Definition of the problem 

 

In India, vehicle manufacturers are challenged to improve fuel economy and reduce 

pollutant emission for upcoming production vehicles. Most Indian cities are facing 

problems of handling very dense traffic with the present road network and suffer poor air 

quality due to vehicular pollutant emissions. The situation becomes worst during rush 

hours, where traffic jam occurs for a longer duration. Under hectic city driving conditions, 

where a vehicle has to undergo frequent start-stop and long idling at junctions or traffic 

jam especially during rush hours, average vehicle speed reduces and impacts negatively on 

the capacity of the road network to handle the traffic. The above scenario adds worst to 

vehicles like a city bus, garbage truck, shuttle rickshaw, school van, school bus where they 

have to stop frequently for passenger or material exchange. During such driving 

conditions, a significant quantum of energy is wasted through a loss of kinetic energy 

during the braking operation of the vehicle. Besides, such vehicles are operated at part 
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engine load and speeds below 50 KMPH during almost entire hours of their operation. The 

vehicle running under such conditions suffers from the worst fuel economy, high pollutant 

emissions and longer trip duration. The application of a regenerative braking system to the 

vehicle helps to regenerate a portion of the brake energy wasted during braking and 

significantly improve fuel economy & reduce pollutant emissions. With due considerations 

of present research work on current situations following problem discussions are 

considered. 

 Problem discussion 1 

 

o During the detailed study of the literature, it is seen that majority of the 

research work is based on a vehicle under a foreign drive cycle. Under the 

foreign drive cycle, the average vehicle speed and mass of the vehicle 

studied are very high compared to the Modified Indian Driving Cycles part 

(MIDC). A study shows that actual driving parameters under study 

significantly vary from the Modified Indian Driving Cycle. The Idling and 

deceleration durations are higher during actual city driving conditions 

compared to the MIDC part I [21, 24, 52, 53]. Whereas, average and 

maximum vehicle speed are lower by more than 50% in actual city driving 

conditions compared to the MIDC part I. During actual city driving 

conditions, the quantum of brake energy regeneration potential is almost 

double compared to the MIDC part I [21, 24, 52, 53]. Various researches 

indicate that a study of available brake energy regeneration potential under 

actual city driving conditions needs to be carried out to critically design and 

operate a hydraulic regenerative braking system.  

 

 Problem discussion 2 

 

o From the open literature survey, it is seen that the majority of the research 

work carried out is based on simulation work. Majority of the experimental 

studies are carried out under controlled laboratory conditions. Very few 

experimental investigations are carried out using actual vehicles under real 

driving conditions. It is observed that results obtained during simulation, 

controlled laboratory conditions and real conditions vary significantly. 
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Hence, It is of utmost important to carry out research work on an actual 

vehicle running under real city driving conditions.     

 

 Problem discussion 3 
 

o Studies show that parametric variation has a significant influence on the 

performance of the hydraulic regenerative braking system. However, a 

handful of research work is available which discusses the effects of 

accumulator pre-charge pressure, pump displacement, accumulator pressure 

ratio, oil viscosity, accumulator final pressure using variable displacement 

piston pump. Further, there is a scope of the study to investigate the effects 

of initial accumulator pressure, pump displacement and initial braking speed 

on the performance of the hydraulic regenerative braking system using a 

fixed displacement gear pump. It is also important to study variation in 

vehicle mass due to continuously changing the number of occupants during 

operation of the vehicle like school van, city bus etc. 

 

2.8 Objectives of the research 

 

Objectives of the present research are 

1. To analyse the braking episodes and predict brake energy regeneration potential for 

school van and BRTS bus logged under real urban/city driving conditions. 

2. To design the hydraulic regenerative braking system for the school van and modify 

the vehicle with a hydraulic regenerative braking system. 

3. To investigate the effects of parametric variation in initial accumulator pressure and 

pump displacement on the recovery efficiency of the system. 

4. To investigate the effects of parametric variation in vehicle mass and initial braking 

speed on recovery efficiency of the system. 

5. To investigate the effect of the hydraulic regenerative braking system on the fuel 

economy of school van. 
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CHAPTER 3 

 

Development of experimental setup and procedure 

 
3.1 Methodology of experimentation 

 

3.1.1 Selection of the vehicle for prediction of braking energy 

 

The beginning of the experimental work starts with the selection of the vehicle. The 

vehicle with the maximum proportion of urban/city driving is best suitable for the 

significance of the present research study. It is observed that vehicles like shuttle rickshaw, 

school van, waste collection vehicles, city bus, BRTS bus have a similar operational 

profile. For the present research study, school van and BRTS bus are selected to estimate 

the quantum of braking energy under city driving conditions. It is observed that Maruti 

Eeco and Maruti van both are popular as school van and widely used to serve the purpose.  

Figures 3.1-3.2 show the actual photograph of the vehicles used for the school van in 

Vadodara city.  

 

 

FIGURE 3.1: Actual photographs of the vehicles used as the school van  
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FIGURE 3.2: Actual photographs of the vehicles used as the school van 

 

Considerations of modification convenience and affordability lead to select Maruti omni 

van for experimental purpose. BRTS is successfully running in major cities of Gujarat like 

Ahmedabad, Rajkot, Surat. A few bus models are used with close similarities in terms of 

vehicle performance and mass. For the present study on the BRTS bus, TATA Marcopolo 

LPO 1924 bus model is selected. Important specifications of the vehicles are described in 

Table 3.1 and Table 3.2 [54, 55].  

 

TABLE 3.1: Important specifications of School van [54]  

 

Make and Model School van (Maruti Omni) 
Engine power  24.5@5000 kW/RPM 

Maximum torque 59 @2500 Nm/RPM 
Front axle max 700 kg 

Rear axle loading  750 kg 
Kerb weight 785 kg 

 

TABLE 3.2: Important specifications of BRTS bus [55] 

 

Make and Model BRTS ( TATA Marcopolo) 
Engine power  180@2500 kW/RPM 

Maximum torque 925 @1700  Nm/RPM 
Front axle max 7000 

Rear axle loading  12000 
Gross vehicle Weight 19000 
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3.1.2 Braking energy data collection [56] 

 

To estimate brake energy regeneration potential under actual city driving conditions, a 

school van and a BRTS bus speed are plotted on a time-distance plot. Data is logged using 

GPS-trekker on the selected routes.  QSTARZ-Xtreme 10 Hz GPS-trekker shown in Figure 

3.3 is used to record the movement of the vehicle. It is a GPS based trekker and data 

logger. BT-Q1000eX 10Hz is GPS lap Timer with 10Hz log speed, which logs data at 

either 1 or 10 times per second. It has 8 MB memory size that is can log up to 400,000 

waypoints and has a long battery life of 42 hrs [56].  

 

 

 

FIGURE 3.3: QSTARZ Xtreme BT-Q1000eX 10Hz – A GPS data logger  

 

The logged data is to be feed to the Qtravel software. The Qtravel software presents data in 

the form of a vehicle speed-time/distance plot. Figures 3.4 and 3.5 are the screenshots 

showing a graphical presentation of the logged trip data for the school van and BRTS bus 

respectively. After analysis of feed data, the software displays important details like total 

time, covered distance, moving time, stopped time, maximum speed and average speed for 

the particular trip.   In addition, the software displays the route of the trip is on the map as 

shown in Figure 3.4. By putting a cursor on any point on the speed-time/distance plot, the 

data of instantaneous speed at a particular time/distance can be obtained.  The software 

analyses the data and speed and distance of the vehicle with an interval of 0.1 or 1 second 

according to selection. For the present study the data for the trips recorded at the time 

interval of 0.1 seconds. Due to the GPS drift problem out of many trips recorded, the data 

of 18 and 4 trips for the school van and BRTS bus respectively are used and analysed for 

the present study. GPS has a velocity accuracy of 0.1 m/s and time accuracy of 50 ns [56].  
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FIGURE 3.4: Screenshot of the graphical presentation of the logged trip data for school van 

 

The school van conducts a round trip between Sardar estate and Jay Ambe school in city of 

the Vadodara. The route is part of the ring road and carries a significant traffic load. The 

BRTS bus conducts a trip between the stops of Ramdevnagar and Maninagar Railway 

station in the city of Ahmedabad. The route is an exclusive bus lane for travel of the BRTS 

bus only. The data of braking episodes during the different trip for the school van and 

BRTS bus is shown in Table A.1 to A.22 in the appendix A. Braking energy is distributed 

according to the quantum of braking energy, deceleration rate and the initial braking speed 

(Speed of the vehicle when braking starts) during the braking episode.  

 

 

 

FIGURE 3.5: Screenshot of graphical presentation of the logged trip data for BRTS bus 



Chapter 3 Development of experimental setup and procedure 

39 
 

Sample calculations for the quantum of braking energy and deceleration rate, for the trip 

data in Table A.1 in the appendix A, are described below. Sample calculation to find the 

quantum of braking energy can be given by using equation (3.1). Sample calculation to 

find the deceleration rate during the episode is given using the equation (3.2).  

 

                                                  		 . 	 	 )         (3.1) 

Where,  

Symbol Description Value Unit 

E Braking energy per episode 36.7 kJ 

m Mass of the vehicle  

(Adding driver and children mass) 

1200 kg 

vo Initial braking speed 

(Vehicle speed at the start of braking) 

28.16 kmph 

vf Final braking speed 

(Vehicle speed at the end of braking) 

0 kmph 

 

     	
	

. 	 	
                                    (3.2) 

Where, 

Symbol Description Value Unit 

d Deceleration rate 1.15 m/s2 

vo Initial braking speed 28.16 kmph 

vf Vehicle speed after the braking 0 Kmph 

t2 Time at start of the braking  62.6 s 

t1 Time at end of the braking 55.8 s 

 

3.1.3 Selection of the vehicle for the application of regenerative braking system 

 

The selection of the vehicle for the application of the hydraulic regenerative braking 

system is carried out considering criteria like availability of the vehicle, modification cost, 

technical challenges for modification and ease of handling of the vehicle during 

experimentation.  Braking energy analysis shows that the BRTS bus has greater braking 

energy potential with identical braking episodes compared to the school van with lower 

braking energy potential and vivid braking episodes. However, The Maruti Omni 

van/school van is selected for further experimental study considering the following 

comparison shown in Table 3.3. 
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TABLE 3.3: Comparison of Maruti van and BRTS bus for experimental modification 

 

Sr. 

No 
Criteria for selection 

Difficulty level 

(Maruti Van) 

Difficulty level 

(BRTS bus) 

1 Availability Easy Very high 

2 Overall cost of modification Moderate High 

3 
Technical challenges for 

modification of the vehicle 
Moderate High 

4 
Handling of vehicle  

(driving, braking etc) 
Easy Very High 

 

3.1.4 Design of the regenerative braking system for the school van 

 

The braking energy distribution (Refer Table A.1 to A.22 in appendix A) shows that the 

highest quantum of braking energy during any braking episode is 175 kJ. The maximum 

quantum of kinetic energy to capture decides the size of the hydraulic accumulator. It is 

assumed that 90% of kinetic energy lost during the braking episode is available for 

regeneration. Hence, accumulator sizing is done to store 157 kJ of energy during the 

braking episode. It is also assumed that the energy recovered is instantly utilized during 

immediate acceleration and the full capacity of the accumulator is available for an 

upcoming braking episode. In hydraulic brake energy regeneration, energy is stored by 

compressing nitrogen gas contained in a hydraulic accumulator, when oil is pumped into 

the device. The energy storage capacity can be estimated in the following manner. It is 

assumed that there is no heat transfer during compression of the nitrogen gas. Hence, an 

adiabatic model is used to predict the energy storage capacity of the hydraulic accumulator. 

Equation (3.3) calculates the energy required during the adiabatic process between state 1 

and 2 with consideration of pre-charge condition [50]. Initial accumulator pressure can be 

predicted with the requirement of tractive torque or torque required to drive the auxiliary 

systems of the vehicle. As the utilization of recovered energy is not included in the scope 

of a present experimental study, a reasonable value of initial accumulator pressure is 

considered for the present experimental study [36]. Pre-charge pressure is considered 

following the accumulator design guideline [7]. 

 

                  	
.
	 	 	1                                        (3.3) 
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Where, 

 

Symbol Description Value Unit 

E Braking energy per episode 157 kJ 

Pmax Maximum accumulator pressure  330 bar 

VS Accumulator nominal volume 16.7 liter 

P0 Accumulator pre-charge pressure 81 bar 

P1 Accumulator initial pressure 90 bar 

n Polytropic process index 1.4 - 

 

Using the Equation (3.3), adiabatic energy storage of 157 kJ requires a high-pressure 

accumulator with 16.7 liters gas volume. During a market search, it is found that quality 

hydraulic accumulators are made by manufacturers like Hydac and Parker Hannifin. Olaer 

is the manufacturer of a quality hydraulic accumulator and take over by Parker Hannifin.  

As per the availability, OlaerTM make hydraulic accumulator with 17.8 liters nominal 

volume and suitable with given pressure range was selected for the present experimental 

work. Figure 3.6 shows the photographs of the hydraulic accumulator used for 

experimental purpose. Important specifications of the accumulator are described in Table 

3.4. 

 

 

FIGURE 3.6: Photographs of hydraulic accumulator 
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TABLE 3.4: Important specification of the hydraulic accumulator 

 

Make of Accumulator Olear 

Model EHV20 330/90 

Max. accumulator pressure  ( ) 330 bar 

Energy to be stored  157 kJ 

Max. accumulator pressure ratio 4:1 

Accumulator nominal volume - actual ( ) 17.8 liter 

Mass of accumulator 58 kg 

 

Hydraulic accumulators are very costly and operating pressures are very high. To be on the 

safer side, accumulator sizing is done to a store higher amount of braking energy than 

predicted.  However, to design the pump, a close approximation of available braking 

energy carried out. The mass of the vehicle with hydraulic regenerative setup is 815 kg. 

For the operation of the vehicle, four persons are required onboard and add a mass of 250 

kg to the gross vehicle mass.  The actual mass of the modified experimental vehicle (1065 

kg) is considered for the design of the pump. For the present experimental study, the 

maximum initial braking speed is limited to 50 kmph and the deceleration rate to 0.8 m/s2. 

Reasons for the setting of these values are listed below. 

 

 Braking energy analysis shows that very few braking episodes have an initial 

braking speed above 50 kmph.  

 Central Motor Vehicle Rules also limit the highest speed of vehicle around 40-50 

kmph under city driving conditions.  

 To ensure safer operation of the vehicle as regenerative braking is applied to rear 

wheels only.  

 Declaration rate of 0.8 m/s2 is considered as a normal deceleration rate under city 

driving conditions. 

 Ensuring safe handling of the vehicle at a lower deceleration rate allows a gradual 

increase in deceleration rate for further experiments. 

 Braking energy analysis shows that most of the braking episodes have a 

deceleration rate between 0.5 to 1.5 m/s2.  

 

The entire quantum of kinetic energy lost during braking is not fully available for 

regeneration. Aerodynamic drag and rolling friction resist the motion of the vehicle and 

should be subtracted from the total quantum of kinetic energy lost during braking. 
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Hence, available kinetic energy, at the highest initial braking speed (referred to as 

available braking energy), for regeneration can be calculated using the equation (3.4).  

 

																																							 	 0.5	 	– 0.5 	 	 	 	 	 		 	 	 																																						(3.4) 

Where, 

Symbol Description Value Unit 

Ebr Available braking energy  77.1 kJ 

m Mass of the vehicle 1065 Kg 

v0 Initial braking speed 13.89 m/s 

Cd Aerodynamic drag coefficient of the vehicle 0.51 - 

ρ Density of air 1.2 kg/m3 

A Frontal area of the vehicle 2.08 m2 

fr Rolling friction coefficient 0.013 - 

g	 Gravitational acceleration 9.81 m/s2 

s	 Distance covered during a braking episode 127.62 m 
 

It is seen that aerodynamic drag and rolling resistance are about 25% of total kinetic 

energy lost during a braking episode. Hence, for further calculations, available braking 

energy is given by equation (3.5). 

 

																																																															 	 0.375	                                                               (3.5) 

 

While in operation, the hydraulic pump applies braking torque on the vehicle to stop the 

vehicle. Sufficient braking torque should be applied to stop the vehicle at the desired 

deceleration rate. Available braking power to drive the hydraulic pump can be calculated 

using the equation (3.6). For the initial set of parameters, equation (3.6) gives available 

braking power to drive the hydraulic pump as 8.62 kW after subtraction of aerodynamic 

and rolling losses at the beginning of the braking episode.  

 

																																												 	 0.375	 	 		 	                                       (3.6) 

Where, 

Symbol Description Value Unit 

Pbr Available braking power  8.62 kW 

m Mass of the vehicle 1065 kg 

v0 Initial braking speed 13.89 m/s 

d Deceleration rate during braking 0.8 m/s2 
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The power required to drive the pump can be calculated using the set of equations (3.7, 3.8 

and 3.9). During the regenerative braking episode, accumulator pressure increases as oil is 

displaced to the accumulator. Hence, the braking power required to drive the pump 

increases as the braking episode progresses. To ensure good regeneration during the entire 

episode, available braking power set to 1.25 times the power required to drive the pump at 

starting of the braking event and shown in equation (3.7). By using equations (3.7, 3.8 and 

3.9) and submitting the available values, the required pump displacement derived as 10.64 

cc/rev to provide an initial deceleration rate of 0.8 m/s2 while the initial braking speed of 

50 kmph. 

 

																																																															 	 1.25	                                                          (3.7) 

 

                        	 	 	 	 ∆ 		 	                                    (3.8) 

 

																																																																								 	
	 	

	 	                                                          (3.9) 

Where, 

Symbol Description Value Unit 

Pbr Available braking power  8.62 kW 

Php Power required to drive the pump 8.62 kW 

vol Volumetric efficiency of the pump 0.85 - 

mech Mechanical efficiency of the pump 0.85 - 

trans Transmission efficiency (Wheel to pump) 0.95 - 

hydsys Hydraulic system efficiency 0.95 - 

Php Initial pressure difference across pump 112*105 N/m2 

Dhp Displacement of the pump 10.64 cc/rev 

Nhp Revolutions of the pump  37.4 RPS 

v0 Initial braking speed 13.89 m/s 

rw wheel radius 0.2539 m 

gFd Final drive ratio 4.333 - 

 

The external gear pump with a capacity of 16 LPM acquired from the market for 

experimental purpose. Similarly, an available external gear pump with a displacement of 

20 LPM and 23 LPM can achieve a deceleration rate of 1.1 and 1.3 m/s2. It is to be noted 

that pump displacement calculated considering the initial accumulator pressure of 110 bar. 

Figure 3.7 shows the hydraulic pump used for the present experimental study. Table 3.5 

describes the important specification of the hydraulic pumps used for the experiments.  
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FIGURE 3.7: Photograph of hydraulic pump 

 

TABLE 3.5: Important specification of the hydraulic pump 

 

Model (Supremo) SGP16 SGP20 SGP23 

Manufacturer VBC Hydraulics VBC Hydraulics VBC Hydraulics 
Displacement (LPM) 16 20 23 

Direction Anticlockwise Anticlockwise Anticlockwise 
Inlet port dia (inch) 3/4 3/4 3/4 
Outlet port dia (inch) 1/2 1/2 1/2 
Max Pressure 207 207 207 

 

Pressure relief valve, ball valves, non-return valves, hydraulic hoses and connectors are 

selected to match the specification of pump inlet and outlet ports and operating pressure of 

the system. To limit the operating pressure in a hydraulic system, a pressure relief valve is 

used to drain the excessive pressure reached in the case during the experiments. Pressure 

relief valves can be set to desired operating pressure limit by changing the setting of the 

spring by rotating the knob. A pressure gauge on the pressure relief valves displays the 

pressure in the system during operation. Figure 3.8 shows the actual photograph of the 

pressure relief valve used for the present experimental study. The non-return valve allows 

the hydraulic fluid in one direction only. Non-return valves are used to avoid reversal of 

flow from the accumulator to the pump. Figure 3.9 shows the actual photograph of the 

non-return valve used for the present experimental study. A ball valve is used to control the 

flow of fluid. For the present experimental study, ball valves are used to do various 

functions like directing the fluid in different circuits, allow or restrict flow through the 

different hydraulic circuit and drain the oil from the accumulator. Figure 3.10 shows the 

actual photograph of the ball valve used for the present experimental study. Hydraulic 
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hoses are specified by the diameter and pressure capacity. Hydraulic hoses are wire 

breaded to withstand the high pressure in the range of hundreds of bar. The list of 

hydraulic connectors with major specifications are used is shown in Table 3.6.  

 

 

 

FIGURE 3.8: Actual photograph of the pressure relief valve 

 

 

 

FIGURE 3.9: Actual photograph of the non-return valve 

 

 

 

FIGURE 3.10: Actual photograph of the ball valve 
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TABLE 3.6: Important specification of the hydraulic connections 

 

Name of 
component 

Make 
Diameter 

(inch) 

Max 
pressure  

(bar) 

Capacity  
(liter) 

Hydraulic hoses Local 3/8 330 - 
Non return valve Local 3/8 - - 

Ball valve Veer 
Hydraulics 

3/8 483 - 

Oil reservoir Local - - 22 
Pressure relief 
valve 

Smart 
hydraulic 

3/8 40 - 

 

 

3.2 Modification of experimental vehicle 

 

Figures 3.11-3.12 shows the actual photographs of the experimental vehicle.  

 

  
 

FIGURE 3.11: Initial experimental setup I 
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To integrate the hydraulic regenerative braking system to the vehicle, the hydraulic 

pump/motor needs to be connected with the present transmission line of the vehicle with 

suitable direction control valves. Initially, it was decided to integrate the hydraulic 

regenerative braking system by the integration of the pump to the gearbox. However, 

technical problems, cost limitation and unavailability of technical aid for such modification 

lead to find another approach. Later on, it was decided to couple the pump to the propeller 

shaft using a belt drive. Using custom made aluminium pulleys and belt, the connection 

between the propeller shaft and pump was established. The pulley and belt drive has a 

transmission capacity of around 10 kW.  The seats at the rear of the vehicle were removed 

to accommodate the accumulator and reservoir. The arrangement of the system 

components is shown in Figures 3.11 and 3.12. Despite many efforts to restrict the belt to 

slip from the propeller pulley, the plan never succeeded. The main reason behind the 

failure seems to be the slanting of the propeller shaft towards the gearbox side. This 

slanting leads the belt to move towards the gearbox after a few seconds of the operation.  

 

  
 

FIGURE 3.12: Experimental setup with modified pump mounting 

 

Later on, it was decided to remove the propeller shaft and couple the pump directly to the 

pinion of the differential. The modification led to the disconnection of engine power. With 

this modification, the vehicle required toeing to reach the desired initial barking speed. 

Another vehicle is used to toe the experimental vehicle using a rope. Mounting the pump to 

the differential was also a very difficult task. The mounting was getting twisted in direction 

of propeller spin. Finally, after several further modifications in mounting, the experimental 

vehicle was ready for trial and further experimental investigations.  The vehicle with the 

successful coupling of the pump to the differential pinion is shown in Figure 3.13. The 

experimental setup with important components is shown in Figure 3.14. The schematic of 



Chapter 3 Development of experimental setup and procedure 

49 
 

the experimental set is shown in Figure 3.15. More images of the experimental vehicle are 

shown in Appendix C. 

 

 
 
 
 

 

FIGURE 3.13: Actual images of the experimental setup (Pump mounting) 
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No. Component Name No. Component Name No. Component Name 

1 Hydraulic pump 4 Pressure gauge 7 Oil reservoir 

2 Differential pinion 5 Ball valve A 8 Non return valve 

3 HP accumulator 6 Ball valve B 9 Pressure relief valve 

 

FIGURE 3.14: Actual image of the experimental setup 

1

3

4 

7

5
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8

9
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FIGURE 3.15: Schematic of the experimental setup 

 

3.3 Modification cost  

 

The modification cost of the experimental vehicle is described in Table 3.7. It is seen that 

the modification cost is around Rs. 76500/- and accumulator cost is 70% of the total cost of 

the modification. The cost of the vehicle is not included in the total modification cost. In 

addition, repeated cost incurred during the coupling of the pump to the driveline of the 

vehicle is excluded (Pulley’s cost, machining cost, labor cost). The author acknowledges 

the technical support from Himmatbhai, Owner of Micro-turn Engineers in all efforts to 

couple the pump to the experimental vehicle. The author acknowledges the manpower 

support from Rajeshbhai, Kabir Autozone, to conduct experiments.  Total modification 

cost increases by around 60% if we use a variable displacement pump instead of a fixed 

displacement pump. For, present experimental study, energy recovered is not utilized to 

serve any purpose. However, the total cost will increase while integrating the regenerative 

braking system to the actual vehicle for the utilization of recovered energy. 
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TABLE 3.7: Modification cost of the experimental vehicle 

 

Name of component Qty Cost in Rs. 

Hydraulic accumulator 1 54567/- 

Hydraulic pump 3 7350/- 

Non return valve 
Hydraulic hose 
Ball valve 
Reducers couplings 
Seal and washer 
Reservoir 
Suction strainer 
Air breather 
Oil level gauge 

2 
6 
2 
4 
16 
1 
1 
1 
1 

7123/- 

Pressure relief valve with gauge 1 1560/- 

Hydraulic oil 30 liter 2900/- 

Labor charges - 3000/- 

Gross modification cost - 76500/- 

 

3.4 Experimental procedure 

 

 The propeller shaft is removed and the fixed displacement hydraulic pump (1) 

is connected with differential pinion (2). Initial accumulator pressure ( ) is 

recorded using a pressure gauge (4). 

 The vehicle is brought to the initial braking speed ( ) from rest by toeing. 

During the acceleration period, ball valve-A (5) is open and ball valve-B (6) is 

closed and hydraulic oil is directed/drained from pump (1) to the hydraulic oil 

reservoir (7).   

 When the vehicle cruises at the desired initial braking speed ( ), the 

regenerative brake is applied by closing ball valve-A (5). The HRBS remains in 

action until the vehicle speed reaches to zero. Mechanical friction brakes 

remain idle during the entire braking period. At this moment, the final pressure 

( ) in the accumulator (3) is recorded through pressure gauge (4). Regenerated 

energy is stored in the form of pressurized nitrogen gas in the accumulator.  

 With Ball valve B (6) open; oil is drained from the accumulator (3) until 

pressure reaches to initial accumulator pressure ( ) and ball valve B (6) is 

closed. The collected quantity of oil (∆ ) is measured.  
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The procedure is repeated three times for the same set of parameters and average values 

are considered for analysis. 

 

3.5 Sample calculation 

 

The regeneration/recovery efficiency of the hydraulic regenerative braking system can be 

calculated using the following set of equations (3.10, 3.11 and 3.12).  

 

                                                         	 	                                                          (3.10) 

 

																																																															 	 	∆                                                           (3.11) 

 

																																																						 	 	 	∆

. 	 	 	
															                                    (3.12) 

 

Where, 

Symbol Description Value Unit 

 Regeneration efficiency 38.39 % 

Er Regenerated energy 29.57 kJ 

Ebr Available braking energy 77.04 kJ 

P Average accumulator pressure 106 bar 

P1 Initial accumulator pressure 90 bar 

P2 Final accumulator pressure 122 bar 

m Mass of the vehicle 1065 kg 

v0 Initial braking speed 50 kmph 

d Deceleration rate during braking ~0.8 m/s2 

 

3.6 Parametric variations considered for experimental study 

 

As mentioned in the objectives, following parametric variation considered experimental 

study; 

 

1. The initial accumulator pressure varied from 110-90 bar at an interval of 10 bar.  

2. The effect of pump displacement is studied using 16, 20 and 23 LPM pumps.  

3. The effect of initial braking speed is varied from 50-10 kmph at an interval of 10 

kmph. 
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4. Effects of variation in the number of the occupant are studied at vehicle mass of 

1065, 1165 and 1265 kg using sandbags. 

 

3.7 Assumptions for the study 

 

1. Any effect of the gradient is not considered while calculating regenerative braking 

related parameters in the analysis. 

2. The analysis findings indicate only theoretical maximum potential out of which 

some part may be non-recoverable due to system design and control strategy 

limitation. 

3. The analysis focuses only on regenerative braking system design, thus any 

influence of traction application is not accounted for while making design or 

control decisions. 

4. While utilization of recovered energy, the conversion efficiency of 100% is 

considered.  

 

The results of the experimental study are shown in Tables B.1-B.9 in the appendix B. The 

results show the regeneration efficiency of the system at varying initial accumulator 

pressure, pump displacement, initial braking speed and vehicle mass. 
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CHAPTER 4 

 

Results and discussion 

 

 

The following sections describe the results of the present experimental study. Initial sections 

analyse and identify the brake energy regeneration potential of the school van and BRTS bus. 

The regeneration efficiency and effects of parametric variations on the regeneration efficiency 

of the hydraulic regenerative braking system are discussed in the later sections. The 

concluding sections discuss the prediction of improvement in fuel economy.  

 

4.1 Braking energy regeneration potential of the school van 

 

Table 4.1 shows the distance covered, trip duration, average speed, maximum speed, no. of 

braking episodes and braking energy during 18 trips. Average values show that 2048 kJ of 

braking energy is wasted during 31 braking episodes to cover the distance of 10.14 km.  The 

average and maximum vehicle speed during the average trip are 21.2 and 56.9 kmph 

respectively. Table 4.2 shows the cumulative braking energy potential of 18 trips for the 

school van. It is seen that a significant quantum of braking energy, around 36864.5 kJ, is 

wasted during 556 braking episodes. The results show that average 3.1 braking episodes per 

km are logged during the trip. Average braking energy lost per km and trip is 201.9 kJ and 

2048 kJ respectively. Detailed analysis of the data collected from the experiments classifies 
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the regeneration potential according to the quantum of brake energy, deceleration rate and 

maximum initial speed at braking during the braking episode. 

TABLE 4.1: Braking energy potential during the trip of the school van 

Trip 
Name 

Distance 
covered 

(km) 

Average 
speed 

(kmph) 

Time 
duration 

(min) 

Max speed 
during the trip 

(kmph) 

Count of 
braking 
events 

Braking 
energy  

(kJ) 

Trip 1 10.6 23.6 27 62.6 37 2474.9 

Trip 2 10.1 19.6 31 60.1 33 2210.8 

Trip 3 10.2 20.4 30 46.8 30 1822.1 

Trip 4 10 23.1 26 56.7 26 1758.9 

Trip 5 10.1 17.3 35 56.5 29 1971.9 

Trip 6 9.9 22.9 26 51.9 31 1852.3 

Trip 7 10.1 21.6 28 61.1 34 2297.8 

Trip 8 10.2 22.7 27 60.1 33 2210.8 

Trip 9 10 20.7 29 54.8 30 2178.0 

Trip 10 10.1 19.6 31 58.1 27 2111.9 

Trip 11 10.4 21.5 29 59.5 29 2309.1 

Trip 12 10.2 22.7 27 60.3 31 2232.3 

Trip 13 10.1 20.9 29 59.6 37 2176.8 

Trip 14 10 19.4 31 56.4 33 1922.8 

Trip 15 10.1 17.8 34 50.5 30 1759.5 

Trip 16 10.2 21.1 29 56.7 26 1834.7 

Trip 17 10.1 22.4 27 54.3 29 1930.2 

Trip 18 10.2 23.5 26 57.7 31 1809.6 

Average 10.14 21.2 29 56.9 31 2048.0 
 

 TABLE 4.2: Braking episodes and braking energy 

Parameters Value 

Cumulative  count of braking episodes 556 

Distance covered during cumulative trips (km) 182.6 

Cumulative braking energy (kJ) 36864.5 

Average Braking episodes per km 3.1 

Braking energy per km (kJ/km) 201.9 

Braking energy per trip (kJ) 2048 
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4.1.1 Distribution of braking energy as per initial braking speed 

Table 4.3 classifies the braking energy of cumulative 18 trips according to the vehicle speed 

when braking starts (referred to an initial braking speed). Braking episodes with high initial 

braking speed have more quantum of braking energy. It is seen that around 74.7% of total 

braking energy is lost during braking episodes with an initial braking speed above 40 kmph. 

Around 46.6% of total braking energy is wasted in the speed bracket of 50-40 kmph. In terms 

of the number of total braking events, it accounts for around 37.6%. Braking energy lost 

during initial braking speed above 50 kmph is around 28.1%. The quantum of braking energy 

lost in the speed bracket of 40-30 kmph is approximately 15.7%. Quantum of braking energy 

lost is below 10% when the initial braking speed is below 30 kmph. The results show that 

most of the braking energy lost during higher initial braking speed. A regeneration system 

should be designed to operate at optimum efficiency during higher initial braking speeds.  

Table 4.3: Distribution of braking energy as per an initial braking speed 

Initial speed at 

braking 

(kmph) 

Count of 

braking 

episodes 

Braking 

energy 

(kJ) 

Count 

proportion 

(%) 

Braking energy 

proportion 

(%) 

ABOVE 50 82 10342.3 14.7 28.1 

50-40 209 17180.2 37.6 46.6 

40-30 113 5788.8 20.3 15.7 

30-20 113 3092.8 20.3 8.4 

20-10 39 460.3 7.0 1.2 

Gross 556 36864.5 100 100 

 

4.1.2 Distribution of braking energy as per deceleration rate  

Table 4.4 classifies the braking energy of cumulative 18 trips according to the deceleration 

rate during the braking episode.  It is seen that around 83.2% of the total quantum of braking 

energy is wasted during deceleration rates between 0.5-1.5 m/s2.  Quantum of braking energy 

during deceleration rates of below 0.5 and above 1.5 m/s2 is around 16.3%. Initial braking 

speed and deceleration rate are the important parameters to set the maximum braking power of 

the system. Aerodynamic and rolling resistance losses are inversely proportional to the 
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deceleration rate. However, the selected deceleration rate should be depending upon passenger 

comfort. For the present experimental work, the system is designed to operate at deceleration 

rates of 0.8, 1.1 and 1.3 m/s2 using 16, 20 and 23 LPM pump respectively. Considering the 

design of the system for an initial braking speed of 50 kmph and a maximum deceleration rate 

of 1.3 m/s2, the maximum braking power of the system would be 16.3 kW.  

Table 4.4: Distribution of braking energy as per deceleration rate  

Deceleration 
rate 

(m/s2) 

Count of 

braking 

episodes 

Braking 

energy 

(kJ) 

Count 

proportion

(%) 

Braking energy 

proportion 

(%) 

0-0.5 92 3376.4 16.5 9.2 

0.5-1.0 292 19119.0 52.5 51.9 

1.0-1.5 138 11773.3 24.8 31.9 

1.5-2.0 24 2164.0 4.3 5.9 

2.0 and above 10 431.7 1.8 1.2 

Gross 556 36864.5 100 100 
 

4.1.3 Distribution of braking energy as per Quantum of braking energy  

Table 4.5 classifies the braking energy of cumulative 18 trips according to the quantum of 

energy lost per braking episode. It is seen that around 67.8% of braking energy is wasted with 

energy between 50-125 kJ per braking episode. Only 5.2% of braking energy is wasted with 

energy above 150 kJ during the braking episode.  

TABLE 4.5: Distribution of braking energy as per the quantum of energy per episode 

Energy lost 
per braking 
episode (kJ) 

Count of 

braking 

episodes 

Braking 

energy 

(kJ) 

Count 

proportion

(%) 

Braking energy 

proportion 

(%) 

175-150 12 1926.9 2.2 5.2 

150-125 27 3596.1 4.9 9.8 

125-100 65 7319.6 11.7 19.9 

100-75 122 10627.7 21.9 28.8 

75-50 110 7058.0 19.8 19.1 

50-25 134 4874.3 24.1 13.2 

25-0 86 1461.7 15.5 4.0 

Gross 556 36864.5 100 100 
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Higher braking energy per episode results in a longer and full-load operation of the 

regeneration system. Quantum of braking energy per braking episode is the key parameter to 

determine the size of the accumulator. For the present experimental work, the accumulator is 

sized to capture 157 kJ of energy considering losses due to aerodynamic and rolling resistance. 

4.2 Braking energy regeneration potential of the BRTS bus 

Table 4.6 shows the distance covered, trip duration, average speed, maximum speed, no. of 

braking episodes and braking energy during 4 trips of the BRTS bus in Ahmedabad city. 

Considering the average value, it is seen that 40989.8 kJ of braking energy is wasted during 

36.5 braking episodes and a trip distance of 11.3 km.  The mean value of four trips shows that 

the average and maximum speed during the trip is 23 and 55.8 kmph respectively. Table 4.7 

shows the braking energy potential of the trips for the BRTS bus. It is seen that a significant 

quantum of braking energy, around 163959.3 kJ, is wasted during 146 braking episodes.  

TABLE 4.6: Braking energy potential during the trip of the BRTS bus 

Trip 
Name 

Distance 
Covered 

(km) 

Average 
Speed 

(kmph) 

Time 
duration 

(min) 

Max Speed 
during the trip 

(kmph) 

Count of 
braking 
events 

Braking 
energy  

(kJ) 

Trip A 10.7 20.7 31 63.4 29 43962.7 

Trip B 11.5 23 30 51.1 39 32149.9 

Trip C 11.5 27.6 25 63.6 39 48253.3 

Trip D 11.4 20.7 33 45.2 39 39593.4 

Average 11.3 23 30 55.8 36.5 40989.8 

 

 TABLE 4.7: Braking episodes and braking energy 

Parameter Value 

Total no. of braking episodes 146 

Distance covered during cumulative trips (km) 45.1 

Cumulative braking energy (kJ) 163959.3 

Average Braking episodes per km 3.24 

Braking energy per km (kJ/km) 3635.5 

Braking energy per trip (kJ) 40989.8 
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The average number of braking episodes per km is around 3.2. Average braking energy lost 

per km and trip is 3635.5 kJ and 40989.8 kJ respectively. Detailed analysis of the data 

collected from the experiments classifies the regeneration potential according to the initial 

braking speed, deceleration rate and quantum of brake energy during the episode. 

4.2.1 Distribution of braking energy as per initial braking speed  

Table 4.8 classifies the braking energy of cumulative 4 trips according to initial speed at 

braking. Braking episodes with high initial braking speed have more quantum of braking 

energy. It is seen that around 67.2% of total braking energy is lost during braking episodes 

with an initial braking speed above 40 kmph. Around 36.6% of total braking energy is wasted 

during the episodes with initial braking speed between 50-40 kmph. In terms of the number of 

total braking events, it accounts for around 31.5% of the total count of braking episodes. 

Braking energy lost during initial braking speed above 50 kmph is around 30.6%. Quantum of 

braking energy lost during the initial braking speed between 40-30 kmph is approximately 

25%. Quantum of total braking energy lost is around 7.8% when initial braking speed is below 

30 kmph during the braking episode. The results show that most of the braking energy lost 

while the vehicle had a higher initial braking speed.  

TABLE 4.8: Distribution of braking energy as per initial braking speed 

Initial speed 

at braking 

(kmph) 

Count of 

braking 

episodes 

Braking 

energy 

(kJ) 

Count 

proportion 

(%) 

Braking energy 

proportion 

(%) 

ABOVE 50 23 50102.1 15.8 30.6 

50-40 46 59957.7 31.5 36.6 

40-30 49 41058.1 33.6 25.0 

30-20 27 12697.9 18.5 7.7 

20-10 1 143.5 0.7 0.1 

Gross 146 163959.3 100 100 

 

4.2.2 Distribution of braking energy as per deceleration rate 

Table 4.9 classifies the braking energy of all the BRTS bus trips according to the deceleration 

rate during the braking episode.  It is seen that around 91.1% of the total quantum of braking 
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energy is wasted during deceleration rates between 0.5 -1.5 m/s2.  Quantum of braking energy 

during deceleration rates of below 0.5 and above 1.5 m/s2 is around 8.9%. Due to the 

dedicated bus lane, variations in BRTS deceleration rates are lower compared to the school 

van. Designing a regeneration system for such vehicles is less complex compared to other 

vehicles plying through the city. 

TABLE 4.9: Distribution of braking energy as per deceleration rate  

Deceleration Rate 

(m/s2) 

Count of 

braking 

episodes 

Braking 

energy 

(kJ) 

Count 

proportion 

(%) 

Braking 

energy 

proportion 

0-0.5 17 12152.6 11.6 7.4 

0.5-1.0 93 98090.3 63.7 59.8 

1.0-1.5 35 51246.3 24.0 31.3 

1.5-2.0 1 2470.0 0.7 1.5 

2.0 and above 0 0.0 0.0 0.0 

Gross 146 163959.3 100 100 

 

4.2.3 Distribution of braking energy as per the quantum of braking energy  

Table 4.10 classifies the braking energy of cumulative 4 trips according to the quantum of 

energy lost per braking episode. It is seen that around 46.4% of braking energy is wasted while 

energy per episode is between 1500-750 kJ. 18% of braking energy is wasted while energy per 

episode is between 3000-2250 kJ. Similar quantum of braking energy wasted while energy lost 

per braking episode is between 2250-1500 kJ.  

TABLE 4.10: Distribution of braking energy as per quantum of energy per episode 

Energy lost 
per braking 
episode (kJ) 

Count of 

braking 

episodes 

Braking 

energy 

(kJ) 

Count 

proportion

(%) 

Braking energy 

proportion 

(%) 

3000-2250 11 29500.8 7.5 18.0 

2250-1500 18 31575.8 12.3 19.3 

1500-750 68 76125.9 46.6 46.4 

750-0 49 26756.8 33.6 16.3 

Gross 146 163959.3 100 100 
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4.3 Comparison braking energy with Indian driving cycle 

During the literature survey, it is noted that the standard driving cycle does not represent the 

actual road conditions while the vehicle, the majority, is plying through the city. Hence, in this 

section braking energy analysis during actual city driving conditions is compared with the 

braking energy analysis under Modified Indian Driving Cycle (MIDC) conditions. MIDC is 

divided into two parts where Part I represents city driving conditions and Part II represents 

highway driving conditions. As the vehicles under study are plying through the city only, 

braking energy analysis is compared with MIDC Part I. Table 4.11 compares the parametric 

analysis of the braking energy under actual city driving conditions and MIDC Part I for the 

school van under study. The results show that braking episodes per km under Modified Indian 

Driving Cycle-part I (MIDC Part I) are more than actual city driving conditions for the school 

van. However, braking energy under actual city driving conditions is 24.6% higher than MIDC 

part I for school van. From table 4.11, it is seen that actual city driving conditions vary 

significantly from MIDC part I. Hence, for the vehicles plying majority through the city, 

braking energy potential under actual city driving conditions must be considered for the 

application of the regenerative braking system. 

TABLE 4.11: Comparison of braking energy during actual city driving and MIDC part I (The School van) 

Parameters 
MIDC Part I  

(Equivalent to 18 Trips) 

School van   

(18 Trips) 

Total no. of braking episodes 721 556 

Distance covered during cumulative trips (km) 182.6 182.6 

Cumulative braking energy (kJ) 29993.7 36864.5 

Braking energy per trip of 10.14 km(kJ) 1637.3 2048 

Average Braking episodes per km 3.95 3.1 

Braking energy per km (kJ/km) 162.1 201.9 

 

Table 4.12 compares the important analysis of the braking energy under actual city driving 

conditions and MIDC Part I for the BRTS bus. The results show that braking episodes per km 

under MIDC Part I are more than actual city driving conditions for the BRTS bus. However, 

braking energy under actual city driving conditions is 41.6% higher than MIDC part I for the 

BRTS bus. From Tables 4.11 and 4.12, it is seen that actual city driving conditions vary 
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significantly from MIDC part I. Hence, for the vehicles plying majority through the city, 

braking energy potential under actual city driving conditions must be considered for the 

application of the regenerative braking system. 

TABLE 4.12: Comparison of braking energy during actual city driving and MIDC part I (The BRTS bus) 

Parameters 
MIDC Part I 

(Equivalent to 4 trips) 

BRTS bus 

(4 Trips) 

Total no. of braking episodes 178 146 

Distance covered during cumulative trips (km) 45.1 45.1 

Cumulative braking energy (kJ) 115790 163959 

Braking energy per trip of 11.28 km (kJ) 28947.5 40990 

Average Braking episodes per km 3.95 3.2 

Braking energy per km (kJ/km) 2566.8 3635.5 

 

Figure 4.1 shows braking energy distribution according to the initial braking speed. The 

results show that at an initial braking speed of 50 kmph & above, braking energy dissipated 

for MIDC part I, the school van and the BRTS bus is almost similar.  
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FIGURE 4.1: Braking energy distribution according to initial braking speed 
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However, at an initial braking speed between 30-50 kmph, braking energy dissipated for 

MIDC part I, the school van and the BRTS bus are quite uneven. 

Figure 4.2 shows braking energy distribution according to the deceleration rate. It is seen that 

a regenerative braking system, operating at a deceleration rate between 0.5 and 1.5 m/s2, is 

capable to regenerate almost 80% braking energy under actual city driving conditions. 

Whereas, regenerative braking system, designed considering MIDC part I conditions, should 

be capable to achieve a deceleration rate between 0.5-0.9 m/s2 only to capture 100% braking 

energy. The results show that actual driving conditions lead to the design of a regenerative 

braking system to accommodate wider variations in deceleration rate.   
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FIGURE 4.2: Braking energy distribution according to a deceleration rate 

Figures 4.3 and 4.4 show the comparative distribution of braking energy with MIDC part I, 

according to the quantum of braking energy during the episode, for school van and BRTS 

respectively. Under MIDC part I driving conditions, to capture 100% braking energy, the 

regenerative system should be designed to capture 0-75 and 0-750 kJ of energy for school van 

and BRTS respectively. While actual city driving conditions direct to design regenerative 

system to capture energy between 0-175 and 0-3000 kJ during a braking episode for school 

van and BRTS respectively. It is seen that the quantum of braking energy during a braking 
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episode is greater in actual city driving conditions, compared to the driving conditions under 

MIDC part I. Considerations of actual city driving conditions lead to the use of accumulator 

with larger storage capacity. 
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FIGURE 4.3: Braking energy distribution according to braking energy per episode  
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FIGURE 4.4: Braking energy distribution according to braking energy per episode 
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4.4 Regeneration efficiency of the system 

Regeneration efficiency of the system at the initial set of parameters initial braking speed of 

50 kmph, 16 LPM pump displacement, 90 bar initial accumulator and vehicle mass of 1065 kg 

is found to be 38.4%. It is to be noted that the regeneration efficiency is calculated using 

values of available energy. The highest value of regeneration efficiency of the hydraulic 

regenerative braking system is 57.7% corresponding to an initial braking speed of 30 kmph, 23 

LPM pump displacement, initial accumulator pressure of 90 bar and the vehicle mass of 1265 

kg.  The lowest value of regeneration efficiency of the hydraulic regenerative braking system 

is 38.1% corresponding to the initial braking speed of 50 kmph, 16 LPM pump displacement, 

initial accumulator pressure of 110 bar and the vehicle mass of 1065 kg. The overall 

regeneration efficiency of the HRBS is 28.8% considering gross braking energy dissipated 

during the braking episode. The highest and lowest overall regeneration efficiencies are 43.3% 

and 28.6% respectively and shown in Table 4.13. For the prediction of fuel economy 

improvement, overall efficiencies are considered. The regeneration efficiencies and overall 

regeneration efficiencies at a different set of parameters are tabulated and shown in Appendix 

B. Effects of parametric variations are discussed under the following sections. Effects of 

varying initial accumulator-pressure pump displacement and mass on regeneration efficiency 

are discussed at a constant initial speed at braking. 

TABLE 4.13: Regeneration efficiency of the system  

 Regeneratio

n efficiency 

- 	 %  

 

Overall 

regeneration 

efficiency - o 

(%) 

Initial  

braking 

speed -vo 

(kmph) 

Pump 

displacement 

- Dhp  

(LPM) 

Initial 

accumulator 

pressure - P1  

(bar) 

Mass of 

the vehicle 

- m (kg) 

At Initial 

set of 

parameter 

38.4 28.8 50 16 90 1065 

Highest 

value 
57.7 43.3 30 23 90 1265 

Lowest 

value 
38.1 28.6 50 16 110 1065 
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4.4.1 Effect of initial accumulator pressure on regeneration efficiency  

Figure 4.5 to 4.9 shows the effect of varying accumulator pressure on the regeneration 

efficiency of the hydraulic regenerative braking system at different initial braking speed. 

Initial accumulator pressure is varied between 90 bar to 110 bar at the interval of 10 bar. The 

results show that regeneration efficiency improves between 0.8-11% while decreasing initial 

accumulator pressure from 110 bar to 90 bar based on the other parameters. Greater variation 

in regeneration efficiency found with the rise in pump displacement and mass of the vehicle. 

Figure 4.5 shows the variation in regeneration efficiency with varying initial accumulator 

pressure at an initial braking speed of 50 kmph. At this initial braking speed, regeneration 

efficiency decreases as initial accumulator pressure increased from 90 bar to 110 bar. The 

regeneration efficiencies at this speed are lower compared to regeneration efficiencies at an 

initial braking speed of 40 kmph. At this speed, the value of regeneration efficiencies achieved 

between 38.1-46.7% depending on initial accumulator pressure, pump displacement and mass 

of the vehicle.  

Pump displcement and vehicle mass (LPM-kg)
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FIGURE 4.5: Effect of initial accumulator pressure on regeneration efficiency at 50 kmph  
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As at this braking speed range pump is operated above its design speed. This will increase 

pump losses. The lower regeneration efficiencies at this braking speed are contributed to 

increased pump losses. It is seen that the regeneration efficiencies vary between 0.8-11% 

while initial accumulator pressure increased from 90 bar to 110 bar while keeping other 

parameters constant. The range of variation at this braking speed is largest than any other 

initial braking speed.   The Effect of variation in regeneration efficiency increases as pump 

displacement and mass of the vehicle also increases. Uncertainty in results at this initial 

braking speed is around 2.4-2.8%.  Uncertainty in results is marginally lowest at this speed 

compared to any other initial braking speed.   

Figure 4.6 shows the variation in regeneration efficiency with varying initial accumulator 

pressure at an initial braking speed of 40 kmph. At this initial braking speed, regeneration 

efficiency decreases as initial accumulator pressure increased from 90 bar to 110 bar. The 

regeneration efficiencies at this speed are higher compared to regeneration efficiencies at an 

initial braking speed of 50 kmph. At this speed, the value of regeneration efficiencies achieved 

between 48-56.1% depending on initial accumulator pressure, pump displacement and mass of 

the vehicle.  

Pump displacement and the vehicle mass (LPM - kg)
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FIGURE 4.6: Effect of initial accumulator pressure on regeneration efficiency at 40 kmph 
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As at this braking speed range pump is operated near to its design speed. This will reduce 

pump losses. The higher regeneration efficiencies at this braking speed are contributed to 

reduced pump losses. It is seen that the regeneration efficiencies vary between 3-7% while 

initial accumulator pressure increased from 90 bar to 110 bar while keeping other parameters 

constant. The range of variation at this braking speed is narrower than the initial braking speed 

of 50 kmph.   The effect of variation in regeneration efficiency increases as pump 

displacement and mass of the vehicle also increases. Uncertainty in results at this initial 

braking speed is around 2.6-3%.  Uncertainty in results is marginally higher at this speed 

compared to the initial braking speed of 50 kmph.   

Figure 4.7 shows the variation in regeneration efficiency with varying initial accumulator 

pressure at an initial braking speed of 30 kmph. At this initial braking speed, regeneration 

efficiency decreases as initial accumulator pressure increased from 90 bar to 110 bar. The 

regeneration efficiencies at this speed are a bit higher compared to regeneration efficiencies at 

an initial braking speed of 40 kmph. At this speed, the value of regeneration efficiencies 

achieved between 47.9-57.7% depending on initial accumulator pressure, pump displacement 

and mass of the vehicle.  

Pump displacement and the vehicle mass (LPM - kg)

16
-1

06
5

16
-1

16
5

16
-1

26
5

20
-1

06
5

20
-1

16
5

20
-1

26
5

23
-1

06
5

23
-1

16
5

23
-1

26
5

R
eg

en
er

at
io

n 
ef

fi
ci

en
cy

(%
)

35

40

45

50

55

60

65

90 bar 
100 bar
110 bar

 

FIGURE 4.7: Effect of initial accumulator pressure on regeneration efficiency at 30 kmph 
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As at this braking speed range pump is operated near to its design speed. This will reduce 

pump losses. The higher regeneration efficiencies at this braking speed are contributed to 

reduced pump losses. It is seen that the regeneration efficiencies vary between 2.9-8.2% while 

initial accumulator pressure increased from 90 bar to 110 bar while keeping other parameters 

constant. The range of variation at this braking speed is wider than the initial braking speed of 

40 kmph.   The effect of variation in regeneration efficiency increases as pump displacement 

and mass of the vehicle also increases. Uncertainty in results at this initial braking speed is 

around 3.2-3.6%.  Uncertainty in results is marginally higher at this speed compared to the 

initial braking speed of 40 kmph.   

Figure 4.8 shows the variation in regeneration efficiency with varying initial accumulator 

pressure at an initial braking speed of 20 kmph. At this initial braking speed, regeneration 

efficiency decreases as initial accumulator pressure increased from 90 bar to 110 bar. The 

regeneration efficiencies at this speed are lower compared to regeneration efficiencies at an 

initial braking speed of 30 kmph. At this speed, the value of regeneration efficiencies achieved 

between 42.7-47.7% depending on the initial accumulator pressure, pump displacement and 

mass of the vehicle.  

Pump displacement and the vehicle mass (LPM - kg)
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FIGURE 4.8: Effect of initial accumulator pressure on regeneration efficiency at 20 kmph 
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As at this braking speed range pump is operated below its design speed. This will increase 

pump losses. The lower regeneration efficiencies at this braking speed are contributed to 

increased pump losses. It is seen that the regeneration efficiencies vary between 1.4-8.7% 

while initial accumulator pressure increased from 90 bar to 110 bar while keeping other 

parameters constant. The range of variation at this braking speed is a bit wider than the initial 

braking speed of 30 kmph.   The effect of variation in regeneration efficiency increases as 

pump displacement and mass of the vehicle also increases. Uncertainty in results at this initial 

braking speed is around 4.3-4.7%.  Uncertainty in results is marginally higher at this speed 

compared to the initial braking speed of 30 kmph.   

Figure 4.9 shows the variation in regeneration efficiency with varying initial accumulator 

pressure at an initial braking speed of 10 kmph. At this initial braking speed, regeneration 

efficiency decreases as initial accumulator pressure increased from 90 bar to 110 bar. The 

regeneration efficiencies at this speed are lower compared to regeneration efficiencies at an 

initial braking speed of 20 kmph. At this speed, the value of regeneration efficiencies achieved 

between 0-43.4% depending on initial accumulator pressure, pump displacement and mass of 

the vehicle.  
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FIGURE 4.9: Effect of initial accumulator pressure on regeneration efficiency at 10 kmph 



Chapter 4 Results and discussion 

72 
 

As at this braking speed range pump is operated below its design speed. This will increase 

pump losses. The lower regeneration efficiencies at this braking speed are contributed to 

increased pump losses. The effect of variation in regeneration efficiency increases as pump 

displacement and mass of the vehicle also increases. Figure 4.9 shows that at a certain set of 

parameters hydraulic regenerative system does not recover any braking energy. The primary 

cause may very low available braking energy at this speed. The stopping time at this braking 

speed is hardly 2 to 4 seconds based on the deceleration rate. Moreover, available braking 

energy is below 4 kJ at this braking speed. Available kinetic energy may be less compared to 

the power required to drive the pump.  This may be contributed to the design constraint of the 

regenerative braking system.  The regenerative braking system has a negligible impact on 

results at this braking speed. Uncertainty in results at this initial braking speed is around 8.5-

8.8%.  Uncertainty in results is highest at this speed compared to any other initial braking 

speed.   

The reason for higher regeneration efficiency at lower initial accumulator pressure is based on 

pump speed and system operating pressure. Figure 4.10 indicates that the efficiency of the 

gear pump decreases as the pressure differential across the pump deviates from optimum [57]. 

Figure 4.11 shows the variation in the overall efficiency of the gear type hydraulic pump with 

the operating speed [58].  

 

FIGURE 4.10: Effect of pump pressure differential on the efficiency of the pump [57] 
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FIGURE 4.11: Effect of pump operational speed on the efficiency of the pump [58] 

It is seen that the volumetric and overall efficiency of the hydraulic pump decreases as the 

operating speed of the pump deviates from design speed. The primary reason for reduced 

efficiency is slip and cavitations losses. At higher load torque and rotational speed, the leakage 

losses of the pump are more predominant. For this experimental work, the available hydraulic 

pump has a design operating speed of 1500 rpm. Considering the final drive ratio and wheel 

radius, hydraulic pump revolutions between initial and final braking speed are shown in Table 

4.14. Reduced regeneration efficiency at the initial braking speed of 50, 20 and 10 is mainly 

contributed to the lower efficiency of the pump at this operating speed.  

TABLE 4.14: pump operational speed range  

Sr. No Initial 

braking 

speed 

(kmph) 

Final 

braking 

speed 

(kmph) 

Operating range of pump 

between initial and final 

braking speed 

(rpm) 

1 50 0 2265-0 

2 40 0 1812-0 

3 30 0 1359-0 

4 20 0 906-0 

5 10 0 453-0 
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Figure 4.12 indicates that as the initial accumulator pressure rises from 90 to 110 bar, final 

accumulator pressure also increases. The higher operating pressure of the system results in 

higher frictional losses. Thus pump losses and frictional losses of the hydraulic system are 

primary reasons for reduced regeneration efficiency at increased initial accumulator pressure. 

Figure 4.12 shows the variation in final accumulator pressure with varying initial accumulator 

pressure, pump displacement and mass of the vehicle. Final accumulator pressure rises 

between 14.7-17.2% when initial accumulator pressure increases from 90 bar to 110 bar. In a 

hydraulic system, frictional losses and pump losses are proportional to the system operating 

pressure. Thus, the increase in frictional and pump losses is the primary reason for reduced 

regeneration efficiency with an increase in initial accumulator pressure. 

Pump displacement and the vehicle mass (LPM - kg)
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FIGURE 4.12: Variation in final accumulator pressure with initial accumulator pressure at 50 kmph 

4.4.2 Effect of pump displacement on regeneration efficiency 

Figures 4.13 to 4.17 show the variation in regeneration efficiency with varying pump 

displacement at different initial braking speed. Figures 4.13 to 4.17 indicate that as the pump 

displacement rises from 16 to 23 LPM, the regeneration efficiency of the system increases. 
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Regeneration efficiency varies between 5.9-16.7% while varying pump displacement based on 

a different set of parameters. The range of variation in regeneration efficiencies is while 

varying pump displacement are wider compared to varying initial accumulator pressure. 

Greater variation in regeneration efficiency found with decreasing in initial accumulator 

pressure and mass of the vehicle. Figure 4.13 shows the variation in regeneration efficiency 

with varying pump displacement at an initial braking speed of 50 kmph. At this initial braking 

speed, regeneration efficiency increases as pump displacement increased from 16 LPM to 23 

LPM. The regeneration efficiencies at this speed are lower compared to regeneration 

efficiencies at the initial braking speed of 40 kmph. At this speed, the value of regeneration 

efficiencies achieved between 46.7-38.1% depending on initial accumulator pressure, pump 

displacement and mass of the vehicle.  

Initial accumulator pressure and the vehicle mass (bar - kg)
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FIGURE 4.13: Effect of pump displacement on regeneration efficiency at 50 kmph 

As at this braking speed range pump is operated above its design speed. This will increase 

pump losses. The lower regeneration efficiencies at this braking speed are contributed to 

higher pump losses. It is seen that the regeneration efficiencies vary between 5.9-16.7% while 

the pump displacement increased from 16 LPM to 23 LPM and keeping other parameters 

constant. The range of variation in regeneration efficiencies, while varying pump 

displacement, are wider compared to varying initial accumulator pressure. The range of 
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variation at this braking speed is wider than the initial braking speed of 40 kmph. The effect of 

variation in regeneration efficiency increases as initial accumulator pressure and mass of the 

vehicle also increases. Uncertainty in results at this initial braking speed is around 2.4-2.8%.  

Uncertainty in results is lowest at this speed compared to any other initial braking speed.   

Figure 4.14 shows the variation in regeneration efficiency with varying pump displacement at 

an initial braking speed of 40 kmph. At this initial braking speed, regeneration efficiency 

increases as pump displacement increased from 16 LPM to 23 LPM. The regeneration 

efficiencies at this speed are higher compared to regeneration efficiencies at an initial braking 

speed of 50 kmph. At this speed, the value of regeneration efficiencies achieved between 48-

56.1% depending on initial accumulator pressure, pump displacement and mass of the vehicle.  

Initial accumulator pressure and the vehicle mass (bar - kg)
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FIGURE 4.14: Effect of pump displacement on regeneration efficiency at 40 kmph 

As at this braking speed range pump is operated close to its design speed. This will reduce 

pump losses. The higher regeneration efficiencies at this braking speed are contributed to 

reduced pump losses. It is seen that the regeneration efficiencies vary between 4.1-8.9% while 

the pump displacement increased from 16 LPM to 23 LPM and keeping other parameters 

constant. The range of variation in regeneration efficiencies, while varying pump 

displacement, are wider compared to varying initial accumulator pressure. The range of 
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variation at this braking speed is narrower than the initial braking speed of 50 kmph. The 

effect of variation in regeneration efficiency increases as initial accumulator pressure and mass 

of the vehicle also increases. Uncertainty in results at this initial braking speed is around 2.6-

3.0%.  Uncertainty in results is higher at this speed compared to the initial braking speed of 50 

kmph.   

Figure 4.15 shows the variation in regeneration efficiency with varying pump displacement at 

an initial braking speed of 30 kmph. At this initial braking speed, regeneration efficiency 

increases as pump displacement increased from 16 LPM to 23 LPM. The regeneration 

efficiencies at this speed are close to the regeneration efficiencies at the initial braking speed 

of 40 kmph. At this speed, the value of regeneration efficiencies achieved between 47.9-57.7% 

depending on initial accumulator pressure, pump displacement and mass of the vehicle.  

Initial accumulator pressure and the vehicle mass (bar - kg)
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FIGURE 4.15: Effect of pump displacement on regeneration efficiency at 30 kmph 

As at this braking speed range pump is operated close to its design speed. This will reduce 

pump losses. The higher regeneration efficiencies at this braking speed are contributed to 

reduced pump losses. It is seen that the regeneration efficiencies vary between 5.6-11.1% 

while the pump displacement increased from 16 LPM to 23 LPM and keeping other 

parameters constant. The range of variation in regeneration efficiencies, while varying pump 
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displacement, are wider compared to varying initial accumulator pressure. The range of 

variation at this braking speed is wider than the initial braking speed of 40 kmph. The effect of 

variation in regeneration efficiency increases as initial accumulator pressure and mass of the 

vehicle also increases. Uncertainty in results at this initial braking speed is around 3.2-3.6%.  

Uncertainty in results is higher at this speed compared to the initial braking speed of 40 kmph.   

Figure 4.16 shows the variation in regeneration efficiency with varying pump displacement at 

an initial braking speed of 20 kmph. At this initial braking speed, regeneration efficiency 

increases as pump displacement increased from 16 LPM to 23 LPM. The regeneration 

efficiencies at this speed are lower compared to the regeneration efficiencies at an initial 

braking speed of 30 kmph. At this speed, the value of regeneration efficiencies achieved 

between 42.7-47.7% depending on the initial accumulator pressure, pump displacement and 

mass of the vehicle.  

Initial accumulator pressure and the vehicle mass (bar - kg)

90
-1

06
5

90
-1

16
5

90
-1

26
5

10
0-

10
65

10
0-

11
65

10
0-

12
65

11
0-

10
65

11
0-

11
65

11
0-

12
65

R
eg

en
er

at
io

n 
ef

fi
ci

en
cy

(%
)

35

40

45

50

55

16 LPM 
20 LPM 
23 LPM 

 

FIGURE 4.16: Effect of pump displacement on regeneration efficiency at 20 kmph 

As at this braking speed range pump is operated below its design speed. These will increase 

pump losses. The lower regeneration efficiencies at this braking speed are contributed to 

higher pump losses. It is seen that the regeneration efficiencies vary between 0.4-7.8 % while 

the pump displacement increased from 16 LPM to 23 LPM and keeping other parameters 
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constant. The range of variation in regeneration efficiencies, while varying pump 

displacement, are wider compared to varying initial accumulator pressure. The range of 

variation at this braking speed is wider than the initial braking speed of 30 kmph. The effect of 

variation in regeneration efficiency increases as initial accumulator pressure and mass of the 

vehicle also increases. Uncertainty in results at this initial braking speed is around 4.3-4.7 %.  

Uncertainty in results is higher at this speed compared to the initial braking speed of 30 kmph.   

Figure 4.17 shows the variation in regeneration efficiency with varying pump displacement at 

an initial braking speed of 10 kmph. At this initial braking speed, regeneration efficiency 

increases as pump displacement increased from 16 LPM to 23 LPM. The regeneration 

efficiencies at this speed are lower compared to the regeneration efficiencies at an initial 

braking speed of 20 kmph. At this speed, the value of regeneration efficiencies achieved 

between 0-43.4 % depending on initial accumulator pressure, pump displacement and mass of 

the vehicle.  
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FIGURE 4.17: Effect of pump displacement on regeneration efficiency at 10 kmph 

As at this braking speed range pump is operated below its design speed. These will increase 

pump losses. The lower regeneration efficiencies at this braking speed are contributed to 

higher pump losses. It is seen that the regeneration efficiencies vary between 1.7-2.8 % while 
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the pump displacement increased from 16 LPM to 23 LPM and keeping other parameters 

constant. The range of variation in regeneration efficiencies, while varying pump 

displacement, are wider compared to varying initial accumulator pressure. The range of 

variation at this braking speed is narrower than initial braking speed of 20 kmph. The effect of 

variation in regeneration efficiency increases as initial accumulator pressure and mass of the 

vehicle also increases. Figure 4.17 shows that at a certain set of parameters hydraulic 

regenerative system does not recover any braking energy. The primary cause may very low 

available braking energy at this speed. The stopping time at this braking speed is hardly 2-4 

seconds based on a deceleration rate. Moreover, available braking energy is below 4 kJ at this 

braking speed. Available kinetic energy may be less compared to the power required to drive 

the pump.  This may be contributed to the design constraint of the regenerative braking 

system.  The regenerative braking system has a negligible impact on results at this braking 

speed. Uncertainty in results at this initial braking speed is around 8.5-8.6 %.  Uncertainty in 

results is highest at this speed compared to any other initial braking speed.   
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FIGURE 4.18: Variations in braking power 
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The primary cause of an increase in regeneration efficiency with increasing pump 

displacement may be contributed to the rapid energy recovery and reduced aerodynamic and 

frictional losses.  Figure 4.18 show variation in average brake power with varying pump 

displacement, initial pressure and mass of the vehicle. It is seen that average braking power 

varies widely from minimum value to maximum value of 4.51 kW to 8.63 kW respectively. 

The braking power increases marginally as initial accumulator pressure and vehicle mass 

increases. With an increase in pump displacement, the braking power of the system increases 

proportionally. The braking power increases by around 40% and 60% when pump 

displacement rises from 16 LPM to 20 and 23 LPM respectively.  

Figures 4.19 to 4.21 show the theoretically calculated braking power, braking distance and 

braking time while using 16, 20 and 23 LPM pump. The data is calculated at the initial 

braking speed of 50 kmph, initial accumulator pressure of 90 bar and the vehicle mass of 1065 

kg. Figures 4.19 to 4.21 show the variation in braking power and braking distance while 

increasing the pump displacement. Figures 4.19 to 4.21 show that as the braking episode 

progresses, the braking power decreases due to the reduced speed of the pump.  
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FIGURE 4.19: Braking power and braking distance at 16 LPM 

Figures 4.19 to 4.21 show that as the pump displacement increases from 16 LPM to 23 LPM 

the braking distance is reduced from 127.3 m to 81.3 m. It is also seen that initial brake power 
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increases from 8.6 kW to 13.8 kW as pump displacement increases from 16 LPM to 23 LPM.  

At higher braking power, aerodynamic and rolling resistance losses reduce due to reduced 

braking distance. 
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FIGURE 4.20: Braking power and braking distance at 20 LPM 
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FIGURE 4.21: Braking power and braking distance at 23 LPM 

It is also evident that thermodynamic losses are reduced as time is reduced. Theoretical 

calculations show that when pump displacement increases from 16 LPM to 23 LPM the 

braking time also reduced from 17 seconds to 11 seconds. Increased pump displacements may 
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result in greater frictional losses of the system. However, the increase in frictional losses are 

negligible and hence, the overall effect of increasing pump displacement results in an increase 

in regeneration efficiency of the system. Greater variation in regeneration efficiency occurs 

with pump displacement as initial braking speed, vehicle mass and initial accumulator 

pressure increases. 

4.4.3 Effect of initial braking speed on regeneration efficiency 

Figure 4.22 show the effects of varying initial braking speed on the regeneration efficiency of 

the HRBS. Regeneration efficiencies at 90 bar initial accumulator pressure, 16, 20 and 23 

LPM pump displacement and the vehicle mass of 1265 considered for analysis. The results 

show that initially, regeneration efficiency increases as the initial braking speed increases. 

After the initial braking speed of around 35 kmph, a further rise in initial braking speed, 

results in a decrease in regeneration efficiency of the system.  
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FIGURE 4.22: Effect of initial braking speed on regeneration efficiency 

However, for further discussion, only experimental results are considered for discussion. The 

regeneration efficiency of the system varies between 38.1-57.7% while varying the initial 

braking speed. The value of the highest regeneration efficiency of the system is 57.7 % which 

is achieved at the initial braking speed of 30 kmph. The lowest regeneration efficiency of the 

system is 38.1% which is achieved at the initial braking speed of 50 kmph.  At the braking 
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speed of 40 kmph, the regeneration efficiency of the system is a bit lower compared to the 

initial braking speed of 30 kmph. At the initial braking speed of 20 kmph, the regeneration 

efficiency of the system is a little higher compared to the initial braking speed of 50 kmph.  

At the initial braking speed of 10 kmph, the value of regeneration efficiency of the system is 

between 42.3-43.4% neglecting certain results where regeneration does not take place at all. 

As initial braking speed increases from 10 kmph to 20 kmph, the value of regeneration 

efficiency varies between 47-47.7%. The regeneration efficiency rises by around 9.9-11.1% 

while the initial braking speed increased from 10 kmph to 20 kmph.    As the initial braking 

speed increases from 20 kmph to 30 kmph, the value of regeneration efficiency varies between 

52.1-57.7 %. The regeneration efficiency rises by around 23.3-33% while the initial braking 

speed increased from 10 kmph to 30 kmph. As initial braking speed increases from 30 kmph 

to 40 kmph, the value of regeneration efficiency varies between 51.6-56.2%. The regeneration 

efficiency rises by around 22-29.3 % while the initial braking speed increased from 10 kmph 

to 40 kmph. As initial braking speed increases from 10 kmph to 50 kmph, the value of 

regeneration efficiency varies between 41.8-46.7%. The regeneration efficiency at the braking 

speed of 50 kmph is lower by 1.2 % compared to the regeneration efficiency at 10 kmph at the 

pump displacement of 16 LPM. However, the regeneration efficiency at the braking speed of 

50 kmph is higher by 1 and 7.6 % compared to the regeneration efficiency at 10 kmph at the 

pump displacement of 20 and 23 LPM respectively.  

The reasons for variation in regeneration efficiency at braking speed are discussed under 

section 4.4.1.  The primary reason for lower regeneration efficiency is considered toward 

operation of the pump below or above its design speed and operating pressure of the system.  

4.4.4 Effect of the vehicle mass on regeneration efficiency 

The study on the effect of variation in vehicle mass on regeneration efficiency is very useful 

for vehicles like a city bus, school bus, school van, BRTS bus, garbage truck. These vehicles 

undergo significant mass change during their operations. Table 4.15 shows the variation in the 

percentage change in regeneration efficiency while increasing the vehicle mass from 1065 kg 

to 1265 kg. The regeneration efficiency improves between 1.2-10.7% while increasing the 

vehicle mass from 1065 kg to 1265 kg based on other system parameters. The variation in 
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regeneration efficiency with the vehicle mass increases as initial accumulator pressure 

increases. The variation in regeneration efficiency with the vehicle mass decreases as the 

initial braking speed increases from 10 to 40 kmph. However, with a further rise in initial 

braking speed, the variation in regeneration efficiency with the vehicle mass increases rapidly. 

Similarly, variation in regeneration efficiency with the vehicle mass increases as pump 

displacement increases from 16 LPM to 23 LPM up to an initial braking speed of 10 kmph. At 

the braking speed of 50 kmph, variation in regeneration efficiency with the vehicle mass 

decreases as pump displacement increases from 16 LPM to 23 LPM.  

TABLE 4.15: Effect of the vehicle mass on the regeneration efficiency 

Initial 
accumulator 

pressure 
(bar) 

Initial 
braking 

speed 
(kmph) 

Variation in 
regeneration 

Efficiency 
@16 LPM 

(%) 

Variation in 
regeneration 

efficiency 
@20 LPM 

(%) 

Variation in 
regeneration 

efficiency 
@23 LPM 

(%) 
90 50 8.8 5.8 4.3 

100 50 7.0 5.4 2.2 

110 50 4.0 3.9 9.9 

90 40 3.1 2.0 4.8 

100 40 2.8 3.1 5.5 

110 40 3.7 3.1 8.0 

90 30 3.8 5.4 5.6 

100 30 4.6 2.2 7.1 

110 30 3.5 4.6 8.9 

90 20 4.4 3.7 5.6 

100 20 1.4 3.9 4.1 

110 20 1.2 5.7 4.8 

90 10 10.7 - - 

100 10 - - - 

110 10 - - - 

 

4.5 Effect of the hydraulic regenerative braking system on fuel economy 

To study the effect of parametric variation, regeneration efficiencies are calculated using 

available braking energy. However, aerodynamic and rolling frictional losses cannot be 

recovered.  Overall system efficiency is calculated by system output to gross braking energy 

wasted during the episode. Overall regeneration efficiency of the vehicle is 25% lower 
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compared to the efficiency of the HRBS. To calculate the improvement in fuel economy, 

overall system efficiencies are considered. Figures 4.23 and 4.24 respectively show the 

average and minimum values of overall regeneration efficiency of the HRBS system at 

different initial braking speed. The average value of overall regeneration efficiency of the 

HRBS varies between 30.4-39.6% depending on initial braking speed. The highest value of 

average overall regeneration efficiency is 39.6% and achieved at the initial braking speed of 

around 35 kmph. The lowest value of average overall regeneration efficiency is 30.4% and 

achieved at the initial braking speed of 10 kmph.   
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Figure 4.23: Average value of the overall regeneration efficiency of the HRBS 

The minimum value of overall regeneration efficiency of the HRBS varies between 27.3-36.7 

% depending on initial braking speed. The highest value of minimum overall regeneration 

efficiency is 36.7 % and achieved at the initial braking speed of around 35 kmph. The lowest 

value of minimum overall regeneration efficiency is 27.3 % and achieved at the initial braking 

speed of 10 kmph.   
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FIGURE 4.24: Minimum value of overall regeneration efficiency of the HRBS 

 

Table 4.16 shows the values of overall regeneration efficiency corresponding to different 

initial braking speed. The data is inferred from Figures 4.23 and 4.24.   Regeneration potential 

is distributed according to the initial braking speed bracket of 10-20, 20-30, 30-40, 40-50 and 

50 & above. For any initial braking speed between 40-50 kmph, the regeneration efficiency at 

the speed of 45 kmph is considered for estimation of fuel economy. A similar approach is 

continued for other initial speed brackets. The overall efficiency at the braking speed of 15, 

25, 35 and 45 are inferred from Figures 4.23 and 4.24.  

Table 4.17 shows the estimated cumulative regenerated energy based on average values of the 

overall efficiency of the HRBS. The results show that out of 36864.5 kJ of braking energy 

wasted, 13035.8 kJ of energy can be regenerated (recovered) by application of The HRB 

system to the vehicle. It is seen that 35.4% of the cumulative braking energy wasted during 18 

trips can be recovered. The recovered energy can be utilized either to assist engine power or to 

run auxiliary systems of the vehicle. 
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TABLE 4.16: Regeneration efficiency of the HRBS at different initial braking speed 

Initial braking 

speed 

(kmph) 

Average 

regeneration 

efficiency (%) 

Minimum 

regeneration 

efficiency (%) 

50  31.0 28.6 

45  36.4 33.4  

40  38.8 36.0 

35  39.6 36.7  

30  39.1 35.9 

25  36.6 34.3  

20  33.9 32.0 

15  31.9 29.5  

10  30.4 27.3 

 

TABLE 4.17: Estimated cumulative regenerated energy based on average values 

Initial braking 

speed 

(kmph) 

Cumulative  

braking energy 

lost 

(kJ) 

Average 

regeneration 

efficiency (%) 

Estimated average 

regenerated 

energy (kJ) 

ABOVE 50 10342.3 31.0 3211.0 

50-40 17180.2 36.4 6253.6 

40-30 5788.8 39.6 2292.4 

30-20 3092.8 36.6 1132.0 

20-10 460.3 31.9 146.8 

Gross 36864.5 35.4 13035.8 

 

Table 4.18 shows the estimated cumulative regenerated energy based on minimum values of 

the overall efficiency of the HRBS. The results show that out of 36864.5 kJ of braking energy 

wasted, 12014.1 kJ of energy can be regenerated (recovered) by application of the HRBS 

system to the vehicle. It is seen that 32.6 % of the cumulative braking energy wasted during 18 

trips can be recovered. The recovered energy can be utilized either to assist engine power or to 

run auxiliary systems of the vehicle. 
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TABLE 4.18: Estimated cumulative regenerated energy based on minimum values  

Initial braking 

speed 

(kmph) 

Cumulative  

braking energy 

lost 

(kJ) 

Minimum 

Regeneration 

efficiency (%) 

Estimated 

Minimum 

regenerated 

energy (kJ) 

ABOVE 50 10342.3 28.6 2954.8 

50-40 17180.2 33.4 5738.2 

40-30 5788.8 36.7 2124.5 

30-20 3092.8 34.3 1060.8 

20-10 460.3 29.5 135.8 

Gross 36864.5 32.6 12014.1 

 

Figure 4.25 compares the tractive energy, braking energy and minimum regenerated 

(recovered) energy at different initial braking speed at the acceleration rate of 0.8 m/s2 and 

vehicle mass of 1065 kg. It is seen that braking energy is half of the tractive energy and the 

minimum energy recovered is around 33% of the tractive energy.  
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FIGURE 4.25: Proportions of tractive, braking and regenerated energy 

The energy lost during cruising is comparatively small to the traction energy required to bring 

the vehicle to the desired speed. During an acceleration event, a tremendous amount of energy 
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is required compared to normal cruising. During braking operation, the traction energy is lost 

through the heat of the braking system. The energy lost during cruising is due to aerodynamic 

and rolling resistance which can be reduced but cannot be eliminated. Finally, Table 4.19 

shows the regenerated energy and fuel savings during the trip of 10.14 km for a school van 

conveyance in Vadodara city.  

TABLE 4.19: Estimated improvement in fuel economy 

 Average Minimum Considerations 

Cumulative energy regenerated (kJ) 13035.8 12014.1  

Energy regenerated per trip (kJ) 724.2 667.4  

Braking energy per trip (kJ) 2048 2048  

Overall regeneration efficiency of the system (%) 35.4 32.6  

Regenerated energy per trip of 10.14 km (kJ) 724.2 667.4  

Regenerated energy at tank level per trip of 10.14 km (kJ) 3621.1 3337.2 
well to wheel efficiency 

of 20% 

Amount of fuel savings per trip of 10.14 km (ml) 117.0 107.8 
CV = 42000 kJ/kg, 

Density = 737 kg/m3, 
Mileage = 15 km/liter 

Percentage improvement in fuel economy per trip of 

10.14 km (%) 
17.3 16.0  

 

A well to wheel analysis shows that the energy at the wheel is around 20% of the chemical 

energy of the fuel. Hence, energy regenerated at wheel becomes five times at tank level. The 

values of average and minimum energy regenerated at tank level are 3621.1 and 3337.2 kJ 

respectively. Assuming the calorific value and density for the gasoline as 42000 kJ/kg and 737 

kg/m3 respectively, the average and minimum fuel saving per trip is 117 and 107.8 ml 

respectively. Moreover, considering the mileage of the school van as 15 km/liter, the fuel 

required to complete the trip is 676 ml. However, it must be noted that while utilization of 

regenerated energy some losses would occur. The results show that the application of a 

hydraulic regenerative braking system on the school van, during the trip of 10.14 km, can 

improve the fuel economy of the school van by 17.3 and 16 % considering average and 

minimum regeneration efficiency respectively. The experimental results show a significant 

amount of braking energy is wasted under actual city/urban driving conditions. The results 

show that the actual driving conditions have differed from the standard driving cycle 
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conditions. The results show that parameters like initial accumulator pressure, pump 

displacement, initial braking speed and the vehicle mass has a significant impact on the 

regeneration efficiency of the HRB system. The results show that the application of the HRB 

system can significantly improve the fuel economy of the vehicle. Therefore, the objective of 

the study has been achieved to investigate the effects of the hydraulic regenerative braking 

system on the performance of the vehicle. 
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CHAPTER 5 

 

Conclusions and future scope 

 

 

5.1 Conclusions from the present experimental study 

In the present experimental study, an attempt is made to estimate braking energy potential for 

the vehicles running under actual city/urban driving conditions during almost entire hours of 

their operation. Based on the braking energy potential and pattern, a hydraulic regenerative 

braking system is designed. An experimental vehicle modified with the hydraulic regenerative 

braking system. Experiments are carried out under real-world condition to find out the 

regeneration efficiency of the hydraulic regenerative braking system. Effect of parameters like 

initial accumulator pressure, pump displacement, initial braking speed and the vehicle mass on 

the regeneration efficiency of the HRB system is carried out. Finally, prediction of 

improvement in fuel economy of the vehicle by application of the HRB system is carried out.  

The experimental results show a significant amount of braking energy is wasted under actual 

city/urban driving conditions. The results show that the actual driving conditions have differed 

from the standard driving cycle conditions. The results show that parameters like initial 

accumulator pressure, pump displacement, initial braking speed and the vehicle mass has a 

significant impact on the regeneration efficiency of the HRB system. The results show that the 

application of the HRB system can significantly improve the fuel economy of the vehicle. 
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Therefore, the objective of the study has been achieved to investigate the effects of a hydraulic 

regenerative braking system on the performance of the vehicle.  

 

Following conclusions are drawn from the present experimental study.  

1. The school van has an average braking energy regeneration potential of 2048 kJ during 

the trip of 10.14 km. The BRTS bus has an average braking energy regeneration 

potential of 40990 kJ during the trip of 11.28 km. Actual urban/city driving conditions 

are different compared to the standard driving cycle. Higher braking energy under a 

wider range of deceleration rates is wasted in actual city driving conditions compared 

to the standard driving cycle.  

2. The Hydraulic Regenerative Braking (HRB) system using a set of fixed displacement 

pump is capable of regenerating a minimum 32.6% and average 35.4% of braking 

energy wasted during the school van trip of 10.14 km.  

3. As initial accumulator pressure is decreased from 110 bar to 90 bar, the regeneration 

efficiency of the HRB system improves between 0.8-11% based on the other set of 

parameters. Greater variation in regeneration efficiency found with the rise in pump 

displacement and mass of the vehicle. 

4. As the pump displacement increases from 16 to 23 LPM, the regeneration efficiency of 

the HRB system increases between 5.9-16.7% based on a different set of parameters. 

The range of variation in regeneration efficiencies while varying pump displacement is 

wider compared to varying initial accumulator pressure. Greater variation in 

regeneration efficiency found with decreasing in initial accumulator pressure and mass 

of the vehicle. 

5. The results show that initially, the regeneration efficiency of the HRB system increases 

as the initial braking speed increases. After the initial braking speed of around 35 

kmph, a further rise in initial braking speed, results in a decrease in regeneration 

efficiency of the HRB system. The regeneration efficiency of the hydraulic 

regenerative braking system varies between 38.1-57.7% while varying the initial 

braking speed. 
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6. The regeneration efficiency of the HRB system improves between 1.2-10.7% while 

increasing the vehicle mass from 1065 kg to 1265 kg based on other sets of parameters. 

The variation in regeneration efficiency of the HRB system with the vehicle mass 

increases as initial accumulator pressure increases. The variation in regeneration 

efficiency of the HRB system with the vehicle mass decreases as the initial braking 

speed increases from 10 to 40 kmph. 

7. The results show that out of 36864.5 kJ of braking energy wasted, an average 13035.8 

kJ of energy can be regenerated (recovered) by application of the HRB system to the 

vehicle. It is seen that an average 35.4% of the cumulative braking energy wasted 

during 18 trips can be recovered with the application of the HRB system. 

8. The results show that out of 36864.5 kJ of braking energy wasted, a minimum 12014.1 

kJ of energy can be regenerated (recovered) by application of the HRB system to the 

vehicle. It is seen that a minimum 32.6% of the cumulative braking energy wasted 

during 18 trips can be recovered with the application of the HRB system.  

9. The results show that the application of a hydraulic regenerative braking system on the 

school van can improve the fuel economy of the school van by 17.3 and 16% 

respectively, considering the average and minimum regeneration efficiency of the 

hydraulic regenerative braking system. 

 

5.2 Future scope of the work 

For further investigation on the effects of the hydraulic regenerative braking system on vehicle 

performance following area can be enlightened. 

1. Modification of the vehicle by the integration of the hydraulic regenerative braking 

system to utilize recovered braking energy either to assist engine power or to power 

auxiliary systems of the vehicle.  

2. Development and evaluation of a control strategy to improve the performance of the 

hydraulic regenerative braking system. 

3. Effect of the accumulator energy storage capacity on the performance of the hydraulic 

regenerative braking system. 
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4. Effect of thermal insulation and oil viscosity on the performance of the hydraulic 

regenerative braking system. 

5. A comparative experimental study can be done using a variable displacement pump 

instead of a fixed displacement pump under a similar real-world environment. 
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CHAPTER 6 

 

Uncertainty analysis  

 

 

6.1 Introduction 

In the present experimental study, an attempt is made to estimate braking energy potential for 

the vehicles running under actual city/urban driving conditions during almost entire hours of 

their operation. Based on the braking energy potential and pattern, a hydraulic regenerative 

braking system is designed. An experimental vehicle modified with the hydraulic regenerative 

braking system. Experiments are carried out under real-world condition to find out 

regeneration efficiency of the hydraulic regenerative braking system. Effect of parameters like 

initial accumulator pressure, pump displacement, initial braking speed and the vehicle mass on 

the regeneration efficiency of the HRB system is carried out. Finally, prediction of 

improvement in fuel economy of the vehicle by application of the HRB system is carried out.  

In order to attain the regeneration efficiency of the hydraulic regenerative braking system 

some measurements have been made viz. the vehicle speed, accumulator pressure, quantity of 

the hydraulic oil and mass of the vehicle. These measurements owing to the limitation of the 

instruments used for the purpose and method employed give rise to some degree of 

inaccuracy. When a number representing the magnitude of physical quantity is obtained by 

experimental methods, only through sheer luck the measured value will coincide exactly with 

the true value and even then, this is extremely unlikely event to occur if so, it would go un-
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noticed. The magnitude of true value can be approached but, in the rigid sense, never 

evaluated. The difference between the true value (known) and the result (best experimentally 

obtained value) is the error, since we never know the magnitude of the error is never known, 

hence, it is often termed as uncertainty. Uncertainty is the best estimate of the magnitude of 

the known error. Typical procedure involved for the calculation of uncertainty is explained for 

a function in the following section. The methodology of estimating uncertainty in 

experimental results, employed in the current study, has been suggested by S. Kline et al. [59]. 

The method is based on careful assessment of the errors associated with primary 

measurements. The procedure is described below: 

Let a parameter is calculated using certain measured quantities as, 

  nxxxxyy ....,,.........,, 321       (G-1) 

Then uncertainty in measurement of y is given as follows: 
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where, 1x , 2x , 3x ,… nx  are the possible errors in measurements of x1, x2,x3…xn 

y is absolute uncertainty ;         
y

y
 is relative uncertainty 

6.2 Uncertainty in measured parameters 

The uncertainty intervals of measuring instruments used are provided in Table 6.1. 

TABLE 6.1: Uncertainties in the measured parameters 

Parameters Instruments Uncertainty 

Speed GPS  0.1 m/s 

Pressure Pressure gauge 2.5 bar 

Mass Platform scale 5 kg 

Volume Bucket 5 ml 
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6.3 Uncertainty in results and sample calculations 

An error analysis has been carried out of all the tests. A sample calculation of typical test-run 

data from Table B-1(Appendix-B) is given hereunder. 

6.3.1 Error in braking energy  

 

	0.5 	 	  
0.5 	  

σ 	 	  	  

σ 	 . 	 /   m =1065 kg 

	0.5 v = 13.89m/s 

 

σ 	 	σ 	σ 	 

σ 	 1.6 

E	 102.7	 1.6 

   Uncertainty in braking energy E = 1.51% 

TABLE 6.2: Uncertainty in braking energy at different speed and mass 

Vehicle mass (kg) 1065 1165 1265 

Vehicle Speed 

(kmph) 

Uncertainty 

(%) 

Uncertainty 

(%) 

Uncertainty 

(%) 

50 1.51 1.50 1.49 

40 1.86 1.85 1.84 

30 2.45 2.44 2.43 

20 3.63 3.63 3.62 

10 7.22 7.21 7.21 
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6.3.2 Error in the Regeneration efficiency 

 

ŋ 	
	 	∆

0.75	 0.5 	
 

ŋ ∆
0.75 0.5 	 	

 

σ . 	  ŋ
∆ 0.75 0.5 	 	

 

σ∆ 	 	  ŋ 	∆
0.75 0.5 	 	

 

σ 	 	  ŋ 2
0.75 0.5 	 	

 

σ 	 . 	 /   ŋ 0.38 

p = 106 bar Δv = 2790 ml 

m =1065 kg v = 13.89m/s 

ŋ	
ŋ

	
ŋ

	 	
ŋ

	
ŋ

	  

σŋ 	 0.0107 

ŋ 0.38	 0.0107 

Uncertainty in regeneration efficiency = 2.81 %
 

TABLE 6.3: Uncertainty in regeneration efficiency for different speed and mass 

Mass 1065 1165 1265 

Vehicle 

Speed 

Percentage 

Range in % 

Average 

in % 

Percentage 

Range in % 

Average 

in % 

Percentage 

Range in % 

Average in 

% 

50 2.4–2.8 2.58 2.4–2.7 2.56 2.3–2.7 2.53 

40 2.6–3.0 2.84 2.6–3.0 2.81 2.6–2.9 2.79 

30 3.2–3.6 3.37 3.1–3.5 3.36 3.1–3.5 3.34 

20 4.3–4.7 4.47 4.3–4.5 4.42 4.2–4.5 4.39 

10 0.0–8.6 8.63 8.3–8.8 8.51 8.2–8.4 8.32 
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APPENDIX A: Braking episodes details during the trip for the school van and the BRTS bus 

TABLE A.1: Braking episodes during trip no.1 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-t  

(s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-E 

(kJ) 

1 28.16 55.8 0 62.6 6.8 1.15 36.71 

2 12.82 41 0 52.9 11.9 0.30 7.61 

3 23.06 3.1 13.74 8.2 5.1 0.51 15.88 

4 32.85 17.8 6.83 26.2 8.4 0.86 47.80 

5 33.66 43.3 13.2 46.6 3.3 1.72 44.39 

6 29.04 29.3 15.96 34.2 4.9 0.74 27.25 

7 33.8 47.5 10.63 55.6 8.1 0.79 47.66 

8 41.18 32.3 31.47 32.7 0.4 6.74 32.66 

9 36.75 33.2 19.44 39.6 6.4 0.75 45.03 

10 26.88 50.9 7.76 55.7 4.8 1.11 30.66 

11 36.42 9.8 16.1 14.4 4.6 1.23 49.41 

12 46.48 35.8 10.11 43.4 7.6 1.33 95.29 

13 41.39 3.6 9.15 10.9 7.3 1.23 75.44 

14 53.01 47.9 10.69 55.1 7.2 1.63 124.80 

15 48.95 20.5 9 27.7 7.2 1.54 107.18 

16 48.07 7 7.35 18.9 11.9 0.95 104.48 

17 24.36 27.7 5.58 32.7 5 1.04 26.03 

18 51.2 1.5 7.97 13.5 12 1.00 118.42 

19 62.58 57.1 12.56 72.3 15.2 0.91 174.00 

20 19.39 32.4 0 51.9 19.5 0.28 17.41 

21 30.04 15 17.06 21.1 6.1 0.59 28.30 

22 18.08 29.6 0.56 42.1 12.5 0.39 15.12 

23 18.41 32.1 5.23 37 4.9 0.75 14.42 

24 27.27 49.5 7.39 61.8 12.3 0.45 31.90 

25 11.9 3 0.03 6.5 3.5 0.94 6.56 

26 29.53 48.9 7.11 55.1 6.2 1.00 38.03 

27 27.26 10.8 1.71 29.4 18.6 0.38 34.27 

28 44.76 40.6 7.12 48.7 8.1 1.29 90.41 

29 51.12 17.2 25.41 25.8 8.6 0.83 91.09 

30 52.4 48.2 7.7 56.6 8.4 1.48 124.37 

31 61.05 56.9 9.63 74.9 18 0.79 168.26 

32 52.88 39.9 9.79 55 15.1 0.79 125.02 

33 44.93 13.2 8.05 22.2 9 1.14 90.46 

34 43.07 41.9 21.9 50.2 8.3 0.71 63.68 

35 53.89 39.4 17.27 44.6 5.2 1.96 120.64 

36 59.6 28 10.37 41 13 1.05 159.47 

37 33.71 51.7 12.99 57.6 5.9 0.98 44.80 

 



 

 

 

TABLE A.2: Braking episodes during trip no.2 (School van) 

Sr. 
No 

Speed at 
start of 

braking- 
vo 

(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-t2 
(s) 

Braking 
duration-t  

(s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-E 

(kJ) 

1 28.02 0.3 0.37 15 14.7 0.52 36.34 

2 15.95 51.7 0.51 63.4 11.7 0.37 11.77 

3 33.17 40.7 11.98 47.4 6.7 0.88 44.29 

4 43.37 18.7 26.08 27.4 8.7 0.55 55.59 

5 44.18 42.9 11.91 52.4 9.5 0.94 83.80 

6 43.39 38.8 9.26 45.9 7.1 1.34 83.19 

7 41.49 23.1 6.8 34.7 11.6 0.83 77.55 

8 40.33 56.6 9.93 64 7.4 1.14 70.74 

9 50.28 40 10.4 49.8 9.8 1.13 112.03 

10 45.97 13.6 8.96 25.3 11.7 0.88 94.12 

11 43.26 8.7 7.18 18.5 9.8 1.02 84.25 

12 22.72 26.8 4.99 32.9 6.1 0.81 22.75 

13 45.59 2.9 13.48 16.4 13.5 0.66 87.81 

14 30.03 16.8 16.82 20.6 3.8 0.97 28.65 

15 31.82 38.5 0.05 50.7 12.2 0.72 46.88 

16 24.05 11.6 8.85 21.7 10.1 0.42 23.15 

17 24.74 22.1 9.08 23.4 1.3 3.35 24.52 

18 15.78 43.4 0.06 51.9 8.5 0.51 11.53 

19 26.26 41.5 10.26 49.4 7.9 0.56 27.05 

20 32.28 44.8 7.23 49.3 4.5 1.55 45.82 

21 26.27 9 0.76 18.6 9.6 0.74 31.92 

22 46.46 34.6 8.4 40.9 6.3 1.68 96.67 

23 42.23 6.9 21.58 18.7 11.8 0.49 61.00 

24 48.7 45.3 5 55.5 10.2 1.19 108.64 

25 38.76 19.3 18.22 26.8 7.5 0.76 54.18 

26 51.82 8.4 8.07 20.6 12.2 1.00 121.30 

27 49.97 53.8 11.79 61.8 8 1.33 109.17 

28 46.29 21.4 7.29 29.4 8 1.35 96.74 

29 45.86 50 26.28 56.3 6.3 0.86 65.39 

30 60.11 31.1 16.65 46.5 15.4 0.78 154.44 

31 36.51 2.4 23.39 15.7 13.3 0.27 36.38 

32 58.4 41.6 9.06 51.7 10.1 1.36 154.10 

33 33.69 1.3 8.78 8.2 6.9 1.00 48.98 

 

 

 

 



 

 

 

TABLE A.3: Braking episodes during trip no.3 (School van) 

Sr. 
No 

Speed at 
start of 

braking- 
vo (kmph) 

Time at 
start of 

braking-t1 
(s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  (m/s2) 

Braking 
energy-E 

(kJ) 

1 27.52 53.5 0.04 65.6 12.1 0.63 35.06 

2 15.41 43.8 0.01 56.3 12.5 0.34 10.99 

3 21.18 13 10.53 18.3 5.3 0.56 15.63 

4 25.51 29.5 12.01 36.7 7.2 0.52 23.45 

5 45.94 10.7 23.28 20.8 10.1 0.62 72.62 

6 41.02 40.4 11.42 49 8.6 0.96 71.86 

7 45.9 31.2 7.33 42.6 11.4 0.94 95.05 

8 33.39 59.3 17.82 62.8 3.5 1.24 36.91 

9 43.31 21.8 7.85 32.9 11.1 0.89 83.99 

10 37.05 54.9 8.23 62.9 8 1.00 60.42 

11 43.2 24.6 10.28 29.2 4.6 1.99 81.51 

12 42.43 50.7 9.25 58.9 8.2 1.12 79.39 

13 44.18 21.9 8.15 33.9 12 0.83 87.29 

14 45.03 13.1 6.86 28.2 15.1 0.70 91.70 

15 20.87 36.2 6.93 43.1 6.9 0.56 17.94 

16 46.75 12.8 28.12 23.1 10.3 0.50 64.58 

17 43.53 2.7 13.45 24.5 21.8 0.38 79.35 

18 24.7 39.4 0.02 49.4 10 0.69 28.24 

19 24.24 0.9 9.08 8.7 7.8 0.54 23.39 

20 17.59 31.9 0.02 48.2 16.3 0.30 14.32 

21 44.19 6.5 6.99 21.1 14.6 0.71 88.14 

22 44.03 50.4 17.22 64.7 14.3 0.52 76.02 

23 38.27 30 6.61 37.8 7.8 1.13 65.78 

24 44.25 46.8 9.99 58.6 11.8 0.81 86.03 

25 44.9 30.7 9.72 43.9 13.2 0.74 88.96 

26 41.13 3.8 8.49 12 8.2 1.11 74.98 

27 44.38 31.8 20.52 40.3 8.5 0.78 71.69 

28 43.66 29.8 17.4 40.3 10.5 0.69 74.23 

29 45.06 38.9 8.29 47.3 8.4 1.22 90.82 

30 28.21 56.9 10.47 68.3 11.4 0.43 31.77 
 

 

 

 



 

 

 

TABLE A.4: Braking episodes during trip no.4 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 39.24 5 20.87 6.8 1.8 2.83 51.12 

2 25.34 26.3 0.02 45.2 18.9 0.37 29.73 

3 41.57 51.8 6.54 65.8 14 0.70 78.02 

4 42 30.2 15.74 38.3 8.1 0.90 70.20 

5 49.3 20 6.78 29.1 9.1 1.30 110.39 

6 32.48 46.3 19.13 50.5 4.2 0.88 31.90 

7 44.08 7.4 8.12 19.1 11.7 0.85 86.90 

8 37.31 40.5 7.36 49 8.5 0.98 61.94 

9 40.19 29.6 8.45 40.5 10.9 0.81 71.47 

10 39.74 0.3 7.85 17.8 17.5 0.51 70.26 

11 48.58 1.3 4.71 14.6 13.3 0.92 108.23 

12 20.65 23.7 4.22 29.8 6.1 0.75 18.92 

13 49.64 0 37.66 6.3 6.3 0.53 48.42 

14 20.96 28.9 0.08 43.5 14.6 0.40 20.34 

15 26.42 45.2 6.09 52.8 7.6 0.74 30.60 

16 26.12 10.1 0.09 27.3 17.2 0.42 31.59 

17 44.16 3.3 8.78 11.4 8.1 1.21 86.71 

18 46.77 35.1 22.55 50.3 15.2 0.44 77.73 

19 39 12.6 4.61 27.8 15.2 0.63 69.43 

20 53.07 26.8 9.89 47.2 20.4 0.59 125.86 

21 43.79 25.9 0.08 37 11.1 1.09 88.78 

22 38.92 9.9 9.68 16.2 6.3 1.29 65.79 

23 40.32 34.9 22.15 44.6 9.7 0.52 52.55 

24 56.74 21.5 17.71 40.1 18.6 0.58 134.53 

25 47.02 29.8 8.63 42.5 12.7 0.84 98.91 

26 31.76 53.4 13.2 59.3 5.9 0.87 38.63 

 

 

 

 

 

 

 

 



 

 

 

TABLE A.5: Braking episodes during trip no.5 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 16.59 16.9 0.02 35.8 18.9 0.24 12.74 

2 25.41 2.8 0.54 14 11.2 0.62 29.88 

3 46.51 24.4 25.33 35.5 11.1 0.53 70.44 

4 40.63 52.1 13.56 62.4 10.3 0.73 67.91 

5 47.11 44.9 7.78 53.9 9 1.21 99.95 

6 32.55 11.9 20.15 15.9 4 0.86 30.25 

7 42.39 31.9 5.2 45.8 13.9 0.74 81.94 

8 41.97 8.1 8.43 16.2 8.1 1.15 78.26 

9 48.13 50.3 10.33 61.2 10.9 0.96 102.31 

10 43.04 21.9 9.67 35.2 13.3 0.70 81.43 

11 43.14 16.4 6.1 28.5 12.1 0.85 84.44 

12 22.08 36.2 4.9 43.3 7.1 0.67 21.46 

13 48.37 10.8 31.14 18.6 7.8 0.61 63.42 

14 48.39 2.7 6.32 26.9 24.2 0.48 106.56 

15 23.98 33.5 1.56 41.6 8.1 0.77 26.51 

16 19.96 47.5 0.06 56.9 9.4 0.59 18.44 

17 25.01 16.5 0.03 38.6 22.1 0.31 28.96 

18 26.52 30.6 6.64 41.8 11.2 0.49 30.52 

19 23.72 59.4 4.33 69.8 10.4 0.52 25.18 

20 38.73 1.8 8.26 11.2 9.4 0.90 66.29 

21 45.9 35 15.03 52.5 17.5 0.49 87.08 

22 41.56 21.1 6.82 30.3 9.2 1.05 77.81 

23 52.42 36.5 8.35 51.1 14.6 0.84 123.99 

24 42.19 28.5 9.04 37.1 8.6 1.07 78.62 

25 44.58 54.9 8.27 64.1 9.2 1.10 88.84 

26 46.1 24.4 20.45 31.5 7.1 1.00 79.03 

27 54.31 14.6 15.31 23.6 9 1.20 125.70 

28 56.47 13.6 9.33 26.1 12.5 1.05 143.60 

29 31.65 33.8 11.38 43.8 10 0.56 40.38 

 

 

 

 

 



 

 

 

TABLE A.6: Braking episodes during trip no.6 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 19.18 2.5 1.21 13.3 10.8 0.46 16.96 

2 13.93 17.6 0 30.9 13.3 0.29 8.98 

3 28.7 1.7 16.35 6.6 4.9 0.70 25.76 

4 39.62 41.1 25.83 51.4 10.3 0.37 41.78 

5 41.05 7.1 11.57 20 12.9 0.63 71.82 

6 50.48 3.4 7.53 10.6 7.2 1.66 115.35 

7 33.36 26.1 21.27 31.1 5 0.67 30.58 

8 40.09 44.6 7.75 63.6 19 0.47 71.63 

9 36.56 24.3 7.08 33.1 8.8 0.93 59.56 

10 49.35 12.1 9.85 21.4 9.3 1.18 108.26 

11 38.85 39.9 7.81 60.3 20.4 0.42 67.05 

12 49.03 41.7 6.44 54.4 12.7 0.93 109.37 

13 20.52 1.2 5.08 8.7 7.5 0.57 18.30 

14 42.87 42.1 29.34 50.7 8.6 0.44 45.23 

15 51.86 21.9 0.32 74.02 52.12 0.27 124.51 

16 14.91 42.5 0.14 52.8 10.3 0.40 10.29 

17 16.74 23.3 0.03 43.2 19.9 0.23 12.97 

18 26.23 10.8 0.03 37.7 26.9 0.27 31.85 

19 27.83 9.5 7.48 17.7 8.2 0.69 33.27 

20 26.13 31.8 0.07 53.3 21.5 0.34 31.61 

21 36.12 53.8 7.87 64.9 11.1 0.71 57.53 

22 42.72 33 25.39 46.2 13.2 0.36 54.65 

23 44.14 7.6 5.83 22.2 14.6 0.73 88.63 

24 48.35 33.6 9.75 46.7 13.1 0.82 103.83 

25 47.19 24 8.75 31.5 7.5 1.42 99.55 

26 42.32 49.1 7.91 60.9 11.8 0.81 80.02 

27 35.14 23.5 21.07 32.2 8.7 0.45 36.61 

28 50.4 27 12.96 36.3 9.3 1.12 109.82 

29 41.29 57 29.18 65.8 8.8 0.38 39.51 

30 51.05 26.7 8.23 41.3 14.6 0.81 117.52 

31 25.23 53.6 0.51 66.5 12.9 0.53 29.46 

 

 

 

 



 

 

 

TABLE A.7: Braking episodes during trip no.7 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 32.18 45.8 6.7 51.7 5.9 1.20 45.86 

2 12.82 41 0 52.9 11.9 0.30 7.61 

3 23.06 3.1 13.74 8.2 5.1 0.51 15.88 

4 35.74 27.8 0 40.1 12.3 0.81 59.14 

5 33.66 43.3 13.2 46.6 3.3 1.72 44.39 

6 40.1 16.1 10.06 22.1 6 1.39 69.76 

7 33.8 47.5 10.63 55.6 8.1 0.79 47.66 

8 41.18 32.3 31.47 32.7 0.4 6.74 32.66 

9 49.54 33.2 14.44 39.6 6.4 1.52 103.97 

10 26.88 50.9 7.76 55.7 4.8 1.11 30.66 

11 36.42 10.8 16.1 15.6 4.8 1.18 49.41 

12 46.48 35.8 10.11 43.4 7.6 1.33 95.29 

13 45.39 3.6 8.17 10.9 7.3 1.42 92.29 

14 53.01 47.9 10.69 55.1 7.2 1.63 124.80 

15 48.95 37.1 9 44.2 7.1 1.56 107.18 

16 48.07 7 7.35 18.9 11.9 0.95 104.48 

17 24.36 27.7 5.58 32.7 5 1.04 26.03 

18 51.2 1.5 7.97 13.5 12 1.00 118.42 

19 61.1 15.1 8.46 30.2 15.1 0.97 169.52 

20 19.39 32.4 0 51.9 19.5 0.28 17.41 

21 30.04 21 17.06 27.6 6.6 0.55 28.30 

22 18.08 29.6 0.56 42.1 12.5 0.39 15.12 

23 28.04 32.1 3.21 37 4.9 1.41 35.92 

24 27.27 49.5 7.39 61.8 12.3 0.45 31.90 

25 23.9 8.1 0 13 4.9 1.35 26.44 

26 29.53 48.9 7.11 55.1 6.2 1.00 38.03 

27 38.39 10.8 0 19.4 8.6 1.24 68.23 

28 44.76 40.6 7.12 48.7 8.1 1.29 90.41 

29 51.12 17.2 25.41 25.8 8.6 0.83 91.09 

30 52.4 48.2 7.7 56.6 8.4 1.48 124.37 

31 48.9 56.9 9.63 74.9 18 0.61 106.41 

32 52.88 39.9 9.79 55 15.1 0.79 125.02 

33 44.93 13.2 8.05 22.2 9 1.14 90.46 

34 43.07 41.9 21.9 50.2 8.3 0.71 63.68 

 

 



 

 

 

TABLE A.8: Braking episodes during trip no.8 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 28.02 0.3 0.37 15 14.7 0.52 36.34 

2 15.95 51.7 0.51 63.4 11.7 0.37 11.77 

3 33.17 40.7 11.98 47.4 6.7 0.88 44.29 

4 43.37 18.7 26.08 27.4 8.7 0.55 55.59 

5 44.18 42.9 11.91 52.4 9.5 0.94 83.80 

6 43.39 38.8 9.26 45.9 7.1 1.34 83.19 

7 41.49 23.1 6.8 34.7 11.6 0.83 77.55 

8 40.33 56.6 9.93 64 7.4 1.14 70.74 

9 50.28 40 10.4 49.8 9.8 1.13 112.03 

10 45.97 13.6 8.96 25.3 11.7 0.88 94.12 

11 43.26 8.7 7.18 18.5 9.8 1.02 84.25 

12 22.72 26.8 4.99 32.9 6.1 0.81 22.75 

13 45.59 2.9 13.48 16.4 13.5 0.66 87.81 

14 30.03 16.8 16.82 20.6 3.8 0.97 28.65 

15 31.82 38.5 0.05 50.7 12.2 0.72 46.88 

16 24.05 11.6 8.85 21.7 10.1 0.42 23.15 

17 24.74 22.1 9.08 23.4 1.3 3.35 24.52 

18 15.78 43.4 0.06 51.9 8.5 0.51 11.53 

19 26.26 41.5 10.26 49.4 7.9 0.56 27.05 

20 32.28 44.8 7.23 49.3 4.5 1.55 45.82 

21 26.27 9 0.76 18.6 9.6 0.74 31.92 

22 46.46 34.6 8.4 40.9 6.3 1.68 96.67 

23 42.23 6.9 21.58 18.7 11.8 0.49 61.00 

24 48.7 45.3 5 55.5 10.2 1.19 108.64 

25 38.76 19.3 18.22 26.8 7.5 0.76 54.18 

26 51.82 8.4 8.07 20.6 12.2 1.00 121.30 

27 49.97 53.8 11.79 61.8 8 1.33 109.17 

28 46.29 21.4 7.29 29.4 8 1.35 96.74 

29 45.86 50 26.28 56.3 6.3 0.86 65.39 

30 60.11 31.1 16.65 46.5 15.4 0.78 154.44 

31 36.51 2.4 23.39 15.7 13.3 0.27 36.38 

32 58.4 41.6 9.06 51.7 10.1 1.36 154.10 

33 33.69 1.3 8.78 8.2 6.9 1.00 48.98 

 

 



 

 

 

TABLE A.9: Braking episodes during trip no.9 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 28.52 56.7 0 68.8 12.1 0.65 37.66 

2 17.41 45.5 0 58 12.5 0.39 14.03 

3 24.18 16.9 12.1 22.2 5.3 0.63 20.29 

4 29.51 34.1 10.1 41.3 7.2 0.75 35.59 

5 50.94 13.2 20.31 23.3 10.1 0.84 101.04 

6 44.02 46.6 9.48 55.2 8.6 1.12 85.55 

7 51.9 33 14.31 44.4 11.4 0.92 115.22 

8 40.39 2.1 25.31 7.2 5.1 0.82 45.87 

9 51.31 25.4 14.32 36.5 11.1 0.93 112.39 

10 42.05 59.1 12.21 67.1 8 1.04 74.96 

11 47.2 26.9 13.2 31.5 4.6 2.05 95.07 

12 44.43 55.3 10.13 63.5 8.2 1.16 86.64 

13 45.18 29.2 10.2 41.2 12 0.81 89.68 

14 45.03 15.5 7.98 30.6 15.1 0.68 90.93 

15 29.87 43.1 14.53 50 6.9 0.62 31.53 

16 54.75 14.3 34.32 24.6 10.3 0.55 84.25 

17 49.53 6.7 19.1 28.5 21.8 0.39 96.69 

18 28.7 42.6 0 52.6 10 0.80 38.13 

19 27.24 2.1 12.03 9.9 7.8 0.54 27.65 

20 22.59 33.6 0 49.9 16.3 0.38 23.63 

21 51.19 9.4 14.44 24 14.6 0.70 111.66 

22 46.03 53.5 19.21 67.8 14.3 0.52 81.01 

23 39.27 32.3 7.61 40.1 7.8 1.13 68.71 

24 44.25 48.2 8.36 60 11.8 0.84 87.42 

25 52.9 34.2 16.84 47.4 13.2 0.76 116.43 

26 45.13 11.4 13.25 19.6 8.2 1.08 86.16 

27 49.38 33.6 23.34 42.1 8.5 0.85 87.67 

28 46.66 32.6 22.5 43.1 10.5 0.64 77.36 

29 51.06 42.8 13.29 51.2 8.4 1.25 112.52 

30 35.21 3.6 18.11 9.6 6 0.79 42.21 

 

 

 

 



 

 

 

TABLE A.10: Braking episodes during trip no.10 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 40.24 8.2 18.19 10 1.8 3.40 59.65 

2 27.34 28 0 46.9 18.9 0.40 34.61 

3 44.57 55.7 10.47 69.7 14 0.68 86.89 

4 46 34.8 19.67 42.9 8.1 0.90 80.05 

5 54.3 22.5 12.6 31.6 9.1 1.27 129.15 

6 35.48 52.5 21.2 56.7 4.2 0.94 37.47 

7 50.08 9.2 14.1 20.9 11.7 0.85 106.91 

8 44.31 2.1 14.2 12.8 10.7 0.78 81.56 

9 48.19 33.2 16.45 44.1 10.9 0.81 94.98 

10 44.74 4.5 12.35 22 17.5 0.51 85.61 

11 52.58 3.6 0 16.9 13.3 1.10 127.99 

12 22.65 28.3 0 34.4 6.1 1.03 23.75 

13 50.64 7.3 38.45 13.6 6.3 0.54 50.28 

14 20.96 31.3 0 45.9 14.6 0.40 20.34 

15 35.42 52.1 15.53 59.7 7.6 0.73 46.92 

16 34.12 11.6 0 28.8 17.2 0.55 53.90 

17 50.16 7.3 14.15 15.4 8.1 1.23 107.21 

18 50.77 38.3 26.31 53.5 15.2 0.45 87.29 

19 42 13.8 0 29 15.2 0.77 81.67 

20 58.07 28.5 14.85 48.9 20.4 0.59 145.91 

21 50.79 28.8 0 39.9 11.1 1.27 119.43 

22 40.92 13 11.21 19.3 6.3 1.31 71.70 

23 41.32 37.2 23.6 46.9 9.7 0.51 53.26 

24 56.74 22.9 18.71 41.5 18.6 0.57 132.84 

25 55.02 33.3 16.84 46 12.7 0.84 127.02 

26 35.76 61 17.1 66.9 5.9 0.88 45.67 

27 25.16 33.6 14.29 37.4 3.8 0.79 19.85 

 

 

 

 

 

 



 

 

 

TABLE A.11: Braking episodes during trip no.11 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 17.59 11.4 0 19.8 8.4 0.58 14.32 

2 27.41 29.7 0 41.2 11.5 0.66 34.78 

3 49.51 59.6 28.43 71.3 11.7 0.50 76.06 

4 44.63 39.4 17.58 55.4 16 0.47 77.91 

5 52.11 25 12.68 58.9 33.9 0.32 118.27 

6 35.55 58.7 23.47 65.1 6.4 0.52 33.01 

7 48.39 11 11.2 19.4 8.4 1.23 102.60 

8 48.97 2.1 15.63 17.4 15.3 0.61 99.71 

9 56.13 36.8 18.31 48.4 11.6 0.91 130.34 

10 48.04 8.7 14.68 23.6 14.9 0.62 96.87 

11 47.14 5.9 10.2 23.1 17.2 0.60 98.06 

12 24.08 32.9 6.9 47.5 14.6 0.33 24.64 

13 49.37 14.6 32.4 23.3 8.7 0.54 64.24 

14 48.39 33.7 0 45.7 12 1.12 108.41 

15 32.98 59 12.1 69.4 10.4 0.56 43.58 

16 27.96 13.1 0 23.1 10 0.78 36.19 

17 31.01 11.3 0 23.3 12 0.72 44.52 

18 30.52 41.5 10.84 48.2 6.7 0.82 37.68 

19 26.72 15 7.32 20.1 5.1 1.06 30.57 

20 43.73 30.2 13.45 40.6 10.4 0.81 80.16 

21 52.9 31.7 22.04 38.9 7.2 1.19 107.07 

22 43.56 16.1 11.21 36.5 20.4 0.44 82.03 

23 53.42 39.5 9.34 51.6 12.1 1.01 128.08 

24 42.19 24.3 6.3 39.9 15.6 0.64 80.57 

25 52.58 36.8 16.84 51.3 14.5 0.68 114.86 

26 50.1 33.2 24.32 46.7 13.5 0.53 88.82 

27 59.31 35.4 20.61 45.1 9.7 1.11 143.19 

28 59.47 35.4 12.6 51.4 16 0.81 156.39 

29 37.65 46.7 14.29 54.6 7.9 0.82 56.17 

  

 

 

 

 



 

 

 

TABLE A.12: Braking episodes during trip no.12 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 19.18 4.7 0 15.5 10.8 0.49 17.03 

2 16.93 39.3 0 48.3 9 0.52 13.27 

3 41.7 7.6 19.31 16.5 8.9 0.70 63.24 

4 45.62 47.6 29.63 56.6 9 0.49 55.71 

5 42 9.6 16.45 22.5 12.9 0.55 69.14 

6 40.05 12.6 10.5 18.8 6.2 1.32 69.16 

7 44.36 27.9 31.26 32.9 5 0.73 45.86 

8 42.09 2.1 15.45 12.2 10.1 0.73 70.97 

9 42.54 28.9 16.2 36.7 7.8 0.94 71.63 

10 56.35 26.3 15.34 36.1 9.8 1.16 136.11 

11 41.3 42.4 0 62.6 20.2 0.57 78.97 

12 53.03 43.3 9.8 55.9 12.6 0.95 125.75 

13 23.52 8.5 0 16 7.5 0.87 25.61 

14 44.89 54.5 30.35 59.5 5 0.81 50.65 

15 60.25 27.8 0 43.2 15.4 1.09 168.06 

16 22.91 44 0 54.3 10.3 0.62 24.30 

17 22.74 27.3 0 39.1 11.8 0.54 23.94 

18 29.23 14 0 26.4 12.4 0.65 39.56 

19 30.83 10.7 7.32 18.9 8.2 0.80 41.52 

20 31.13 33.5 0 55 21.5 0.40 44.86 

21 45.24 56.7 22.04 67.8 11.1 0.58 72.26 

22 44.72 36.1 27.29 49.3 13.2 0.37 58.11 

23 45.14 9.9 6.89 24.5 14.6 0.73 92.14 

24 49.54 25 4.3 38.1 13.1 0.96 112.76 

25 55.19 27.5 16.84 35 7.5 1.42 127.89 

26 46.32 56.7 8.4 68.5 11.8 0.89 96.06 

27 39.14 35.3 20.61 45 9.7 0.53 51.26 

28 53.4 29.8 12.6 39.1 9.3 1.22 124.67 

29 47.29 59.9 35.16 69.7 9.8 0.34 46.30 

30 58.05 33.4 15.23 48 14.6 0.81 145.27 

31 45.43 46.8 23.38 55.7 8.9 0.69 70.24 

 

 

 

 



 

 

 

TABLE A.13: Braking episodes during trip no.13 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 27.16 55.8 0 62.6 6.8 1.11 34.15 

2 10.82 41 0 52.9 11.9 0.25 5.42 

3 20.06 3.1 10.74 8.2 5.1 0.51 13.29 

4 28.85 17.8 2.83 26.2 8.4 0.86 38.16 

5 28.66 43.3 8.2 46.6 3.3 1.72 34.91 

6 26.04 29.3 12.96 34.2 4.9 0.74 23.62 

7 27.8 47.5 4.63 55.6 8.1 0.79 34.79 

8 36.18 32.3 26.47 32.7 0.4 6.74 28.16 

9 32.75 33.2 15.44 39.6 6.4 0.75 38.62 

10 21.88 50.9 0 55.7 4.8 1.27 22.16 

11 32.42 9.8 12.1 14.4 4.6 1.23 41.88 

12 44.48 35.8 8.11 43.4 7.6 1.33 88.55 

13 40.39 3.6 8.15 10.9 7.3 1.23 72.45 

14 53.01 47.9 10.69 55.1 7.2 1.63 124.80 

15 43.95 20.5 0 27.7 7.2 1.70 89.43 

16 45.07 7 4.35 18.9 11.9 0.95 93.17 

17 21.36 27.7 0 32.7 5 1.19 21.12 

18 47.2 1.5 0 13.5 12 1.09 103.14 

19 59.58 57.1 9.56 72.3 15.2 0.91 160.11 

20 14.39 32.4 0 51.9 19.5 0.20 9.59 

21 26.04 15 13.06 21.1 6.1 0.59 23.50 

22 16.08 29.6 0 42.1 12.5 0.36 11.97 

23 17.41 32.1 4.23 37 4.9 0.75 13.20 

24 27.27 49.5 7.39 61.8 12.3 0.45 31.90 

25 11.1 3 0 6.5 3.5 0.88 5.70 

26 25.53 48.9 3.11 55.1 6.2 1.00 29.73 

27 22.26 10.8 0 29.4 18.6 0.33 22.94 

28 41.76 40.6 4.12 48.7 8.1 1.29 79.95 

29 45.12 17.2 19.41 25.8 8.6 0.83 76.81 

30 46.4 48.2 1.7 56.6 8.4 1.48 99.54 

31 58.05 56.9 6.63 74.9 18 0.79 153.97 

32 50.88 39.9 7.89 55 15.1 0.79 116.97 

33 43.93 13.2 7.6 22.2 9 1.12 86.67 

34 41.07 41.9 19.1 50.2 8.3 0.74 61.20 

35 50.89 39.4 16.3 44.6 5.2 1.85 107.60 

36 55.6 28 6.4 41 13 1.05 141.22 

37 28.71 51.7 6.1 57.6 5.9 1.06 36.44 



 

 

 

TABLE A.14: Braking episodes during trip no.14 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 27.02 0.3 0 15 14.7 0.51 33.80 

2 13.95 51.7 0 63.4 11.7 0.33 9.01 

3 30.17 40.7 8.98 47.4 6.7 0.88 38.41 

4 39.37 18.7 22.08 27.4 8.7 0.55 49.19 

5 39.18 42.9 6.91 52.4 9.5 0.94 68.86 

6 40.39 38.8 6.26 45.9 7.1 1.34 73.71 

7 35.49 23.1 0 34.7 11.6 0.85 58.31 

8 35.33 56.6 4.93 64 7.4 1.14 56.66 

9 46.28 40 6.4 49.8 9.8 1.13 97.26 

10 40.97 13.6 3.96 25.3 11.7 0.88 76.98 

11 39.26 8.7 3.18 18.5 9.8 1.02 70.89 

12 20.72 26.8 0 32.9 6.1 0.94 19.88 

13 44.59 2.9 12.48 16.4 13.5 0.66 84.84 

14 30.03 16.8 16.82 20.6 3.8 0.97 28.65 

15 26.82 38.5 0 50.7 12.2 0.61 33.30 

16 21.05 11.6 5.85 21.7 10.1 0.42 18.93 

17 21.74 22.1 6.08 23.4 1.3 3.35 20.17 

18 11.78 43.4 0 51.9 8.5 0.38 6.42 

19 23.26 41.5 7.26 49.4 7.9 0.56 22.61 

20 27.28 44.8 0 49.3 4.5 1.68 34.45 

21 22.27 9 0 18.6 9.6 0.64 22.96 

22 44.46 34.6 6.4 40.9 6.3 1.68 89.62 

23 41.23 6.9 20.58 18.7 11.8 0.49 59.09 

24 48.7 45.3 5 55.5 10.2 1.19 108.64 

25 35.76 19.3 15.22 26.8 7.5 0.76 48.48 

26 47.82 8.4 4.07 20.6 12.2 1.00 105.10 

27 44.97 53.8 6.79 61.8 8 1.33 91.49 

28 43.29 21.4 4.29 29.4 8 1.35 85.91 

29 39.86 50 20.28 56.3 6.3 0.86 54.52 

30 54.11 31.1 10.65 46.5 15.4 0.78 130.30 

31 33.51 2.4 20.39 15.7 13.3 0.27 32.74 

32 56.4 41.6 7.06 51.7 10.1 1.36 144.96 

33 32.69 1.3 7.78 8.2 6.9 1.00 46.67 

 

 

 



 

 

 

TABLE A.15: Braking episodes during trip no.15 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 26.52 53.5 0 65.6 12.1 0.61 32.56 

2 13.41 43.8 0 56.3 12.5 0.30 8.33 

3 28.18 13 7.53 18.3 5.3 1.08 34.14 

4 21.51 29.5 8.01 36.7 7.2 0.52 18.45 

5 40.94 10.7 18.28 20.8 10.1 0.62 62.13 

6 38.02 40.4 8.42 49 8.6 0.96 63.64 

7 39.9 31.2 0 42.6 11.4 0.97 73.70 

8 28.39 59.3 12.82 65.8 6.5 0.67 29.71 

9 39.31 21.8 3.85 32.9 11.1 0.89 70.85 

10 32.05 54.9 3.23 62.9 8 1.00 47.07 

11 39.2 24.6 6.28 36.2 11.6 0.79 69.31 

12 50.53 50.7 7.25 62.2 11.5 1.05 115.77 

13 43.18 21.9 7.15 33.9 12 0.83 83.95 

14 45.03 13.1 6.86 28.2 15.1 0.70 91.70 

15 35.87 36.2 0 43.1 8.9 1.12 59.57 

16 43.75 12.8 25.12 23.1 10.3 0.50 59.40 

17 40.53 2.7 10.45 24.5 21.8 0.38 70.99 

18 30.7 39.4 0 49.4 10 0.85 43.63 

19 21.24 0.9 6.08 8.7 7.8 0.54 19.17 

20 32.59 31.9 0 48.2 16.3 0.56 49.17 

21 40.19 6.5 2.99 21.1 14.6 0.71 74.37 

22 42.03 50.4 15.22 64.7 14.3 0.52 71.06 

23 37.27 30 5.61 37.8 7.8 1.13 62.85 

24 44.25 46.8 9.99 58.6 11.8 0.81 86.03 

25 41.9 30.7 6.72 43.9 13.2 0.74 79.19 

26 37.13 3.8 4.49 12 8.2 1.11 62.89 

27 39.38 31.8 15.52 40.3 8.5 0.78 60.64 

28 40.66 29.8 14.4 40.3 10.5 0.69 66.94 

29 39.06 38.9 2.29 47.3 8.4 1.22 70.39 

30 22.21 56.9 4.47 68.3 11.4 0.43 21.91 

 

 

 

 



 

 

 

TABLE A.16: Braking episodes during trip no.16 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 38.24 5 9.87 6.8 1.8 4.38 63.19 

2 23.34 26.3 0 45.2 18.9 0.34 25.22 

3 38.57 51.8 3.54 65.8 14 0.70 68.29 

4 38 30.2 11.74 38.3 8.1 0.90 60.47 

5 46.3 20 0 29.1 9.1 1.41 99.24 

6 29.48 46.3 16.13 50.5 4.2 0.88 28.19 

7 52.08 7.4 0 19.1 11.7 1.24 125.57 

8 33.31 40.5 2.23 49 8.5 1.02 51.14 

9 37.19 29.6 5.45 40.5 10.9 0.81 62.66 

10 35.74 0.3 3.85 17.8 17.5 0.51 58.45 

11 46.58 1.3 0 14.6 13.3 0.97 100.45 

12 38.64 23.7 0 29.8 6.1 1.76 69.12 

13 48.64 0 16.66 6.3 6.3 1.41 96.68 

14 20.96 28.9 0 43.5 14.6 0.40 20.34 

15 21.42 45.2 0 52.8 7.6 0.78 21.24 

16 43.12 10.1 0 27.3 17.2 0.70 86.08 

17 41.16 3.3 5.78 11.4 8.1 1.21 76.89 

18 42.77 35.1 0 50.3 15.2 0.78 84.69 

19 38.2 12.6 1.61 27.8 15.2 0.67 67.44 

20 49.07 26.8 0 47.2 20.4 0.67 111.48 

21 39.79 25.9 0 37 11.1 1.00 73.30 

22 36.92 9.9 7.68 16.2 6.3 1.29 60.38 

23 39.32 34.9 11.15 44.6 9.7 0.81 65.82 

24 56.74 21.5 15.21 40.1 18.6 0.62 138.34 

25 44.02 29.8 5.63 42.5 12.7 0.84 88.24 

26 27.76 53.4 9.2 59.3 5.9 0.87 31.76 

 

 

 

 

 

 

 



 

 

 

TABLE A.17: Braking episodes during trip no.17 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 15.59 16.9 0 35.8 18.9 0.23 11.25 

2 23.41 2.8 0 14 11.2 0.58 25.37 

3 43.51 24.4 22.33 35.5 11.1 0.53 64.56 

4 36.63 52.1 9.56 62.4 10.3 0.73 57.89 

5 44.11 44.9 0 53.9 9 1.36 90.08 

6 29.55 11.9 17.15 15.9 4 0.86 26.81 

7 50.39 31.9 0 45.8 13.9 1.01 117.55 

8 37.97 8.1 4.43 16.2 8.1 1.15 65.84 

9 45.13 50.3 7.33 61.2 10.9 0.96 91.81 

10 39.04 21.9 5.67 35.2 13.3 0.70 69.07 

11 41.14 16.4 0 28.5 12.1 0.94 78.36 

12 51.08 36.2 0 43.3 7.1 2.00 120.79 

13 47.37 10.8 30.14 18.6 7.8 0.61 61.83 

14 48.39 2.7 0 26.9 24.2 0.56 108.41 

15 18.98 33.5 0 41.6 8.1 0.65 16.68 

16 16.96 47.5 0 56.9 9.4 0.50 13.32 

17 22.01 16.5 0 38.6 22.1 0.28 22.43 

18 22.52 30.6 0 41.8 11.2 0.56 23.48 

19 20.72 59.4 1.33 69.8 10.4 0.52 19.79 

20 34.73 1.8 0 11.2 9.4 1.03 55.84 

21 41.9 35 0 52.5 17.5 0.67 81.28 

22 39.56 21.1 4.82 30.3 9.2 1.05 71.38 

23 51.42 36.5 7.35 51.1 14.6 0.84 119.91 

24 42.19 28.5 9.04 37.1 8.6 1.07 78.62 

25 41.58 54.9 5.27 64.1 9.2 1.10 78.76 

26 42.1 24.4 16.45 31.5 7.1 1.00 69.53 

27 54.31 14.6 14.31 23.6 9 1.23 127.07 

28 53.47 13.6 6.33 26.1 12.5 1.05 130.51 

29 28.65 33.8 11.38 43.8 10 0.48 32.01 

 

 

 

 

 



 

 

 

TABLE A.18: Braking episodes during trip no.18 (School van) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 18.18 2.5 0 13.3 10.8 0.47 15.30 

2 11.93 17.6 0 30.9 13.3 0.25 6.59 

3 25.7 1.7 13.35 6.6 4.9 0.70 22.33 

4 35.62 41.1 21.83 51.4 10.3 0.37 36.68 

5 38.05 7.1 8.57 20 12.9 0.63 63.63 

6 51.48 3.4 4.53 10.6 7.2 1.81 121.74 

7 31.36 26.1 19.27 31.1 5 0.67 28.34 

8 36.09 44.6 3.75 63.6 19 0.47 59.65 

9 33.56 24.3 4.08 33.1 8.8 0.93 51.37 

10 45.35 12.1 5.85 21.4 9.3 1.18 93.63 

11 36.85 39.9 5.81 60.3 20.4 0.42 61.30 

12 47.03 41.7 4.44 54.4 12.7 0.93 101.49 

13 49.42 1.2 4.08 8.7 7.5 1.68 112.30 

14 42.87 42.1 29.34 50.7 8.6 0.44 45.23 

15 52.86 21.9 0 74.02 52.12 0.28 129.36 

16 11.91 42.5 0 52.8 10.3 0.32 6.57 

17 13.74 23.3 0 43.2 19.9 0.19 8.74 

18 22.23 10.8 0 37.7 26.9 0.23 22.88 

19 24.83 9.5 4.48 17.7 8.2 0.69 27.61 

20 22.13 31.8 1.2 53.3 21.5 0.27 22.61 

21 32.12 53.8 3.87 64.9 11.1 0.71 47.07 

22 40.72 33 23.39 46.2 13.2 0.36 51.44 

23 43.14 7.6 4.83 22.2 14.6 0.73 85.08 

24 57.65 33.6 9.75 46.7 13.1 1.02 149.47 

25 44.19 24 5.75 31.5 7.5 1.42 88.87 

26 38.32 49.1 3.91 60.9 11.8 0.81 67.27 

27 35.14 23.5 20.07 32.2 8.7 0.48 38.52 

28 47.4 27 9.96 36.3 9.3 1.12 99.42 

29 38.29 57 29.18 65.8 8.8 0.29 28.46 

30 45.05 26.7 2.23 41.3 14.6 0.81 93.73 

31 22.23 53.6 0 66.5 12.9 0.48 22.88 

 

 

 

 



 

 

TABLE A.19: Braking episodes during trip no.19 (BRTS bus) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 62.5 45 0 58.3 13.3 1.31 2863.38 

2 61.05 47.5 0 64.2 16.7 1.02 2732.06 

3 24.08 32.3 5.21 49.2 16.9 0.31 405.14 

4 63.41 27 0 41.1 14.1 1.25 2947.37 

5 56.28 46.1 33.75 51.5 5.4 1.16 1486.85 

6 58.05 19.7 0 50.5 30.8 0.52 2470.15 

7 61.07 45.4 9.32 62.7 17.3 0.83 2670.18 

8 31.61 14.5 0 25.5 11 0.80 732.43 

9 61.3 30.2 19.7 37.5 7.3 1.58 2470.00 

10 28.1 44.4 0 53.3 8.9 0.88 578.80 

11 58.94 47.8 41.14 67.4 19.6 0.25 1305.83 

12 46.25 50.6 0 62.4 11.8 1.09 1567.99 

13 45.99 38.7 0 49.2 10.5 1.22 1550.41 

14 43.2 26.4 13.67 42.8 16.4 0.50 1231.02 

15 28.6 52.5 5.25 60.2 7.7 0.84 579.38 

16 20.36 11.5 0 21.4 9.9 0.57 303.86 

17 45.8 39.5 0 49.5 10 1.27 1537.62 

18 52.48 33.7 0 50.2 16.5 0.88 2018.86 

19 40.47 26.7 0 41 14.3 0.79 1200.56 

20 37.4 14.6 23.08 26.1 11.5 0.35 634.85 

21 29.37 29.8 0 45.3 15.5 0.53 632.30 

22 50.9 51.8 0 64.4 12.6 1.12 1899.13 

23 33.85 23.6 0 33.9 10.3 0.91 839.92 

24 55.37 25.2 0 41.9 16.7 0.92 2247.33 

25 30.76 58.7 12.69 65.1 6.4 0.78 575.53 

26 48.38 31.9 15.73 39.4 7.5 1.21 1534.36 

27 47.9 1.2 0 16.2 15 0.89 1681.86 

28 35.58 41.1 2.35 48.9 7.8 1.18 923.91 

29 56.61 18.4 3.2 32.9 14.5 1.02 2341.61 

 

 

 

 

 

 



 

 

TABLE A.20: Braking episodes during trip no.20 (BRTS bus) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 30.43 8.7 0 21.5 12.8 0.66 678.77 

2 39.06 48.2 16.55 55.7 7.5 0.83 917.59 

3 35.43 5.2 0 13.4 8.2 1.20 920.15 

4 37.53 36.1 8.87 49.1 13 0.61 974.79 

5 24.38 7.3 0 25.3 18 0.38 435.70 

6 43.97 16.4 0 34.9 18.5 0.66 1417.20 

7 38.91 27.4 4.94 39.4 12 0.79 1091.90 

8 51.11 6.3 0 26.5 20.2 0.70 1914.83 

9 28.29 42 16.16 50.3 8.3 0.41 395.23 

10 43.77 18.1 29.29 41.5 23.4 0.17 775.47 

11 34.9 31.8 8.35 43.3 11.5 0.64 841.72 

12 29.98 3.4 0 14.1 10.7 0.78 658.84 

13 21.44 24.1 17.26 32.1 8 0.15 118.58 

14 42.64 12.5 13.66 29.9 17.4 0.46 1195.98 

15 25.51 38.1 0 47.8 9.7 0.73 477.02 

16 30.85 27.2 16.88 32.5 5.3 0.73 488.77 

17 42.23 6.8 0 23.5 16.7 0.70 1307.26 

18 24.06 40.4 0 49.3 8.9 0.75 424.34 

19 41.77 30.9 27.69 40.3 9.4 0.42 716.90 

20 38.44 0.5 0 18.3 17.8 0.60 1083.14 

21 37.72 47.7 0 68.6 20.9 0.50 1042.95 

22 34.75 58 3.62 71.4 13.4 0.65 875.57 

23 23.92 23.2 4.7 31.4 8.2 0.65 403.22 

24 25.44 42.2 0 51.5 9.3 0.76 474.41 

25 38.97 48.6 20.91 58.2 9.6 0.52 792.72 

26 31.04 17.8 0 30.4 12.6 0.68 706.26 

27 38.79 17.8 19.32 23.7 5.9 0.92 829.35 

28 23.88 29.1 0 37.4 8.3 0.80 418.01 

29 37 9.8 6.34 21.3 11.5 0.74 974.05 

30 28.41 34.1 0 45.2 11.1 0.71 591.64 

31 37.68 20.8 5.72 27 6.2 1.43 1016.75 

32 39.55 54.9 10.35 65.7 10.8 0.75 1068.08 

33 26.3 21.2 0 40.7 19.5 0.37 507.03 

34 39.21 33.5 0 49.8 16.3 0.67 1126.97 

35 29.17 3.1 4.7 8.7 5.6 1.21 607.53 

36 37.64 47.5 14.06 52.4 4.9 1.34 893.62 

37 38.36 15.3 0 27.2 11.9 0.90 1078.64 

38 30.95 15.3 0 27.2 11.9 0.72 702.17 

39 41.22 30.8 7.27 38.6 7.8 1.21 1206.73 

 



 

 

TABLE A.21: Braking episodes during trip no.21 (BRTS bus) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 35.09 2.5 0 11.5 9 1.08 902.58 

2 43.53 36.1 6.58 49.2 13.1 0.78 1357.24 

3 34.63 59.5 0 70.3 10.8 0.89 879.07 

4 44.03 31.3 0 41.8 10.5 1.16 1421.07 

5 25.98 35.5 0 47.9 12.4 0.58 494.76 

6 13.99 1 0 8.5 7.5 0.52 143.47 

7 63.62 55.3 0 76.7 21.4 0.83 2966.92 

8 56.05 59 0 71.3 12.3 1.27 2302.87 

9 30.77 56.8 17.94 61.2 4.4 0.81 458.10 

10 62.07 41.2 0 56.3 15.1 1.14 2824.11 

11 55.11 21.6 26.02 32.9 11.3 0.72 1729.99 

12 40.19 40.6 0 51 10.4 1.07 1184.01 

13 24.98 17.9 4.46 22.5 4.6 1.24 442.83 

14 55.61 45.8 40 53 7.2 0.60 1094.02 

15 48.39 59.7 15.04 67.9 8.2 1.13 1550.63 

16 31.6 21.5 0 34.4 12.9 0.68 731.97 

17 63.03 25.6 0 45.9 20.3 0.86 2912.15 

18 47.02 50.9 0 60.8 9.9 1.32 1620.63 

19 48.85 39.4 22.49 50.9 11.5 0.64 1378.47 

20 45.49 13.4 3.67 28.5 15.1 0.77 1507.00 

21 31 40.6 4.85 47.3 6.7 1.08 687.19 

22 21.75 53.7 0 78.6 24.9 0.24 346.77 

23 32.35 9.2 20.53 15.5 6.3 0.52 458.17 

24 50.73 38.8 35.78 42.8 4 1.04 948.04 

25 41.41 47.4 0 55.1 7.7 1.49 1256.98 

26 49.59 38.3 11.97 46 7.7 1.36 1697.60 

27 25.36 52.5 0 58.3 5.8 1.21 471.43 

28 41.39 30.8 21.67 36.6 5.8 0.94 911.55 

29 28.26 40.3 13.55 44.5 4.2 0.97 450.83 

30 42.3 10.3 0 26.9 16.6 0.71 1311.59 

31 43.33 0.3 27.94 7.3 7 0.61 804.01 

32 48.43 24.6 14.69 32.4 7.8 1.20 1561.10 

33 31.92 46.4 0 53.5 7.1 1.25 746.87 

34 53.16 43.6 0 60 16.4 0.90 2071.52 

35 31.88 19.8 7.16 27 7.2 0.95 707.42 

36 45.03 58.1 24.36 64.7 6.6 0.87 1051.37 

37 52.36 17.9 0 30.6 12.7 1.15 2009.64 

38 39.64 53.4 15.13 61.3 7.9 0.86 984.02 

39 52.99 24.3 15.8 34.3 10 1.03 1875.30 

 



 

 

TABLE A.22: Braking episodes during trip no.22 (BRTS bus) 

Sr. 
No 

Speed at 
start of 

braking- vo 
(kmph) 

Time at 
start of 

braking-
t1 (s) 

Speed at 
end of 

braking-vf 

(kmph) 

Time at 
end of 

braking-
t2 (s) 

Braking 
duration-

t  (s) 

Deceleration 
rate-d  
(m/s2) 

Braking 
energy-
E (kJ) 

1 45.17 46 0 72 26 0.48 1495.61 

2 44.73 31 0 53 22 0.56 1466.62 

3 44.1 27 0 49 22 0.56 1425.59 

4 44.1 45 0 62 17 0.72 1425.59 

5 43.9 30 0 47 17 0.72 1412.69 

6 43.68 51 0 69 18 0.67 1398.57 

7 43.39 41 0 58 17 0.71 1380.06 

8 43.33 16 0 37 21 0.57 1376.25 

9 43.2 18 0 36 18 0.67 1368.00 

10 43.04 19 0 38 19 0.63 1357.89 

11 42.9 34 0 60 26 0.46 1349.07 

12 43.6 23 8.4 39 16 0.61 1341.73 

13 42.07 33 0 47 14 0.83 1297.37 

14 40.26 32 0 45 13 0.86 1188.14 

15 40.9 6 8.31 14.9 8.9 1.02 1175.59 

16 43.13 40 18 49 9 0.78 1126.07 

17 38.9 10 0 21 11 0.98 1109.22 

18 42.33 52 17.04 62 10 0.70 1100.61 

19 45.18 20 25.67 29 9 0.60 1013.25 

20 37.03 5 0 21 16 0.64 1005.14 

21 36.5 21 0 39 18 0.56 976.57 

22 37.5 35 9.7 46 11 0.70 961.85 

23 36.2 47 0 63 16 0.63 960.58 

24 39.7 41 17.4 48 7 0.88 933.38 

25 35.2 24 0 36 12 0.81 908.25 

26 34.57 38 0 51 13 0.74 876.03 

27 32.9 59 0 72 13 0.70 793.43 

28 38.1 47 20.7 55 8 0.60 749.97 

29 31.76 33 0 45 12 0.74 739.40 

30 41.8 46 27.6 57 11 0.36 722.38 

31 31.23 2 0 12 10 0.87 714.93 

32 31.23 23 5.1 40 17 0.43 695.86 

33 35.07 20 18.4 30 10 0.46 653.38 

34 29.3 2 0 12 10 0.81 629.29 

35 36.6 7 22.4 13 6 0.66 614.13 

36 27.1 21 0 28 7 1.08 538.34 

37 25.03 36 0 48 12 0.58 459.24 

38 24.9 8 0 18 10 0.69 454.48 

39 28.4 38 16.2 45 7 0.48 398.85 

 



 

 

APPENDIX B: Regeneration efficiency of the HRBS  

TABLE B.1: Regeneration efficiency @16 LPM, 1065 kg 

Sr. 
No 

Mass 
of the 
vehicl
e-m 
(kg) 

Initial 
pressu
re-p1 
(bar) 

Initial 
vehicle 
speed-

V0 
(kmph

) 

Initial 
vehicle 
speed-

v0 
(m/s) 

Final 
accumulato
r pressure 
–p2 (bar) 

Amount of 
oil pumped 

in 
accumulato
r-ΔV (ml) 

Avera
ge 

accu
mulat

or 
press
ure –

p 
(bar) 

Initial 
accum
ulator 
volum
e –v1 –
(ml) 

Finalac
cumula

tor 
volume 

–v2 –
(ml) 

Quant
um of 
brakin

g  
energy 
regene
rated/r
ecover
ed-Er 
(kJ) 

Gross 
braking 

energy at 
initial 

braking 
speed-E 

(kJ) 

Braking 
energy 

available 
for 

regeneratio
n-Ebr (kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
Regener

ation 
efficienc
y of the 

HRBS- 0	
%  

time 
elapsed 
during 
braking 
episode 

-t (s) 

Decelerati
on rate 
during 
braking 

episode- d 
(m/s2) 

Averag
e 

braking 
power - 

pabr 
(kW) 

1 1065 90 50 13.89 122 2790 106 14650 11860 29.57 102.72 77.04 38.39 28.79 17.1 0.81 4.51 

2 1065 90 40 11.11 120 2350 105 14650 12300 24.68 65.74 49.31 50.05 37.53 13.9 0.80 3.55 

3 1065 90 30 8.33 102 1450 96 14650 13200 13.92 36.98 27.73 50.19 37.64 10.5 0.79 2.64 

4 1065 90 20 5.56 98 590 94 14650 14060 5.55 16.44 12.33 44.99 33.74 7.1 0.78 1.74 

5 1065 90 10 2.78 91 130 90.5 14650 14520 1.18 4.11 3.08 38.18 28.63 3.6 0.77 0.86 

6 1065 100 50 13.89 133 2520 116.5 13120 10600 29.36 102.72 77.04 38.11 28.58 17.1 0.81 4.51 

7 1065 100 40 11.11 128 2160 114 13120 10960 24.62 65.74 49.31 49.94 37.46 13.8 0.81 3.57 

8 1065 100 30 8.33 114 1280 107 13120 11840 13.70 36.98 27.73 49.38 37.04 10.5 0.79 2.64 

9 1065 100 20 5.56 104 530 102 13120 12590 5.41 16.44 12.33 43.86 32.89 7 0.79 1.76 

10 1065 100 10 2.78 100 0 100 13120 13120 0.00 4.11 3.08 0.00 0.00 3.5 0.79 0.88 

11 1065 110 50 13.89 143 2320 126.5 11990 9670 29.35 102.72 77.04 38.09 28.57 17 0.82 4.53 

12 1065 110 40 11.11 138 1910 124 11990 10080 23.68 65.74 49.31 48.04 36.03 13.7 0.81 3.60 

13 1065 110 30 8.33 123 1140 116.5 11990 10850 13.28 36.98 27.73 47.89 35.91 10.4 0.80 2.67 

14 1065 110 20 5.56 114 470 112 11990 11520 5.26 16.44 12.33 42.71 32.03 7 0.79 1.76 

15 1065 110 10 2.78 110 0 110 11990 11990 0.00 4.11 3.08 0.00 0.00 3.5 0.79 0.88 

 

 



 

 

 

TABLE B.2: Regeneration efficiency @16 LPM, 1165 kg 

Sr. 
No 

Mas
s of 
the 
vehi
cle-
m 

(kg) 

Initial 
press
ure-p1 
(bar) 

Initia
l 

vehic
le 

spee
d-V0 
(kmp

h) 

Initial 
vehicle 
speed-

v0 
(m/s) 

Final 
accum
ulator 
pressu
re –p2 
(bar) 

Amount 
of oil 

pumped 
in 

accumula
tor-ΔV 

(ml) 

Average 
accumul

ator 
pressure 
–p (bar) 

Initial 
accumul

ator 
volume –
v1 –(ml) 

Final 
accumulator 
volume –v2 –

(ml) 

Quantum of 
braking  energy 
regenerated/reco

vered-Er (kJ) 

Gross 
braki

ng 
energ
y at 

initial 
braki

ng 
speed-
E (kJ) 

Braking 
energy 

available 
for 

regenera
tion-Ebr 

(kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
regenerat

ion 
efficiency 

of the 
HRBS- 0	

%  

time 
elaps

ed 
durin

g 
braki

ng 
episo
de -t 
(s) 

Deceler
ation 
rate 

during 
brakin

g 
episode

- d 
(m/s2) 

Average 
braking 
power - 

pabr 
(kW) 

1 1165 90 50 13.89 125 3160 107.5 14650 11490 33.97 112.36 84.27 40.31 30.23 17.2 0.81 4.90 

2 1165 90 40 11.11 122 2570 106 14650 12080 27.24 71.91 53.94 50.51 37.88 14.1 0.79 3.83 

3 1165 90 30 8.33 103 1610 96.5 14650 13040 15.54 40.45 30.34 51.21 38.41 10.6 0.79 2.86 

4 1165 90 20 5.56 99 660 94.5 14650 13990 6.24 17.98 13.48 46.26 34.69 7.2 0.77 1.87 

5 1165 90 10 2.78 92 150 91 14650 14500 1.37 4.49 3.37 40.49 30.37 3.6 0.77 0.94 

6 1165 100 50 13.89 134 2880 117 13120 10240 33.70 112.36 84.27 39.98 29.99 17.2 0.81 4.90 

7 1165 100 40 11.11 132 2350 116 13120 10770 27.26 71.91 53.94 50.54 37.91 14.1 0.79 3.83 

8 1165 100 30 8.33 114 1430 107 13120 11690 15.30 40.45 30.34 50.43 37.83 10.6 0.79 2.86 

9 1165 100 20 5.56 107 580 103.5 13120 12540 6.00 17.98 13.48 44.52 33.39 7.2 0.77 1.87 

10 1165 100 10 2.78 101 130 100.5 13120 12990 1.31 4.49 3.37 38.76 29.07 3.6 0.77 0.94 

11 1165 110 50 13.89 145 2580 127.5 11990 9410 32.90 112.36 84.27 39.03 29.28 17.1 0.81 4.93 

12 1165 110 40 11.11 141 2110 125.5 11990 9880 26.48 71.91 53.94 49.10 36.82 14 0.79 3.85 

13 1165 110 30 8.33 123 1270 116.5 11990 10720 14.80 40.45 30.34 48.77 36.58 10.5 0.79 2.89 

14 1165 110 20 5.56 117 520 113.5 11990 11470 5.90 17.98 13.48 43.77 32.83 7.1 0.78 1.90 

15 1165 110 10 2.78 110 0 110 11990 11990 0.00 4.49 3.37 0.00 0.00 3.6 0.77 0.94 

 

 



 

 

 

TABLE B.3: Regeneration efficiency @16 LPM, 1265 kg 

Sr. 
No 

Mas
s of 
the 
vehi
cle-
m 

(kg) 

Initial 
pressu
re-p1 
(bar) 

Initia
l 

vehic
le 

speed
-V0 

(kmp
h) 

Initi
al 

vehic
le 

spee
d-v0 

(m/s) 

Final 
accumula

tor 
pressure 
–p2 (bar) 

Amount 
of oil 

pumped 
in 

accumula
tor-ΔV 

(ml) 

Average 
accumula

tor 
pressure 
–p (bar) 

Initial 
accumula

tor 
volume –
v1 –(ml) 

Final 
accumula

tor 
volume –
v2 –(ml) 

Quantum of 
braking  energy 
regenerated/reco

vered-Er (kJ) 

Gross 
brakin

g 
energy 

at 
initial 
brakin

g 
speed-
E (kJ) 

Braking 
energy 

availabl
e for 

regener
ation-

Ebr (kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
regenerat

ion 
efficiency 

of the 
HRBS- 0	

%  

time 
elaps

ed 
durin

g 
braki

ng 
episo
de -t 
(s) 

Deceler
ation 
rate 

during 
braking 
episode

- d 
(m/s2) 

Average 
braking 
power - 

pabr 
(kW) 

1 1265 90 50 13.89 129 3490 109.5 14650 11160 38.22 122.01 91.51 41.76 31.32 17.3 0.80 5.29 

2 1265 90 40 11.11 125 2810 107.5 14650 11840 30.21 78.09 58.56 51.58 38.68 14.2 0.78 4.12 

3 1265 90 30 8.33 105 1760 97.5 14650 12890 17.16 43.92 32.94 52.09 39.07 10.7 0.78 3.08 

4 1265 90 20 5.56 101 720 95.5 14650 13930 6.88 19.52 14.64 46.96 35.22 7.3 0.76 2.01 

5 1265 90 10 2.78 92 170 91 14650 14480 1.55 4.88 3.66 42.26 31.70 3.6 0.77 1.02 

6 1265 100 50 13.89 140 3110 120 13120 10010 37.32 122.01 91.51 40.78 30.59 17.3 0.80 5.29 

7 1265 100 40 11.11 134 2570 117 13120 10550 30.07 78.09 58.56 51.34 38.51 14.2 0.78 4.12 

8 1265 100 30 8.33 114 1590 107 13120 11530 17.01 43.92 32.94 51.64 38.73 10.7 0.78 3.08 

9 1265 100 20 5.56 110 620 105 13120 12500 6.51 19.52 14.64 44.46 33.35 7.3 0.76 2.01 

10 1265 100 10 2.78 102 150 101 13120 12970 1.52 4.88 3.66 41.39 31.04 3.6 0.77 1.02 

11 1265 110 50 13.89 148 2810 129 11990 9180 36.25 122.01 91.51 39.61 29.71 17.2 0.81 5.32 

12 1265 110 40 11.11 146 2280 128 11990 9710 29.18 78.09 58.56 49.83 37.37 14 0.79 4.18 

13 1265 110 30 8.33 125 1390 117.5 11990 10600 16.33 43.92 32.94 49.58 37.18 10.6 0.79 3.11 

14 1265 110 20 5.56 120 550 115 11990 11440 6.33 19.52 14.64 43.20 32.40 7.2 0.77 2.03 

15 1265 110 10 2.78 111 0 110.5 11990 11990 0.00 4.88 3.66 0.00 0.00 3.6 0.77 1.02 

 

 



 

 

 

TABLE B.4: Regeneration efficiency @20 LPM, 1065 kg 

Sr. 
No 

Mas
s of 
the 
vehi
cle-
m 

(kg) 

Initia
l 

press
ure-
p1 

(bar) 

Initia
l 

vehic
le 

speed
-V0 

(kmp
h) 

Initi
al 

vehic
le 

spee
d-v0 

(m/s) 

Final 
accumula

tor 
pressure 
–p2 (bar) 

Amount 
of oil 

pumped 
in 

accumula
tor-ΔV 

(ml) 

Average 
accumula

tor 
pressure 
–p (bar) 

Initial 
accumula

tor 
volume –
v1 –(ml) 

Final 
accumula

tor 
volume –
v2 –(ml) 

Quantum of 
braking  energy 
regenerated/reco

vered-Er (kJ) 

Gross 
brakin

g 
energy 

at 
initial 
brakin

g 
speed-
E (kJ) 

Braking 
energy 

availabl
e for 

regener
ation-

Ebr (kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
regenerat

ion 
efficiency 

of the 
HRBS- 0	

%  

time 
elaps

ed 
durin

g 
braki

ng 
episo
de -t 
(s) 

Decelerat
ion rate 
during 
braking 
episode- 
d (m/s2) 

Average 
braking 
power - 

pabr 
(kW) 

1 1065 90 50 13.89 132 2830 111 14650 11820 31.41 102.72 77.04 40.77 30.58 12.5 1.11 6.16 

2 1065 90 40 11.11 129 2340 109.5 14650 12310 25.62 65.74 49.31 51.97 38.98 10.1 1.10 4.88 

3 1065 90 30 8.33 110 1420 100 14650 13230 14.20 36.98 27.73 51.20 38.40 7.6 1.10 3.65 

4 1065 90 20 5.56 100 580 95 14650 14070 5.51 16.44 12.33 44.70 33.53 5.1 1.09 2.42 

5 1065 90 10 2.78 90 0 90 14650 14650 0.00 4.11 3.08 0.00 0.00 2.6 1.07 1.19 

6 1065 100 50 13.89 143 2520 121.5 13120 10600 30.62 102.72 77.04 39.74 29.81 12.5 1.11 6.16 

7 1065 100 40 11.11 138 2100 119 13120 11020 24.99 65.74 49.31 50.68 38.01 10.1 1.10 4.88 

8 1065 100 30 8.33 121 1280 110.5 13120 11840 14.14 36.98 27.73 51.00 38.25 7.5 1.11 3.70 

9 1065 100 20 5.56 110 520 105 13120 12600 5.46 16.44 12.33 44.30 33.22 5.1 1.09 2.42 

10 1065 100 10 2.78 100 0 100 13120 13120 0.00 4.11 3.08 0.00 0.00 2.6 1.07 1.19 

11 1065 110 50 13.89 153 2320 131.5 11990 9670 30.51 102.72 77.04 39.60 29.70 12.3 1.13 6.26 

12 1065 110 40 11.11 149 1890 129.5 11990 10100 24.48 65.74 49.31 49.64 37.23 10 1.11 4.93 

13 1065 110 30 8.33 132 1140 121 11990 10850 13.79 36.98 27.73 49.74 37.30 7.5 1.11 3.70 

14 1065 110 20 5.56 122 460 116 11990 11530 5.34 16.44 12.33 43.29 32.47 5 1.11 2.47 

15 1065 110 10 2.78 110 0 110 11990 11990 0.00 4.11 3.08 0.00 0.00 2.6 1.07 1.19 

 

 



 

 

 

TABLE B.5: Regeneration efficiency @20 LPM, 1165 kg 

Sr. 
No 

Mass 
of the 

vehicle
-m 

(kg) 

Initi
al 

pres
sure
-p1 

(bar
) 

Initia
l 

vehic
le 

speed
-V0 

(kmp
h) 

Initi
al 

vehic
le 

spee
d-v0 

(m/s) 

Final 
accumula

tor 
pressure 
–p2 (bar) 

Amount 
of oil 

pumped 
in 

accumula
tor-ΔV 

(ml) 

Average 
accumula

tor 
pressure 
–p (bar) 

Initial 
accumula

tor 
volume –
v1 –(ml) 

Final 
accumula

tor 
volume –
v2 –(ml) 

Quantum of 
braking  energy 
regenerated/reco

vered-Er (kJ) 

Gross 
brakin

g 
energy 

at 
initial 
brakin

g 
speed-
E (kJ) 

Braking 
energy 

availabl
e for 

regener
ation-

Ebr (kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
regenerat

ion 
efficiency 

of the 
HRBS- 0	

%  

time 
elaps

ed 
durin

g 
braki

ng 
episo
de -t 
(s) 

Deceler
ation 
rate 

during 
braking 
episode

- d 
(m/s2) 

Average 
braking 
power - 

pabr 
(kW) 

1 1165 90 50 13.89 133 3160 111.5 14650 11490 35.23 112.36 84.27 41.81 31.36 12.4 1.12 6.80 

2 1165 90 40 11.11 131 2560 110.5 14650 12090 28.29 71.91 53.94 52.45 39.34 10 1.11 5.39 

3 1165 90 30 8.33 111 1580 100.5 14650 13070 15.88 40.45 30.34 52.34 39.25 7.5 1.11 4.05 

4 1165 90 20 5.56 102 640 96 14650 14010 6.14 17.98 13.48 45.57 34.17 5.1 1.09 2.64 

5 1165 90 10 2.78 92 150 91 14650 14500 1.37 4.49 3.37 40.49 30.37 2.6 1.07 1.30 

6 1165 100 50 13.89 144 2790 122 13120 10330 34.04 112.36 84.27 40.39 30.29 12.4 1.12 6.80 

7 1165 100 40 11.11 141 2280 120.5 13120 10840 27.47 71.91 53.94 50.94 38.20 10 1.11 5.39 

8 1165 100 30 8.33 122 1400 111 13120 11720 15.54 40.45 30.34 51.22 38.42 7.5 1.11 4.05 

9 1165 100 20 5.56 113 570 106.5 13120 12550 6.07 17.98 13.48 45.02 33.77 5.1 1.09 2.64 

10 1165 100 10 2.78 100 0 100 13120 13120 0.00 4.49 3.37 0.00 0.00 2.6 1.07 1.30 

11 1165 110 50 13.89 154 2560 132 11990 9430 33.79 112.36 84.27 40.10 30.07 12.2 1.14 6.91 

12 1165 110 40 11.11 151 2080 130.5 11990 9910 27.14 71.91 53.94 50.33 37.75 9.9 1.12 5.45 

13 1165 110 30 8.33 133 1260 121.5 11990 10730 15.31 40.45 30.34 50.46 37.85 7.4 1.13 4.10 

14 1165 110 20 5.56 123 520 116.5 11990 11470 6.06 17.98 13.48 44.93 33.70 5 1.11 2.70 

15 1165 110 10 2.78 110 0 110 11990 11990 0.00 4.49 3.37 0.00 0.00 2.5 1.11 1.35 

 

 



 

 

 

TABLE B.6: Regeneration efficiency @20 LPM, 1265 kg 

Sr. 
No 

Mas
s of 
the 
vehi
cle-
m 

(kg) 

Initia
l 

press
ure-
p1 

(bar) 

Initia
l 

vehic
le 

speed
-V0 

(kmp
h) 

Initi
al 

vehic
le 

spee
d-v0 

(m/s) 

Final 
accumula

tor 
pressure 
–p2 (bar) 

Amount 
of oil 

pumped 
in 

accumula
tor-ΔV 

(ml) 

Average 
accumula

tor 
pressure 
–p (bar) 

Initial 
accumula

tor 
volume –
v1 –(ml) 

Final 
accumula

tor 
volume –
v2 –(ml) 

Quantum of 
braking  energy 
regenerated/reco

vered-Er (kJ) 

Gross 
brakin

g 
energy 

at 
initial 
brakin

g 
speed-
E (kJ) 

Braking 
energy 

availabl
e for 

regener
ation-

Ebr (kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
regenerat

ion 
efficiency 

of the 
HRBS- 0	

%  

time 
elaps

ed 
durin

g 
braki

ng 
episo
de -t 
(s) 

Decelerat
ion rate 
during 
braking 
episode- 
d (m/s2) 

Average 
braking 
power - 

pabr (kW) 

1 1265 90 50 13.89 135 3510 112.5 14650 11140 39.49 122.01 91.51 43.15 32.36 12.3 1.13 7.44 

2 1265 90 40 11.11 131 2810 110.5 14650 11840 31.05 78.09 58.56 53.02 39.76 9.9 1.12 5.92 

3 1265 90 30 8.33 112 1760 101 14650 12890 17.78 43.92 32.94 53.96 40.47 7.5 1.11 4.39 

4 1265 90 20 5.56 104 700 97 14650 13950 6.79 19.52 14.64 46.38 34.78 5 1.11 2.93 

5 1265 90 10 2.78 94 170 92 14650 14480 1.56 4.88 3.66 42.73 32.05 2.6 1.07 1.41 

6 1265 100 50 13.89 145 3130 122.5 13120 9990 38.34 122.01 91.51 41.90 31.43 12.3 1.13 7.44 

7 1265 100 40 11.11 142 2530 121 13120 10590 30.61 78.09 58.56 52.27 39.20 9.9 1.12 5.92 

8 1265 100 30 8.33 123 1540 111.5 13120 11580 17.17 43.92 32.94 52.12 39.09 7.5 1.11 4.39 

9 1265 100 20 5.56 114 630 107 13120 12490 6.74 19.52 14.64 46.04 34.53 5 1.11 2.93 

10 1265 100 10 2.78 103 150 101.5 13120 12970 1.52 4.88 3.66 41.59 31.20 2.6 1.07 1.41 

11 1265 110 50 13.89 156 2830 133 11990 9160 37.64 122.01 91.51 41.13 30.85 12.3 1.13 7.44 

12 1265 110 40 11.11 153 2280 131.5 11990 9710 29.98 78.09 58.56 51.19 38.40 9.9 1.12 5.92 

13 1265 110 30 8.33 133 1410 121.5 11990 10580 17.13 43.92 32.94 52.00 39.00 7.5 1.11 4.39 

14 1265 110 20 5.56 125 570 117.5 11990 11420 6.70 19.52 14.64 45.74 34.31 5 1.11 2.93 

15 1265 110 10 2.78 112 130 111 11990 11860 1.44 4.88 3.66 39.42 29.57 2.5 1.11 1.46 

 

 



 

 

 

TABLE B.7: Regeneration efficiency @23 LPM, 1065 kg 

Sr
. 
N
o 

Mass 
of the 

vehicle
-m 

(kg) 

Initi
al 

press
ure-
p1 

(bar) 

Initia
l 

vehic
le 

speed
-V0 

(kmp
h) 

Initi
al 

vehic
le 

spee
d-v0 

(m/s) 

Final 
accumula

tor 
pressure 
–p2 (bar) 

Amount 
of oil 

pumped 
in 

accumula
tor-ΔV 

(ml) 

Average 
accumula

tor 
pressure 
–p (bar) 

Initial 
accumula

tor 
volume –
v1 –(ml) 

Final 
accumula

tor 
volume –
v2 –(ml) 

Quantum of 
braking  energy 
regenerated/reco

vered-Er (kJ) 

Gross 
brakin

g 
energy 

at 
initial 
brakin

g 
speed-
E (kJ) 

Braking 
energy 
availabl

e for 
regener
ation-

Ebr (kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
regenerat

ion 
efficiency 

of the 
HRBS- 0	

%  

time 
elaps

ed 
durin

g 
braki

ng 
episo
de -t 
(s) 

Deceler
ation 
rate 

during 
brakin

g 
episode

- d 
(m/s2) 

Average 
braking 
power - 

pabr 
(kW) 

1 1065 90 50 13.89 137 3040 113.5 14650 11610 34.50 102.72 77.04 44.79 33.59 10.6 1.31 7.27 

2 1065 90 40 11.11 131 2390 110.5 14650 12260 26.41 65.74 49.31 53.56 40.17 8.5 1.31 5.80 

3 1065 90 30 8.33 115 1480 102.5 14650 13170 15.17 36.98 27.73 54.70 41.02 6.4 1.30 4.33 

4 1065 90 20 5.56 102 580 96 14650 14070 5.57 16.44 12.33 45.17 33.88 4.3 1.29 2.87 

5 1065 90 10 2.78 90 0 90 14650 14650 0.00 4.11 3.08 0.00 0.00 2.2 1.26 1.40 

6 1065 100 50 13.89 148 2640 124 13120 10480 32.74 102.72 77.04 42.49 31.87 10.6 1.31 7.27 

7 1065 100 40 11.11 141 2160 120.5 13120 10960 26.03 65.74 49.31 52.79 39.59 8.4 1.32 5.87 

8 1065 100 30 8.33 125 1310 112.5 13120 11810 14.74 36.98 27.73 53.14 39.85 6.4 1.30 4.33 

9 1065 100 20 5.56 113 520 106.5 13120 12600 5.54 16.44 12.33 44.93 33.70 4.3 1.29 2.87 

10 1065 100 10 2.78 100 0 100 13120 13120 0.00 4.11 3.08 0.00 0.00 2.2 1.26 1.40 

11 1065 110 50 13.89 158 2320 134 11990 9670 31.09 102.72 77.04 40.35 30.26 10.5 1.32 7.34 

12 1065 110 40 11.11 151 1890 130.5 11990 10100 24.66 65.74 49.31 50.02 37.52 8.4 1.32 5.87 

13 1065 110 30 8.33 136 1140 123 11990 10850 14.02 36.98 27.73 50.56 37.92 6.3 1.32 4.40 

14 1065 110 20 5.56 123 470 116.5 11990 11520 5.48 16.44 12.33 44.42 33.32 4.3 1.29 2.87 

15 1065 110 10 2.78 110 0 110 11990 11990 0.00 4.11 3.08 0.00 0.00 2.2 1.26 1.40 

 

 



 

 

 

TABLE B.8: Regeneration efficiency @23 LPM, 1165 kg 

Sr
. 
N
o 

Mass 
of 
the 

vehic
le-m 
(kg) 

Initial 
pressu
re-p1 
(bar) 

Initia
l 

vehic
le 

speed
-V0 

(kmp
h) 

Initi
al 

vehic
le 

spee
d-v0 

(m/s) 

Final 
accumula

tor 
pressure 
–p2 (bar) 

Amount 
of oil 

pumped 
in 

accumula
tor-ΔV 

(ml) 

Average 
accumula

tor 
pressure 
–p (bar) 

Initial 
accumula

tor 
volume –
v1 –(ml) 

Final 
accumula

tor 
volume –
v2 –(ml) 

Quantum of 
braking  energy 
regenerated/reco

vered-Er (kJ) 

Gross 
brakin

g 
energy 

at 
initial 
brakin

g 
speed-
E (kJ) 

Braking 
energy 

availabl
e for 

regener
ation-

Ebr (kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
regenerat

ion 
efficiency 

of the 
HRBS- 0	

%  

time 
elaps

ed 
durin

g 
braki

ng 
episo
de -t 
(s) 

Decelerat
ion rate 
during 
braking 
episode- 
d (m/s2) 

Avera
ge 

braki
ng 

power 
- pabr 
(kW) 

1 1165 90 50 13.89 140 3340 115 14650 11310 38.41 112.36 84.27 45.58 34.18 10.7 1.30 7.88 

2 1165 90 40 11.11 133 2640 111.5 14650 12010 29.44 71.91 53.94 54.58 40.93 8.6 1.29 6.27 

3 1165 90 30 8.33 117 1640 103.5 14650 13010 16.97 40.45 30.34 55.95 41.96 6.5 1.28 4.67 

4 1165 90 20 5.56 103 640 96.5 14650 14010 6.18 17.98 13.48 45.80 34.35 4.4 1.26 3.06 

5 1165 90 10 2.78 95 150 92.5 14650 14500 1.39 4.49 3.37 41.16 30.87 2.2 1.26 1.53 

6 1165 100 50 13.89 150 2880 125 13120 10240 36.00 112.36 84.27 42.72 32.04 10.7 1.30 7.87 

7 1165 100 40 11.11 144 2370 122 13120 10750 28.91 71.91 53.94 53.61 40.21 8.6 1.29 6.27 

8 1165 100 30 8.33 127 1460 113.5 13120 11660 16.57 40.45 30.34 54.62 40.97 6.5 1.28 4.67 

9 1165 100 20 5.56 113 580 106.5 13120 12540 6.18 17.98 13.48 45.81 34.36 4.4 1.26 3.06 

10 1165 100 10 2.78 105 130 102.5 13120 12990 1.33 4.49 3.37 39.53 29.65 2.2 1.26 1.53 

11 1165 110 50 13.89 161 2650 135.5 11990 9340 35.91 112.36 84.27 42.61 31.96 10.6 1.31 7.95 

12 1165 110 40 11.11 154 2120 132 11990 9870 27.98 71.91 53.94 51.88 38.91 8.5 1.31 6.35 

13 1165 110 30 8.33 137 1330 123.5 11990 10660 16.43 40.45 30.34 54.14 40.61 6.4 1.30 4.74 

14 1165 110 20 5.56 124 530 117 11990 11460 6.20 17.98 13.48 45.99 34.49 4.4 1.26 3.06 

15 1165 110 10 2.78 113 110 111.5 11990 11880 1.23 4.49 3.37 36.38 27.29 2.2 1.26 1.53 

 

 



 

 

 

TABLE B.9: Regeneration efficiency @23 LPM, 1265 kg 

Sr
. 
N
o 

Mass 
of 
the 

vehic
le-m 
(kg) 

Initial 
pressu
re-p1 
(bar) 

Initia
l 

vehic
le 

speed
-V0 

(kmp
h) 

Initi
al 

vehic
le 

spee
d-v0 

(m/s) 

Final 
accumula

tor 
pressure 
–p2 (bar) 

Amount 
of oil 

pumped 
in 

accumula
tor-ΔV 

(ml) 

Average 
accumula

tor 
pressure 
–p (bar) 

Initial 
accumula

tor 
volume –
v1 –(ml) 

Final 
accumula

tor 
volume –
v2 –(ml) 

Quantum of 
braking  energy 
regenerated/reco

vered-Er (kJ) 

Gross 
brakin

g 
energy 

at 
initial 
brakin

g 
speed-
E (kJ) 

Braking 
energy 

availabl
e for 

regener
ation-

Ebr (kJ) 

Regenera
tion 

efficiency 
of the 

HRBS-  
(%) 

Overall 
regenerat

ion 
efficiency 

of the 
HRBS- 0	

%  

time 
elaps

ed 
durin

g 
braki

ng 
episo
de -t 
(s) 

Decelerat
ion rate 
during 
braking 
episode- 
d (m/s2) 

Avera
ge 

braki
ng 

power 
- pabr 
(kW) 

1 1265 90 50 13.89 143 3670 116.5 14650 10980 42.76 122.01 91.51 46.72 35.04 10.8 1.29 8.47 

2 1265 90 40 11.11 136 2910 113 14650 11740 32.88 78.09 58.56 56.15 42.11 8.7 1.28 6.73 

3 1265 90 30 8.33 119 1820 104.5 14650 12830 19.02 43.92 32.94 57.73 43.30 6.6 1.26 4.99 

4 1265 90 20 5.56 104 720 97 14650 13930 6.98 19.52 14.64 47.70 35.78 4.4 1.26 3.33 

5 1265 90 10 2.78 97 170 93.5 14650 14480 1.59 4.88 3.66 43.43 32.57 2.2 1.26 1.66 

6 1265 100 50 13.89 154 3130 127 13120 9990 39.75 122.01 91.51 43.44 32.58 10.7 1.30 8.55 

7 1265 100 40 11.11 147 2640 123.5 13120 10480 32.60 78.09 58.56 55.67 41.75 8.7 1.28 6.73 

8 1265 100 30 8.33 130 1630 115 13120 11490 18.75 43.92 32.94 56.90 42.68 6.6 1.26 4.99 

9 1265 100 20 5.56 114 640 107 13120 12480 6.85 19.52 14.64 46.77 35.08 4.4 1.26 3.33 

10 1265 100 10 2.78 107 150 103.5 13120 12970 1.55 4.88 3.66 42.41 31.81 2.2 1.26 1.66 

11 1265 110 50 13.89 166 2940 138 11990 9050 40.57 122.01 91.51 44.34 33.25 10.6 1.31 8.63 

12 1265 110 40 11.11 157 2370 133.5 11990 9620 31.64 78.09 58.56 54.02 40.52 8.7 1.28 6.73 

13 1265 110 30 8.33 142 1440 126 11990 10550 18.14 43.92 32.94 55.08 41.31 6.6 1.26 4.99 

14 1265 110 20 5.56 125 580 117.5 11990 11410 6.82 19.52 14.64 46.55 34.91 4.4 1.26 3.33 

15 1265 110 10 2.78 116 130 113 11990 11860 1.47 4.88 3.66 40.13 30.10 2.2 1.26 1.66 

 



APPENDIX C: Photographs of the experimental set up 

 

 

FIGURE C.1: Actual photograph of the vehicle under study 

 

FIGURE C.2: Rear axle housing 

 

 

 
 

FIGURE C.3: Power transmission set up from 

propeller to the pump 

FIGURE C.4: Power transmission set up from 

propeller to the pump 



 
 

 

FIGURE C.5: Hydraulic ball valve 

 

 

FIGURE C.6: Pressure relief valve  

 

  

 

FIGURE C.7: Pressure relief valve  

 

FIGURE C.8: Non-return valve 

 

FIGURE C.9: Hydraulic pump mounted on differential 

 

 



 

 

FIGURE C.10: Modified experimental vehicle 

 

 

 

FIGURE C.11: Mass of the vehicle on platform scale 
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