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Abstract 

 The rapid electrification of personal mobility in developing nations, particularly India, has 

brought electric two-wheelers (E2Ws) to the forefront of sustainable transportation. Despite 

significant advancements in battery and motor technologies, the real-world efficiency from 

battery to wheel remains suboptimal, typically ranging between 60–70% for mass-market 

E2Ws. This inefficiency limits practical range, increases operational costs, and undermines the 

environmental benefits of electric mobility. This project presents a comprehensive, systems-

level investigation into the mechanisms of energy loss in the E2W powertrain, from the battery 

through to the wheel. Employing a combination of empirical data collection, component-level 

modelling, and multi-objective optimization, the study identifies critical inefficiency points and 

proposes actionable strategies for their mitigation. The research includes detailed simulation of 

Indian urban driving cycles, sensitivity analysis of key design parameters, and a comparative 

evaluation of advanced control algorithms. The findings demonstrate that targeted optimization 

of inverter switching, motor control, and regenerative braking can improve battery-to-wheel 

efficiency by up to 14%, extend range by 17%, and reduce total cost of ownership by 11%. The 

report concludes with practical recommendations for manufacturers, policymakers, and 

researchers, aiming to accelerate the adoption of efficient, affordable, and sustainable electric 

mobility in India and similar markets. 

1. Introduction 

1.1 Background 

India, with its dense urban centres and burgeoning middle class, is witnessing a paradigm shift 

in personal mobility. Two-wheelers constitute over 75% of all vehicles on Indian roads, and 

their electrification is crucial for reducing urban air pollution, oil imports, and greenhouse gas 

emissions (IEA, 2023). The Government of India’s FAME II policy and state-level incentives 

have catalysed the growth of the electric two-wheeler (E2W) market, with sales exceeding 

800,000 units in 2023-a 45% increase over the previous year (Society of Manufacturers of 

Electric Vehicles, 2024). 

Despite this progress, the practical adoption of E2Ws faces several challenges, chief among 

them being the relatively low battery-to-wheel efficiency. This metric, defined as the ratio of 

mechanical energy delivered at the wheel to the chemical energy stored in the battery, is a 

critical determinant of range, performance, and total cost of ownership. For the majority of 

Indian-made E2Ws, this efficiency is typically 60–70% under real-world urban conditions, 

with the remainder lost to electrical, thermal, and mechanical inefficiencies (Singh & Agarwal, 

2021). 
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Figure 1: Electric two-wheeler sales in India, 2019–2024. Source: AutocarPro, JMK 

Research, Inc42. 

1.2 Motivation 

Improving battery-to-wheel efficiency is not merely a technical challenge; it is an economic 

and environmental imperative. Higher efficiency translates directly into longer range, smaller 

and cheaper batteries, lower energy consumption per kilometre, and reduced lifecycle 

emissions. For manufacturers, it enables competitive differentiation and compliance with 

evolving regulatory standards. For consumers, it means lower running costs and greater 

convenience. For policymakers, it supports the broader goals of energy security and 

environmental sustainability. 

1.3 Scope 

This project focuses on the comprehensive modelling, analysis, and optimization of the battery-

to-wheel energy transfer pathway in electric two-wheelers, with a particular emphasis on 

vehicles designed for the Indian urban context. The study encompasses: 

• Detailed modelling of the battery, inverter, motor, transmission, and wheel interface 

• Empirical measurement and simulation of energy losses at each stage 

• Optimization of control strategies (e.g., inverter switching, regenerative braking) 

• Sensitivity analysis of key design parameters 

• Economic and environmental impact assessment 

• Practical recommendations for industry and policymakers 

2. Literature Review 

2.1 Introduction 

A comprehensive understanding of battery-to-wheel energy transfer in electric two-wheelers 

(E2Ws) requires an interdisciplinary review of literature spanning battery technology, power 

electronics, electric motors, mechanical transmission, and vehicle control strategies. This 

section synthesizes findings from peer-reviewed journals, industry reports, and leading 
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conference proceedings to establish the current state of knowledge, identify research gaps, and 

contextualize the present study. 

2.2 Battery Technology and Management 

Lithium-ion batteries have become the de facto standard for E2Ws due to their high energy 

density, relatively low weight, and declining costs (Nykvist & Nilsson, 2015). However, battery 

efficiency is affected by several factors, including internal resistance, temperature, state of 

charge (SOC), and aging (Wang et al., 2020). The battery management system (BMS) plays a 

crucial role in optimizing charge/discharge cycles, balancing cells, and ensuring safety. 

Advanced BMS algorithms, such as model-based state estimation and adaptive balancing, have 

demonstrated improvements in usable capacity and cycle life (Zhang et al., 2022). 

Nevertheless, most budget E2Ws in India employ basic BMS designs, leading to higher losses 

and reduced longevity (Gupta & Banerjee, 2021). 

2.3 Power Electronics: Inverters and Controllers 

The inverter, which converts DC battery power to AC for the motor, is a major source of energy 

loss. Losses arise from switching, conduction, and control inefficiencies, especially at high 

frequencies and partial loads (Wang & Kim, 2019). Recent advances in wide-bandgap 

semiconductors (such as SiC and GaN) have enabled inverters with lower switching losses and 

higher thermal tolerance, but these remain cost-prohibitive for mass-market E2Ws (Ramasamy 

et al., 2023). Control strategies, including space vector pulse width modulation (SVPWM) and 

direct torque control (DTC), have been shown to improve inverter efficiency by up to 6% in 

laboratory settings (Patel & Shah, 2020). 

2.4 Electric Motor Technologies 

Brushless DC (BLDC) and permanent magnet synchronous motors (PMSM) are the most 

common choices for E2Ws, offering a balance of efficiency, cost, and reliability (Kumar & 

Roy, 2022). Motor efficiency is influenced by copper losses (I²R), core losses (hysteresis and 

eddy currents), and stray losses. Under real-world urban driving conditions, frequent 

acceleration and deceleration exacerbate these losses (Sharma et al., 2020). Research has 

shown that optimizing the motor’s torque-speed profile and employing field-oriented control 

(FOC) can yield efficiency gains of 3–5% (Singh & Agarwal, 2021). 

 

2.5 Mechanical Transmission and Drivetrain 

While E2Ws typically employ simple belt or gear drive systems, mechanical losses due to 

friction, slippage, and misalignment can account for 5–8% of total energy losses 

(Chandrasekaran et al., 2021). Studies comparing direct-drive and geared configurations 

suggest that while direct-drive minimizes mechanical losses, it may compromise torque 

delivery and hill-climbing performance (Nagesh et al., 2023). Lubrication quality, material 

selection, and manufacturing tolerances also play significant roles in drivetrain efficiency 

(Sarkar & Prasad, 2019). 

2.6 Regenerative Braking 
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Regenerative braking allows the recovery of kinetic energy during deceleration, converting it 

back to electrical energy stored in the battery. While theoretical recovery rates can exceed 20% 

in four-wheelers, practical recovery in E2Ws is typically limited to 5–10% due to safety, 

stability, and weight considerations (Chandrasekaran et al., 2021). Recent work has explored 

adaptive braking algorithms and integrated motor-inverter control to maximize recovery 

without compromising ride quality (Patel & Shah, 2020). 

2.7 System-Level Optimization 

System-level studies have applied multi-objective optimization techniques, such as genetic 

algorithms and Pareto analysis, to maximize battery-to-wheel efficiency across the entire 

powertrain. Nagesh et al. (2023) demonstrated that co-optimization of motor, inverter, and 

transmission parameters can yield up to 8% improvement in net efficiency. However, most 

existing studies are based on idealized drive cycles and do not fully account for the variability 

of Indian urban traffic conditions. 

2.8 Research Gaps 

Despite significant progress, several gaps remain: 

• Lack of real-world, system-level studies on E2Ws in Indian urban environments 

• Limited integration of advanced inverter and motor control strategies in budget E2Ws 

• Insufficient empirical data on the impact of component aging and manufacturing 

variability 

• Underexplored potential for cost-effective regenerative braking optimization 

2.9 Summary 

The literature underscores the multifaceted nature of battery-to-wheel efficiency in E2Ws, with 

losses distributed across electrical, electronic, mechanical, and control domains. While 

individual component optimizations have shown promise, there is a clear need for holistic, 

system-level studies that reflect the realities of Indian urban mobility. This project addresses 

these gaps through comprehensive modelling, simulation, and empirical validation. 

3. Problem Statement 

3.1 The Central Challenge 

Despite the rapid proliferation of electric two-wheelers (E2Ws) in India and other emerging 

markets, the practical realization of their full potential is hampered by suboptimal battery-to-

wheel energy transfer efficiency. While manufacturers have made significant strides in 

reducing upfront costs and improving battery chemistry, the real-world operational efficiency 

of these vehicles remains a persistent concern. Field studies indicate that, on average, only 60–

70% of the chemical energy stored in the battery is ultimately delivered as mechanical work at 

the wheel under typical Indian urban driving conditions (Singh & Agarwal, 2021; Kumar & 

Roy, 2022). The remaining energy is lost through a combination of electrical, electronic, and 

mechanical inefficiencies. 

3.2 Sources of Inefficiency 
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The primary sources of energy loss in the E2W powertrain include: 

• Battery Losses: Internal resistance, suboptimal state-of-charge management, and 

temperature effects lead to energy dissipation as heat within the battery pack (Wang et al., 

2020). 

• Power Electronics Losses: Inverters and controllers contribute to switching and 

conduction losses, particularly at high frequencies and under variable load conditions (Wang 

& Kim, 2019). 

• Motor Losses: Copper losses (I²R), core losses (hysteresis and eddy currents), and 

stray losses in BLDC and PMSM motors are exacerbated by frequent acceleration and 

deceleration in urban traffic (Sharma et al., 2020). 

• Mechanical Losses: Friction, slippage, and misalignment in belt or gear drive systems 

further reduce the net energy delivered to the wheels (Sarkar & Prasad, 2019). 

• Regenerative Braking Limitations: The potential for energy recovery during braking 

is underutilized due to safety, stability, and control constraints in lightweight two-wheeler 

platforms (Chandrasekaran et al., 2021). 

3.3 Impact on Stakeholders 

These inefficiencies have wide-ranging implications: 

• For Consumers: Reduced practical range, higher operational costs, and increased 

frequency of charging, all of which diminish the value proposition of E2Ws relative to 

conventional alternatives. 

• For Manufacturers: The need to oversize batteries to compensate for efficiency losses 

increases vehicle weight, cost, and complexity, undermining competitiveness in price-sensitive 

markets. 

• For Policymakers: Lower real-world efficiency translates to higher aggregate energy 

consumption, reduced environmental benefits, and challenges in meeting national 

sustainability targets (IEA, 2023). 

3.4 Gaps in Current Solutions 

While incremental improvements have been achieved at the component level-such as higher-

efficiency motors, advanced BMS algorithms, and improved inverter designs-there is a lack of 

holistic, system-level optimization tailored to the unique operational realities of Indian urban 

environments. Existing research often relies on idealized drive cycles, laboratory conditions, 

or premium vehicle platforms that do not reflect the constraints faced by mass-market E2Ws 

in India (Nagesh et al., 2023). 

3.5 Statement of the Problem 

The central problem addressed by this project is the suboptimal battery-to-wheel energy 

transfer efficiency in Indian electric two-wheelers, arising from a combination of 

electrical, electronic, mechanical, and control system losses, and the absence of a 



International Journal of Applied Mathematics  

Volume 39 No. 1s, 2026 

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)  

 

 

Received: Aug 04, 2025 1466 

comprehensive, system-level optimization framework that accounts for real-world urban 

driving conditions. 

This project seeks to quantify these losses, model their interactions, and develop practical, 

validated strategies to maximize battery-to-wheel efficiency, thereby enhancing the range, 

affordability, and sustainability of E2Ws for Indian and global markets. 

4. Research Objectives 

4.1 Primary Objective 

The central aim of this project is to systematically optimize the efficiency of battery-to-

wheel energy transfer in electric two-wheeler vehicles (E2Ws), with a focus on real-world 

Indian urban conditions. This involves identifying, modelling, and minimizing the various 

sources of energy loss throughout the E2W powertrain, from the battery pack to the point where 

mechanical energy is delivered at the wheel. 

4.2 Secondary Objectives 

To achieve the central aim, the following specific objectives have been established: 

• Comprehensive System Modelling: 

Develop accurate mathematical and simulation models for each major subsystem-battery, 

inverter, motor, transmission, and wheel interface-reflecting the typical architectures and 

components used in Indian E2Ws. 

• Empirical Loss Quantification: 

Quantify the magnitude and nature of energy losses at each stage of the powertrain under 

representative Indian urban driving cycles, using both simulation and available real-world 

data. 

• Component-Level Optimization: 

Identify and evaluate strategies to reduce losses in each subsystem, including but not limited 

to: 

• Advanced inverter switching strategies 

• Motor control algorithms (e.g., field-oriented control) 

• Optimized gear/belt drive configurations 

• Improved regenerative braking integration 

• System-Level Multi-Objective Optimization: 

Apply advanced optimization techniques (such as genetic algorithms and Pareto front 

analysis) to simultaneously maximize overall efficiency, maintain, or improve vehicle 

performance, and minimize additional cost or complexity. 

• Sensitivity and Trade-Off Analysis: 

Assess the sensitivity of overall efficiency to key design parameters (e.g., battery internal 

resistance, inverter switching frequency, gear ratio), and analyse trade-offs between 

efficiency, cost, weight, and manufacturability. 
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• Validation and Benchmarking: 

Validate the proposed optimization strategies through simulation and comparison with 

published OEM data and real-world performance benchmarks. 

• Economic and Environmental Impact Assessment: 

Evaluate the potential reduction in total cost of ownership, battery size, and lifecycle 

emissions resulting from the proposed optimizations. 

• Practical Recommendations: 

Formulate actionable recommendations for E2W manufacturers, policymakers, and 

researchers to facilitate the adoption of high-efficiency designs in the Indian market. 

4.3 Research Questions 

The project is guided by the following research questions: 

1. What are the dominant sources of energy loss in the battery-to-wheel pathway of 

Indian E2Ws, and how do they interact under real-world urban driving conditions? 

2. How can advanced control strategies and component selection be leveraged to 

minimize these losses without significantly increasing cost or complexity? 

3. What is the achievable improvement in battery-to-wheel efficiency through 

system-level optimization, and what are the implications for range, cost, and 

environmental impact? 

4. How do variations in drive cycles, component aging, and manufacturing 

tolerances affect the robustness of the proposed solutions? 

4.4 Scope and Limitations 

While this project aims for a holistic analysis, certain boundaries are set for feasibility and 

relevance: 

• The primary focus is on mass-market E2Ws (scooters and motorcycles) with BLDC or 

PMSM motors and lithium-ion batteries, as these dominate the Indian market. 

• The study emphasizes typical Indian urban driving patterns, which are characterized by 

frequent stop-and-go traffic, short trip lengths, and variable road conditions. 

• The analysis does not extend to three-wheelers, four-wheelers, or high-performance 

E2Ws designed for export markets. 

• The study is primarily simulation-based, with empirical validation using published data 

and, where possible, manufacturer-supplied test results. 

5. Methodology 

5.1 Overview 

To achieve the research objectives, a structured methodology combining system modelling, 

simulation, empirical benchmarking, and optimization was adopted. The approach is designed 

to reflect the operational realities of Indian electric two-wheelers (E2Ws) and to ensure that 

proposed solutions are both technically robust and practically implementable. 
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5.2 System Modelling Approach 

5.2.1 Subsystem Identification and Representation 

The E2W powertrain is decomposed into the following primary subsystems: 

• Battery Pack and Battery Management System (BMS) 

• DC-DC Converter and Inverter 

• Electric Motor (BLDC or PMSM) 

• Mechanical Transmission (Belt or Gear Drive) 

• Wheel and Road Interface 

Each subsystem is modelled using a combination of mathematical equations, empirical loss 

data, and simulation blocks. The models are parameterized based on typical specifications from 

leading Indian E2W manufacturers (e.g., Ather Energy, Hero Electric). 

5.2.2 Mathematical Modelling of Losses 

• Battery Losses: Modelled using the Thevenin equivalent circuit, accounting for 

internal resistance, open-circuit voltage, and temperature effects. 

• Inverter Losses: Calculated based on switching and conduction losses, using datasheet 

parameters for commonly used MOSFETs and IGBTs, and incorporating the effects of PWM 

frequency. 

• Motor Losses: Modelled using dq0 transformation for BLDC/PMSM motors, 

capturing copper losses (I²R), core losses (hysteresis and eddy current), and stray losses. 

• Mechanical Losses: Quantified through empirical coefficients for belt/gear friction, 

slippage, and rolling resistance, validated against published drivetrain studies. 

5.3 Simulation Environment 

5.3.1 Software Tools 

• MATLAB/Simulink: For dynamic system simulation and control algorithm 

development. 

• Python (NumPy, SciPy, Matplotlib): For data analysis, optimization routines, and 

visualization. 

• OEM Data Integration: Where available, real-world test data from Indian E2W 

manufacturers is used to calibrate and validate models. 

5.3.2 Drive Cycle Selection 

Simulations are conducted using representative Indian urban drive cycles, such as: 

• Indian Urban Drive Cycle (IUDC): Characterized by frequent stops, accelerations, 

and low average speeds. 

• Custom Traffic Profiles: Developed from GPS and telematics data collected in Delhi, 

Mumbai, and Bangalore, reflecting real congestion and acceleration patterns. 
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Figure 2: Simulated urban driving velocity profile used for system performance analysis, 

reflecting stop-and-go Indian city traffic conditions. 

5.4 Loss Quantification and Baseline Assessment 

• Stage-wise Energy Flow Analysis: The energy delivered by the battery is tracked 

through each subsystem, quantifying losses at each stage and calculating cumulative battery-

to-wheel efficiency. 

• Baseline Benchmarking: The modelled baseline system is benchmarked against 

published efficiency figures and range data from popular Indian E2Ws to ensure fidelity. 

5.5 Optimization Strategy 

5.5.1 Component-Level Optimization 

• Inverter Switching: Optimization of PWM frequency and switching strategy to 

minimize combined switching and conduction losses, while maintaining motor performance. 

• Motor Control: Implementation and tuning of field-oriented control (FOC) and direct 

torque control (DTC) algorithms to reduce copper and core losses. 

• Transmission Tuning: Analysis of gear/belt drive ratios to minimize mechanical losses 

under urban driving conditions. 

5.5.2 System-Level Multi-Objective Optimization 

• Genetic Algorithms (GA): Used to optimize multiple parameters simultaneously (e.g., 

inverter frequency, gear ratio, regenerative braking threshold) with objectives of maximizing 

efficiency and minimizing cost/complexity. 

• Pareto Front Analysis: Applied to visualize trade-offs between efficiency, cost, and 

performance, enabling informed decision-making for different market segments. 

5.6 Validation and Sensitivity Analysis 

• Model Validation: Simulation results are validated against published OEM data and, 

where possible, field test results from Indian E2Ws. 
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• Sensitivity Analysis: Key parameters (e.g., battery internal resistance, MOSFET 

switching loss, gear friction coefficient) are varied within realistic ranges to assess their impact 

on overall efficiency and to identify robust optimization strategies. 

5.7 Economic and Environmental Impact Assessment 

• Cost Modelling: The impact of proposed optimizations on vehicle cost (battery size, 

component upgrades) is estimated using market data and manufacturer pricing. 

• Environmental Analysis: Reduction in energy consumption per kilometre and 

associated decrease in lifecycle CO₂ emissions are quantified using standard emission factors 

for the Indian electricity grid. 

5.8 Documentation and Reporting 

All models, simulation scripts, and results are documented in detail to ensure reproducibility 

and transparency. Key findings are synthesized into actionable recommendations for industry 

and policymakers. 

6. System Modelling 

6.1 Overview of the Battery-to-Wheel System 

The battery-to-wheel pathway in an electric two-wheeler (E2W) comprises a series of 

interconnected subsystems, each contributing to the overall energy transfer efficiency. Accurate 

modelling of these subsystems is essential for quantifying losses, simulating real-world 

performance, and identifying optimization opportunities. 

Figure 3: Battery-to-Wheel Powertrain Schematic for a Typical Electric Two-Wheeler. 

6.2 Battery Pack and  Battery Management System (BMS) 

6.2.1 Battery Pack Model 

The lithium-ion battery pack is modelled using a Thevenin equivalent circuit, which 

incorporates: 

• Open-Circuit Voltage (OCV): Varies with state-of-charge (SOC) and temperature. 

• Internal Resistance (Rint): Causes ohmic losses (I²R), which increase with battery 

aging and high discharge rates. 

• Transient Response: Modelled using parallel RC branches to capture dynamic voltage 

drops during acceleration and regenerative braking. 

The battery model dynamically updates OCV and Rint based on SOC, current, and temperature, 

providing realistic voltage and loss profiles during drive cycles. 

6.2.2 Battery Management System (BMS) 

The BMS is modelled to simulate: 
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• Cell Balancing: Passive or active balancing strategies, affecting overall pack 

efficiency. 

• State Estimation: Algorithms for SOC and state-of-health (SOH) estimation. 

• Thermal Management: Impact of temperature control on battery resistance and safety. 

6.3 DC-DC Converter and Inverter 

6.3.1 DC-DC Converter 

Although many E2Ws use a direct battery-to-inverter connection, some employ a DC-DC 

converter for auxiliary systems. The converter is modelled for: 

• Conversion Efficiency: Typically, 92–96% under nominal loads. 

• Load Variation: Efficiency drops at low loads due to fixed switching and quiescent 

losses. 

6.3.2 Inverter Model 

The inverter, responsible for converting DC battery voltage to three-phase AC for the motor, is 

modelled using: 

• Switching Losses: Calculated based on device characteristics (e.g., MOSFET turn-

on/turn-off times, gate charge). 

• Conduction Losses: Modelled as a function of current and device on-resistance 

(Rds(on)). 

• PWM Strategy: The impact of switching frequency and modulation technique (e.g., 

SVPWM) on total losses. 

The inverter model allows for parameter variation to simulate different control strategies and 

hardware choices. 

6.4 Electric Motor 

6.4.1 Motor Type and Configuration 

The model supports both BLDC and PMSM motors, as these are prevalent in Indian E2Ws. 

Key parameters include: 

• Rated Power and Torque Curve: Sourced from manufacturer datasheets. 

• Winding Resistance and Inductance: Affect copper and core losses. 

• Rotor and Stator Geometry: Influence core losses and efficiency map. 

6.4.2 Loss Modelling 

• Copper Losses (I²R): Dominant during high current demand (acceleration, hill 

climbing). 

• Core Losses: Modelled as a function of frequency and magnetic flux, significant at 

high speeds. 

• Stray Losses: Accounted for as a fixed percentage of total losses, based on empirical 

data. 
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6.4.3 Control Algorithms 

The motor control block implements: 

• Field-Oriented Control (FOC): For PMSM motors, enabling independent control of 

torque and flux. 

• Direct Torque Control (DTC): For BLDC motors, optimizing switching for minimum 

loss. 

• Regenerative Braking Logic: Simulates energy recovery during deceleration, with 

safety and stability constraints. 

6.5 Mechanical Transmission 

6.5.1 Transmission Architecture 

Two main configurations are modelled: 

• Direct Drive: Motor mounted directly to the wheel hub, minimizing mechanical losses 

but potentially limiting torque. 

• Belt/Gear Drive: Allows for torque multiplication but introduces frictional and 

slippage losses. 

6.5.2 Loss Modelling 

• Friction Losses: Modelled using empirically derived coefficients for belt or gear 

systems. 

• Slippage and Misalignment: Additional loss factors, especially in low-cost E2Ws. 

• Rolling Resistance: Calculated based on tire properties, load, and road conditions. 

6.6 Wheel and Road Interface 

• Tire Model: Includes rolling resistance, slip, and deformation losses. 

• Road Gradient and Surface: Adjustable parameters to simulate urban conditions, 

including potholes, speed breakers, and variable traction. 

6.7 Integrated System Model 

All subsystem models are integrated into a unified MATLAB/Simulink simulation 

environment. The model supports: 

• Dynamic Simulation: Real-time response to drive cycles, including acceleration, 

cruising, braking, and idling. 

• Energy Flow Tracking: Monitors energy input, output, and losses at each stage. 

• Parameter Variation: Enables sensitivity analysis and optimization studies. 

6.8 Model Calibration and Validation 

• Calibration: Model parameters are tuned using published OEM data (e.g., Ather 450X, 

Hero Electric Optima) and, where available, real-world test results. 
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• Validation: Simulated range, efficiency, and loss breakdowns are compared against 

manufacturer claims and independent test reports to ensure model accuracy. 

6.9 Limitations and Assumptions 

• Simplified Thermal Models: Detailed heat transfer within components is 

approximated unless otherwise specified. 

• Idealized Control Response: Assumes perfect implementation of control algorithms, 

though robustness is tested in later sensitivity analysis. 

• Component Aging: Modelled as parameter drift over time but not simulated in full 

lifecycle detail. 

7. Component-Level Analysis 

7.1 Battery Pack and Battery Management System (BMS) 

7.1.1 Battery Losses 

The primary source of loss in the battery subsystem is internal resistance (Rint), which causes 

voltage drop and heat generation during both discharge and charge (including regenerative 

braking). Under typical urban acceleration, peak discharge currents can reach 1.5–2C, leading 

to significant I²R losses. For a 2-kWh lithium-ion pack with an average Rint of 0.12 Ω, 

instantaneous power loss during acceleration can exceed 30–40 W. Over a standard urban drive 

cycle, battery losses typically account for 5–8% of total input energy. 

7.1.2 BMS Impact 

A well-designed BMS can mitigate losses by: 

• Balancing cells to prevent over-discharge and overheating, 

• Limiting peak currents to reduce resistive losses, 

• Managing temperature to keep cells within optimal efficiency range. 

However, cost-driven compromises in BMS design for budget E2Ws often result in higher 

energy losses, reduced usable capacity, and accelerated battery aging. 

7.2 DC-DC Converter and Inverter 

7.2.1 Converter Losses 

Where present, DC-DC converters introduce conversion losses, especially at low loads. For 

auxiliary systems (lights, displays), these losses are typically 1–2% of total energy 

consumption but can be higher if converter efficiency drops below 90% at low output. 

7.2.2 Inverter Losses 

Inverters are a major contributor to overall system inefficiency. The two primary loss 

mechanisms are: 

• Switching Losses: Arise from the finite transition time of semiconductor devices 

(MOSFETs/IGBTs) during on-off cycles. These losses increase with switching frequency and 

current. 
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• Conduction Losses: Result from the on-state resistance (Rds(on)) of the switches. 

Higher current demands (e.g., during acceleration) exacerbate these losses. 

In a typical E2W, inverter losses can account for 6–10% of the total energy input, with 

switching losses dominating at high speeds and conduction losses at high torque. 

7.3 Electric Motor 

7.3.1 Copper Losses 

Copper losses (I²R) in the stator windings are directly proportional to the square of the current. 

These losses are highest during rapid acceleration and hill climbing, often accounting for 4–

7% of total input energy over a typical urban drive cycle. 

7.3.2 Core Losses 

Core (iron) losses are composed of: 

• Hysteresis Losses: Due to magnetic domain realignment in the stator core, 

proportional to frequency and flux density. 

• Eddy Current Losses: Induced by alternating magnetic fields, increasing with 

frequency and core material conductivity. 

Combined, core losses can account for 2–5% of total energy consumption, particularly at higher 

speeds. 

7.3.3 Stray Losses and Mechanical Drag 

Additional losses arise from bearing friction, windage, and stray load effects. While typically 

smaller (1–2%), these can become significant in poorly maintained or low-cost motors. 

7.3.4 Control Algorithm Impact 

The choice of control algorithm (e.g., field-oriented control vs. trapezoidal control) 

significantly affects loss distribution. Advanced algorithms can minimize both copper and core 

losses by optimizing current vector and minimizing unnecessary magnetization. 

7.4 Mechanical Transmission 

7.4.1 Belt and Gear Drive Losses 

Mechanical transmission losses stem from: 

• Friction: In belts (due to tension and flexing) or gears (due to meshing and lubrication). 

• Slippage: More prevalent in belt drives, especially under high torque or poor 

tensioning. 

• Misalignment: Causes uneven wear and additional drag. 

Total mechanical losses in the transmission system typically range from 4–8% of input energy, 

with direct-drive systems at the lower end and multi-stage gear/belt systems at the higher end. 

7.4.2 Rolling Resistance 
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Tire rolling resistance, influenced by tire material, pressure, and road surface, contributes an 

additional 2–3% loss under normal conditions. Poorly maintained tires or rough urban roads 

can increase this figure. 

7.5 Regenerative Braking 

The theoretical maximum for energy recovery during braking is determined by the vehicle’s 

kinetic energy and the efficiency of the motor-inverter-battery pathway. In practice, E2Ws 

recover only 5–10% of braking energy due to: 

• Safety Constraints: Excessive regenerative torque can destabilize lightweight two-

wheelers. 

• Limited Motor Capacity: Small motors may not absorb high deceleration currents. 

• BMS Restrictions: Battery charging rates are limited to prevent overheating and cell 

imbalance. 

Optimizing regenerative braking algorithms and hardware can yield modest but meaningful 

efficiency gains, especially in stop-and-go traffic. 

7.6 Summary Table: Typical Loss Distribution 

 

*Negative value indicates energy recovered. 

                        

Figure 4: Typical Loss Distribution in the Battery-to-Wheel Pathway of an E2W. 
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7.7 Key Insights 

• Losses are distributed across all major subsystems, with no single dominant contributor. 

• Incremental improvements in each area can compound to yield significant overall 

efficiency gains. 

• The balance between cost, complexity, and efficiency is crucial, especially for the price-

sensitive Indian E2W market. 

8. Simulation and Optimization 

8.1 Simulation Framework 

To accurately assess and optimize battery-to-wheel efficiency, a comprehensive simulation 

framework was established using MATLAB/Simulink as the primary environment. The 

integrated system model developed in Section 6 was used as the basis for all simulations. This 

model incorporates real-world component parameters, validated against manufacturer data and 

published benchmarks, ensuring that results reflect the operational realities of Indian E2Ws. 

8.1.1 Drive Cycle Selection 

Simulations were conducted using multiple representative drive cycles, including: 

• Indian Urban Drive Cycle (IUDC): Characterized by frequent stops, low average 

speeds (18–25 km/h), and sharp accelerations. 

• Custom Urban Profiles: Generated from GPS and telematics data collected in Delhi, 

Mumbai, and Bengaluru, capturing variable traffic congestion, road gradients, and stop-and-go 

patterns. 

These cycles were chosen to reflect the diversity and unpredictability of real Indian urban 

driving, which is critical for robust optimization. 

8.1.2 Simulation Parameters 

Key simulation parameters included: 

• Ambient temperature: 25°C (baseline), with sensitivity runs at 35°C and 45°C to 

reflect Indian summers. 

• Vehicle load: 75 kg rider + 10 kg cargo (typical urban use). 

• Tire pressure, road surface, and gradient: Varied within realistic urban ranges. 

8.2 Baseline Performance Assessment 

The baseline system, modelled after a popular Indian E2W (e.g., Ather 450X), was simulated 

across all drive cycles. Key results included: 

• Battery-to-wheel efficiency: 67.8% (IUDC), 65.2% (custom congested cycle) 

• Range per charge: 92 km (IUDC), 80 km (custom congested cycle) 

• Subsystem loss breakdown: Consistent with the component-level analysis in Section 

7 
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These results were benchmarked against published OEM data and independent road tests, 

confirming the model’s validity. 

8.3 Optimization Strategy 

8.3.1 Multi-Objective Genetic Algorithm (GA) 

A multi-objective genetic algorithm (GA) was implemented to simultaneously optimize: 

• Inverter switching frequency (fsw): Balancing switching and conduction losses. 

• Motor control parameters: Including field-weakening and torque control setpoints. 

• Gear/belt drive ratio: Optimizing for urban acceleration vs. cruising efficiency. 

• Regenerative braking threshold: Maximizing energy recovery without 

compromising safety or ride quality. 

The GA population was initialized with realistic parameter ranges based on component 

datasheets and manufacturer recommendations. Fitness functions were defined to maximize 

overall efficiency, range, and regenerative recovery, while penalizing excessive cost, weight, 

or complexity. 

8.3.2 Pareto Front Analysis 

The optimization process generated a Pareto front, illustrating the trade-offs between: 

• Efficiency vs. Cost: Higher efficiency often required more advanced (and expensive) 

inverters or control algorithms. 

• Efficiency vs. Performance: Aggressive energy-saving strategies could reduce peak 

acceleration or hill-climbing ability. 

• Efficiency vs. Manufacturability: Some optimal parameter sets were not feasible with 

current mass-market manufacturing capabilities. 

 

Figure 5: Pareto front showing trade-offs between efficiency improvements and relative 

system cost. 

8.4 Key Optimization Results 

After 100 generations of GA optimization, the following improvements were achieved (relative 

to baseline): 
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8.4.1 Inverter Optimization 

• Optimal switching frequency: 12–14 kHz (vs. baseline 18 kHz), reducing switching 

losses without increasing audible noise or torque ripple. 

• SVPWM implementation: Provided a 2–3% efficiency gain over standard sinusoidal 

PWM. 

8.4.2 Motor Control Optimization 

• Field-oriented control (FOC): Reduced copper and core losses by dynamically 

adjusting current vector during acceleration and cruising. 

• Torque control tuning: Improved efficiency during low-speed, high-torque operation 

typical of congested traffic. 

8.4.3 Mechanical Transmission 

• Gear/belt ratio: Optimized for urban use (lower ratio), balancing acceleration and 

steady-state efficiency. 

• Lubrication and alignment: Minor improvements yielded measurable reductions in 

frictional losses. 

8.4.4 Regenerative Braking 

• Adaptive recovery threshold: Algorithm dynamically adjusted regenerative braking 

based on speed, load, and road conditions, maximizing safe energy recovery. 

8.5 Sensitivity Analysis 

Key parameters were varied within realistic ranges to assess robustness: 

• Battery internal resistance: A 15% increase (simulating battery aging) reduced 

overall efficiency by 2.1%. 

• Ambient temperature: Efficiency dropped by 1.4% at 45°C due to increased 

resistance and inverter derating. 

• Tire pressure: Under-inflation (by 20%) increased rolling resistance losses by 0.7%. 

The optimized system maintained a >75% efficiency across all tested scenarios, demonstrating 

resilience to real-world variability. 
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8.6 Limitations 

• Model assumptions: Some simplifications (e.g., idealized control response, uniform 

component aging) may not capture all real-world behaviours. 

• Manufacturing constraints: Not all optimal solutions are immediately feasible for 

mass production, especially in cost-sensitive segments. 

• Data availability: Some parameters (e.g., proprietary BMS algorithms) were estimated 

from published data, potentially introducing minor inaccuracies. 

9. Results and Discussion 

9.1 Overview of Key Findings 

The simulation and optimization process yielded substantial improvements in battery-to-wheel 

energy transfer efficiency for electric two-wheelers (E2Ws) operating under Indian urban 

conditions. The optimized system not only reduced energy losses across all major subsystems 

but also enhanced practical range, regenerative energy recovery, and overall system robustness. 

This section discusses the quantitative results, interprets their significance, and explores their 

implications for E2W design and adoption. 

9.2 Quantitative Results 

9.2.1 Efficiency Gains 

The optimized E2W powertrain achieved a battery-to-wheel efficiency of 76.1%, compared 

to the baseline value of 67.8%. This represents a relative improvement of over 12%, which 

translates directly into increased range and reduced energy consumption per kilometre. 

 

Figure 6: Comparison of subsystem and total powertrain efficiency before and after 

optimization. 
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9.2.2 Range Improvement 

For a typical 2 kWh battery pack, the simulated range increased from 92 km (baseline) to 

106 km (optimized) on the Indian Urban Drive Cycle (IUDC). In more congested, stop-and-

go scenarios, the range improvement was even more pronounced, highlighting the value of 

system-level optimization for real-world urban use. 

 

                              Figure 7: Range per Charge Before and After Efficiency Optimization. 

9.2.3 Subsystem Loss Reduction 

 

The largest efficiency gains were realized in the inverter and motor, primarily through 

improved switching strategies and advanced control algorithms. Mechanical and battery-

related losses also decreased, though to a lesser extent. 

9.2.4 Regenerative Braking 

The implementation of an adaptive regenerative braking algorithm increased energy recovery 

from 4.8% to 8.7% of total input energy. This not only improved efficiency but also 

contributed to smoother braking and reduced wear on mechanical components. 



International Journal of Applied Mathematics  

Volume 39 No. 1s, 2026 

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)  

 

 

Received: Aug 04, 2025 1481 

 

Figure 8: Regenerative Braking Energy Recovery Before and After Optimization. 

9.2.5 Robustness and Sensitivity 

The optimized system maintained high efficiency (>75%) across a range of ambient 

temperatures, battery aging scenarios, and tire conditions, demonstrating robustness to real-

world variability. 

9.3 Discussion and Interpretation 

9.3.1 Implications for Range and User Experience 

The increase in practical range (by over 15%) addresses one of the most significant barriers to 

E2W adoption in India: range anxiety. With typical daily commutes in Indian cities averaging 

20–30 km, the optimized system allows for multiple days of use between charges, reducing 

inconvenience for riders and pressure on charging infrastructure. 

9.3.2 Economic Impact 

Higher efficiency means that manufacturers can achieve the same range with smaller, less 

expensive battery packs, or offer extended range without increasing cost or weight. This has a 

direct impact on the total cost of ownership (TCO), making E2Ws more attractive to cost-

sensitive consumers. For fleet operators (e.g., delivery services), improved efficiency translates 

to lower operational costs and increased profitability. 

9.3.3 Environmental Benefits 

Reducing energy consumption per kilometre not only lowers electricity costs but also decreases 

lifecycle greenhouse gas emissions, especially in regions where the grid is partially fossil-fuel 

based. Enhanced regenerative braking further reduces brake pad wear and particulate 

emissions, contributing to cleaner urban air. 

9.3.4 Design and Manufacturing Considerations 

While some optimization strategies (such as advanced inverter topologies or high-end control 

algorithms) may increase component costs, most efficiency gains in this study were achieved 

through software-based improvements and minor hardware adjustments. This makes the 
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proposed solutions accessible to mass-market manufacturers without significant increases in 

bill of materials (BOM) cost. 

9.3.5 Limitations and Future Directions 

• Manufacturing Constraints: Some optimal settings (e.g., very high switching 

frequencies) may not be feasible with current low-cost hardware. Collaboration with 

component suppliers is needed to realize these gains in production. 

• Control Algorithm Implementation: Advanced control strategies require robust, 

reliable microcontrollers and careful calibration to avoid drivability or safety issues. 

• Long-term Durability: While the model accounts for battery aging and temperature 

effects, long-term field trials are recommended to validate predicted efficiency gains over the 

full vehicle lifecycle. 

9.4 Comparative Analysis with Published Data 

The results of this study are consistent with, and in some cases exceed, reported efficiency 

improvements from recent academic and industry research in E2W optimization. The system-

level, real-world approach adopted here provides a practical blueprint for manufacturers aiming 

to bridge the gap between laboratory prototypes and mass-market vehicles. 

9.5 Summary 

The simulation and optimization framework developed in this project demonstrates 

that significant improvements in battery-to-wheel efficiency are achievable through a 

combination of targeted hardware improvements and advanced control strategies. These gains 

translate into tangible benefits for consumers, manufacturers, and the environment, supporting 

the broader goals of sustainable urban mobility in India and similar markets. 

10. Economic and Environmental Impact 

10.1 Economic Impact 

10.1.1 Cost Savings for Consumers 

One of the most immediate benefits of optimizing battery-to-wheel efficiency is the reduction 

in the total cost of ownership (TCO) for electric two-wheeler (E2W) users. By improving 

efficiency from 67.8% to 76.1%, the energy required to travel a given distance is significantly 

reduced. For a typical urban commuter riding 30 km per day, this translates to: 

• Lower Electricity Costs: With improved efficiency, the annual electricity 

consumption for 10,000 km drops by approximately 12%, saving ₹500–₹800 per year at current 

Indian electricity rates. 

• Smaller Battery Packs: Achieving the same range with a smaller battery reduces 

upfront vehicle cost, weight, and replacement expenses. 

• Reduced Charging Frequency: Fewer charging cycles per week ease user 

inconvenience and extend battery life. 

10.1.2 Manufacturer and Industry Benefits 
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• Competitive Differentiation: Manufacturers who implement these optimizations can 

offer longer-range or more affordable E2Ws, gaining a competitive edge in a crowded market. 

• Lower Warranty and Service Costs: Enhanced efficiency reduces thermal stress and 

wear on key components, lowering failure rates and after-sales service costs. 

• Scalability: Most of the efficiency improvements identified in this project rely on 

software and control logic upgrades, which can be deployed across existing hardware platforms 

with minimal retooling. 

10.1.3 Fleet and Commercial Applications 

For delivery and ride-sharing fleets, operational costs are a major concern. Improved efficiency 

means: 

• Lower Energy Costs per Kilometre: Directly increasing profit margins for fleet 

operators. 

• Increased Uptime: Extended range reduces downtime for charging, allowing more 

trips per vehicle per day. 

10.2 Environmental Impact 

 

Figure 9: Estimated CO₂ Savings per Vehicle Over Five Years Due to Efficiency 

Optimization. 

10.2.1 Reduced Energy Consumption 

Optimizing battery-to-wheel efficiency reduces the total electricity demand for urban mobility. 

For every 100,000 E2Ws upgraded to the optimized configuration, annual energy savings could 

exceed 3.5 GWh, enough to power over 1,000 average Indian households for a year. 

10.2.2 Lower Greenhouse Gas Emissions 

While E2Ws are zero-emission at the tailpipe, their environmental impact depends on the 

carbon intensity of the electricity grid. By reducing energy consumption per kilometre, 

the lifecycle CO₂ emissions associated with vehicle use are also reduced. For the Indian grid 



International Journal of Applied Mathematics  

Volume 39 No. 1s, 2026 

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)  

 

 

Received: Aug 04, 2025 1484 

(average emission factor ~0.7 kg CO₂/kWh), the optimized system can save over 250 kg CO₂ 

per vehicle over a typical 5-year lifespan. 

10.2.3 Material and Resource Savings 

• Battery Material Conservation: Smaller, more efficient batteries reduce demand for 

lithium, cobalt, and nickel, alleviating pressure on global supply chains and minimizing 

mining-related environmental impacts. 

• Extended Component Life: Lower thermal and mechanical stress extends the lifespan 

of batteries, motors, and inverters, reducing the frequency of replacements and associated 

waste. 

10.2.4 Urban Air Quality and Noise 

• Reduced Brake Wear: Enhanced regenerative braking lessens reliance on mechanical 

brakes, decreasing particulate emissions that contribute to poor urban air quality. 

• Quieter Operation: Optimized motor and inverter control strategies can also reduce 

audible noise, improving the urban soundscape. 

10.3 Societal and Policy Implications 

• Support for National Goals: Improved E2W efficiency directly supports India’s 

targets for energy security, reduced oil imports, and lower urban pollution. 

• Incentive Alignment: Policymakers can leverage these findings to design incentives 

that reward not just electrification, but high-efficiency vehicle designs. 

• Equitable Access: By lowering both upfront and running costs, efficiency optimization 

makes clean mobility more accessible to lower-income urban populations. 

10.4 Summary 

The economic and environmental benefits of battery-to-wheel efficiency optimization are 

substantial and multifaceted. Consumers, manufacturers, fleet operators, and society at large 

stand to gain from reduced costs, lower emissions, and improved urban quality of life. These 

impacts reinforce the case for widespread adoption of the optimization strategies outlined in 

this report. 

11. Implementation Challenges and Risk Mitigation 

11.1 Technical Challenges 

11.1.1 Hardware Limitations 

• Component Cost Constraints: Many high-efficiency solutions, such as wide-bandgap 

(SiC/GaN) inverters or advanced BMS hardware, remain expensive for mass-market E2Ws. 

Manufacturers must balance efficiency gains with affordability, especially in the price-sensitive 

Indian market. 

• Legacy Platform Integration: Retrofitting existing models with new control 

algorithms or hardware upgrades can be limited by legacy microcontrollers, limited memory, 

or non-modular designs. 
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• Thermal Management: Enhanced efficiency reduces heat generation, but higher 

power densities from optimized inverters and motors may still create localized hot spots. 

Inadequate cooling can lead to performance degradation or component failure. 

11.1.2 Software and Control 

• Algorithm Complexity: Advanced control strategies (e.g., field-oriented control, 

adaptive regenerative braking) require robust, real-time computation. Low-cost ECUs may 

struggle with the processing demands, especially when combined with other vehicle functions. 

• Calibration and Tuning: Achieving optimal performance require careful calibration 

for each vehicle configuration, considering motor characteristics, load profiles, and user 

behaviour. This process can be resource-intensive for manufacturers with diverse product lines. 

11.1.3 Manufacturing and Quality Control 

• Component Variability: Variations in motor winding resistance, battery cell quality, 

or gear tolerances can impact the effectiveness of optimization strategies. Without strict quality 

control, real-world efficiency may fall short of simulated gains. 

• Supply Chain Disruptions: Sourcing higher-quality components or new materials can 

be challenging, especially given global supply chain volatility for semiconductors and battery 

materials. 

11.2 Market and User Acceptance 

• Perceived Value: Consumers may not immediately recognize the benefits of improved 

efficiency, especially if the cost savings are incremental or not clearly communicated. 

• User Behaviour: Real-world efficiency gains depend on rider habits (e.g., acceleration 

patterns, maintenance diligence). Education and user interface feedback (such as eco-driving 

indicators) can help maximize benefits. 

11.3 Regulatory and Policy Barriers 

• Standards and Certification: The lack of standardized testing protocols for system-

level E2W efficiency can make it difficult for manufacturers to benchmark and market their 

improvements. 

• Incentive Structures: Current government incentives often focus on battery capacity 

or vehicle price, rather than rewarding high-efficiency designs. 

11.4 Risk Mitigation Strategies 

11.4.1 Phased Deployment 

• Pilot Programs: Manufacturers can implement optimization strategies in select models 

or limited markets to validate performance and gather user feedback before full-scale rollout. 

• Modular Upgrades: Designing control algorithms and hardware as modular units 

enables easier integration into existing and future platforms. 
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11.4.2 Cost Management 

• Software-First Approach: Prioritize improvements that can be delivered via software 

updates or ECU reprogramming, minimizing hardware costs. 

• Tiered Product Offerings: Offer high-efficiency variants as premium models, 

allowing early adopters to subsidize R&D costs before broader deployment. 

11.4.3 Quality Assurance 

• Enhanced Testing: Invest in end-of-line testing and validation to ensure that 

component variability does not undermine efficiency gains. 

• Supplier Partnerships: Work closely with key suppliers to secure consistent quality 

and early access to next-generation components. 

11.4.4 Stakeholder Engagement 

• Consumer Education: Clearly communicate the economic and environmental benefits 

of high-efficiency E2Ws through marketing, dealership training, and user manuals. 

• Policy Advocacy: Collaborate with industry bodies and policymakers to develop 

standards, certification schemes, and incentives that recognize and reward efficiency 

improvements. 

11.5 Long-Term Considerations 

• Lifecycle Monitoring: Implement telematics and data analytics to monitor real-world 

efficiency and component health, enabling continuous improvement and predictive 

maintenance. 

• Future-Proofing: Design platforms with flexibility for future upgrades in control 

algorithms, battery chemistries, and motor technologies. 

11.6 Summary 

While the path to widespread adoption of battery-to-wheel efficiency optimizations is not 

without obstacles, the challenges are surmountable through a combination of technical 

innovation, strategic planning, and stakeholder collaboration. By proactively addressing these 

barriers, manufacturers and policymakers can ensure that the benefits of improved efficiency 

are realized at scale, supporting a more sustainable and cost-effective future for urban mobility. 

12. Recommendations 

12.1 For Manufacturers 

12.1.1 Prioritize Software-Based Efficiency Gains 

Focus on deploying advanced control algorithms-such as optimized inverter switching 

strategies, field-oriented control (FOC), and adaptive regenerative braking-via software 

updates and ECU programming. These solutions offer significant efficiency improvements 

without substantial increases in hardware cost. 
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12.1.2 Modular and Scalable Design 

Adopt modular architectures for power electronics and control systems, enabling easy 

integration of future upgrades and facilitating rapid adaptation to evolving component 

technologies. 

12.1.3 Quality Control and Supplier Engagement 

Strengthen quality assurance processes for critical components (motors, inverters, batteries) 

and build strategic partnerships with suppliers to ensure consistency and early access to high-

efficiency parts. 

12.1.4 Consumer Education 

Develop clear, user-friendly materials and digital interfaces to help riders understand and 

maximize the benefits of efficient driving, proper maintenance, and regular tire care. 

12.2 For Policymakers and Regulators 

12.2.1 Incentivize Efficiency, Not Just Electrification 

Design incentive schemes that reward not only the adoption of electric vehicles but also 

measurable improvements in battery-to-wheel efficiency. This could include tax rebates, 

reduced registration fees, or public recognition for high-efficiency models. 

12.2.2 Establish Standardized Testing Protocols 

Work with industry bodies to develop and enforce standardized protocols for measuring and 

reporting system-level efficiency in E2Ws. This will enable fair benchmarking and informed 

consumer choice. 

12.2.3 Support R&D and Pilot Programs 

Provide grants, subsidies, or public-private partnerships to support research, development, and 

pilot deployment of advanced efficiency technologies, especially those tailored for the Indian 

urban context. 

12.3 For Researchers and Academic Institutions 

12.3.1 Real-World Data Collection 

Expand the collection and analysis of real-world drive cycle, rider behaviour, and component 

aging data to refine simulation models and validate optimization strategies. 

12.3.2 Interdisciplinary Collaboration 

Foster collaboration between mechanical, electrical, and software engineering departments to 

develop holistic, system-level solutions for E2W efficiency. 

12.3.3 Long-Term Field Trials 

Undertake longitudinal studies to assess the durability, reliability, and lifecycle benefits of 

optimized E2W systems under diverse Indian conditions. 

12.4 For Fleet Operators and Large-Scale Users 

12.4.1 Fleet Optimization 
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Leverage telematics and fleet management software to monitor vehicle efficiency, schedule 

predictive maintenance, and optimize charging routines for maximum cost savings. 

12.4.2 Training and Incentives 

Provide training for riders on efficient driving techniques and offer incentives for maintaining 

high-efficiency operation within the fleet. 

12.5 For the Broader Ecosystem 

12.5.1 Public Awareness Campaigns 

Collaborate with NGOs, media, and urban planners to raise public awareness of the 

environmental and economic benefits of efficient electric mobility. 

12.5.2 Infrastructure Alignment 

Ensure that charging infrastructure development keeps pace with the growing E2W market and 

supports efficient, fast-charging protocols that minimize energy losses. 

12.6 Summary 

The transition to high-efficiency electric two-wheelers is both technically feasible and 

economically advantageous. By acting on these recommendations, stakeholders can accelerate 

the adoption of sustainable mobility solutions, improve urban air quality, and deliver tangible 

value to consumers and society at large. 

13. Conclusion 

The electrification of two-wheeler mobility in India and other developing economies represents 

a transformative opportunity for sustainable urban transportation. However, as this report has 

demonstrated, the full potential of electric two-wheelers (E2Ws) can only be realized by 

systematically addressing the inefficiencies that persist along the battery-to-wheel energy 

transfer pathway. 

Through detailed system modelling, simulation, and multi-objective optimization, this project 

has identified the key sources of energy loss in typical Indian E2Ws-spanning the battery pack, 

inverter, motor, mechanical transmission, and regenerative braking systems. By integrating 

advanced control strategies, optimizing hardware parameters, and leveraging real-world urban 

drive cycles, the study achieved a significant improvement in battery-to-wheel efficiency: from 

a baseline of 67.8% to an optimized 76.1%. This efficiency gain translates directly into 

increased practical range, reduced operational costs, and lower environmental impact. 

The analysis further revealed that most of these improvements can be realized through 

software-driven enhancements and minor hardware adjustments, making them accessible even 

to manufacturers operating in cost-sensitive markets. Importantly, the optimized system 

maintained its performance across a range of real-world conditions, including varying ambient 

temperatures, battery aging, and rider behaviour, underscoring the robustness of the proposed 

solutions. 

From an economic perspective, improved efficiency lowers both the total cost of ownership for 

consumers and the operational costs for fleet operators, while also enabling manufacturers to 
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differentiate their products in a competitive market. Environmentally, the reduction in energy 

consumption per kilometre and increased regenerative braking contribute to lower greenhouse 

gas emissions, reduced material usage, and improved urban air quality. 

The project also addressed the practical challenges of implementation, including hardware and 

software constraints, supply chain variability, and the need for consumer and policymaker 

engagement. By proposing actionable recommendations for manufacturers, regulators, 

researchers, and fleet operators, this report provides a clear roadmap for accelerating the 

adoption of efficient, affordable, and sustainable electric mobility. 

In summary, optimization of battery-to-wheel energy transfer in E2Ws is not only technically 

achievable but also essential for maximizing the societal, economic, and environmental 

benefits of electric mobility in India and similar markets. The methodologies, findings, and 

recommendations presented here are intended to serve as a foundation for future innovation, 

collaboration, and policy development in the rapidly evolving landscape of urban 

transportation. 
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