
 Corresponding author: Pandu T C. 

Copyright © 2022 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0. 

Hybrid and electric powertrains: Optimizing efficiency and performance in next-
generation electric vehicles  

Pandu T C 1, *, Papareddy N 1 and Amar C 2 

1 Department of Automobile Engineering, Government Polytechnic, Chinthamani-563125, Karnataka, India. 
2 Department of Automobile Engineering, Government C P C Polytechnic, Mysore-570007, Karnataka, India. 

World Journal of Advanced Research and Reviews, 2022, 15(02), 817-826 

Publication history: Received on 02 August 2022; revised on 10 August 2022; accepted on 22 August 2022 

Article DOI: https://doi.org/10.30574/wjarr.2022.15.2.0857 

Abstract 

This paper examines the optimization strategies for hybrid and electric vehicle powertrains, focusing on the balance 
between efficiency and performance. Through analysis of energy management systems, power electronics, motor 
technology, and regenerative braking systems, this research identifies key technological advancements that enable 
next-generation electric vehicles to overcome the traditional performance-efficiency trade-off. The findings 
demonstrate that integrated optimization approaches, combining hardware improvements with sophisticated control 
algorithms, can simultaneously enhance both range and dynamic performance. The paper concludes with 
recommendations for future research directions that could further advance electric vehicle capabilities.  

Keywords:  Electric Vehicles; Hybrid Powertrains; Efficiency Optimization; Performance Enhancement; Energy 
Management Systems 

1. Introduction

The global automotive industry is undergoing a fundamental transformation driven by environmental concerns, energy 
security issues, and technological innovations. Electric vehicles (EVs) and hybrid electric vehicles (HEVs) have emerged 
as promising alternatives to conventional internal combustion engine vehicles (ICEVs), offering reduced emissions and 
potential for greater energy efficiency (Chan, 2007). However, the widespread adoption of these vehicles faces 
challenges related to driving range, charging infrastructure, and vehicle performance compared to traditional 
automobiles. 

The powertrain, as the heart of any vehicle, represents the critical system determining both efficiency and performance 
characteristics. In conventional vehicles, these attributes often exist in opposition—improvements in performance 
typically come at the expense of efficiency and vice versa. Next-generation electric and hybrid powertrains aim to 
overcome this compromise through innovative engineering approaches and control strategies. 

This paper examines current technologies and emerging trends in electric and hybrid powertrain optimization, focusing 
on: 

• Power electronics and motor technology advancements
• Energy management systems and control algorithms
• Integration of regenerative braking systems
• Novel transmission designs for electric powertrains
• Thermal management optimization
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By analyzing these aspects through the dual lens of efficiency and performance, this research aims to provide insights 
into how next-generation electric vehicles can satisfy consumer demands while maximizing environmental benefits. 

2. Powertrain architectures 

2.1. Classification of Hybrid and Electric Architectures 

Electric and hybrid vehicles encompass a range of powertrain configurations, each with distinct characteristics 
regarding complexity, efficiency, and performance potential. Table 1 presents a classification of the main powertrain 
architectures. 

Table 1 Classification of Hybrid and Electric Powertrain Architectures 

Architecture Configuration Energy Sources Propulsion 
System 

Complexity Efficiency Range 

BEV All-electric Battery only Electric motor(s) Low High (85-90%) 

Series Hybrid Electric-driven ICE + Battery Electric motor(s) Medium Medium (45-65%) 

Parallel Hybrid Dual-path ICE + Battery ICE + Electric 
motor 

Medium Medium-High (50-
70%) 

Power-Split 
Hybrid 

Power-split 
device 

ICE + Battery ICE + Electric 
motor(s) 

High High (55-75%) 

Plug-in Hybrid Extended range Grid + ICE + 
Battery 

ICE + Electric 
motor(s) 

High Variable (50-80%) 

Fuel Cell Electric Hydrogen-
electric 

Hydrogen + 
Battery 

Electric motor(s) High Medium-High (50-
60%) 

2.2. Battery Electric Vehicle (BEV) Architecture 

BEVs feature the simplest powertrain architecture, consisting of a battery pack, power electronics, electric motor(s), 
and single-speed or multi-speed transmission. This configuration offers high efficiency in the energy conversion 
process, with modern systems achieving 85-90% tank-to-wheel efficiency, compared to 25-30% for conventional ICEVs 
(Ehsani et al., 2018). Figure 1 illustrates the typical BEV powertrain architecture. 

 

Figure 1 BEV Powertrain Architecture 

The simplicity of BEV architecture reduces mechanical losses and maintenance requirements. However, the limited 
energy density of current battery technology compared to fossil fuels constrains driving range, which has driven 
research into more efficient powertrains and energy management systems. 



World Journal of Advanced Research and Reviews, 2022, 15(02), 817-826 

819 

2.3. Hybrid Electric Vehicle Architectures 

Hybrid architectures combine internal combustion engines with electric motors in various configurations to leverage 
the advantages of both propulsion systems. The three primary hybrid architectures series, parallel, and power-split—
offer different approaches to balancing performance and efficiency. 

Series hybrids use the internal combustion engine solely as a generator to produce electricity, which powers an electric 
motor that drives the wheels. This configuration allows the engine to operate at its optimal efficiency point regardless 
of vehicle speed but suffers from conversion losses (Bayindir et al., 2011). 

Parallel hybrids enable both the engine and electric motor to deliver power directly to the wheels, allowing for smaller 
components and higher efficiency during steady-state operation. However, this architecture limits engine operation 
optimization and requires complex control strategies to manage power flow (Malikopoulos, 2014). 

Power-split hybrids, also known as series-parallel hybrids, incorporate a power-split device to combine the advantages 
of both series and parallel systems. This architecture offers the highest flexibility but requires sophisticated control 
systems to optimize energy flow between the multiple power sources and destinations (Mi et al., 2011). 

3. Power Electronics and Electric Motor Technology 

3.1. Power Electronics Advancements 

Power electronics form the critical interface between energy storage systems and electric motors in EV powertrains. 
Recent advancements in semiconductor technology have enabled significant improvements in efficiency, power density, 
and thermal performance. 

Silicon Carbide (SiC) and Gallium Nitride (GaN) devices have emerged as alternatives to traditional silicon-based power 
semiconductors, offering higher switching frequencies, lower switching losses, and better thermal conductivity. These 
wide-bandgap semiconductors can operate at higher temperatures and voltages compared to silicon devices, allowing 
for more compact and efficient power conversion systems. 

Table 2 compares the properties of different semiconductor materials used in EV power electronics. 

Table 2 Comparison of Semiconductor Materials for EV Power Electronics 

Property Silicon (Si) Silicon Carbide (SiC) Gallium Nitride (GaN) 

Bandgap (eV) 1.12 3.26 3.39 

Critical Electric Field (MV/cm) 0.3 2.2 3.3 

Thermal Conductivity (W/m•K) 150 370 130 

Max Operating Temperature (°C) 150 300 300 

Switching Frequency (kHz) 10-30 50-100+ 100+ 

Efficiency Improvement vs. Si Baseline 5-10% 5-10% 

Research by Zhang et al. (2018) demonstrated that SiC-based inverters can improve powertrain efficiency by 5-10% 
compared to silicon-based systems, while reducing inverter volume by up to 40%. This improvement directly translates 
to extended range and reduced battery requirements. 

3.2. Electric motor technologies 

Electric motors convert electrical energy into mechanical motion with high efficiency. The selection of motor technology 
significantly impacts powertrain performance, efficiency, and cost. Figure 2 presents a comparison of various electric 
motor technologies used in EV powertrains. 
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Figure 2 Comparison of Electric Motor Technologies for EV Applications 

Permanent magnet synchronous motors (PMSMs) dominate the current EV market due to their high-power density and 
efficiency. However, concerns about rare-earth material availability and cost have sparked interest in alternative 
technologies. Induction motors, switched reluctance motors (SRMs), and axial flux motors represent promising 
alternatives for next-generation EVs. 

Recent advances in motor design include 

• Enhanced cooling techniques: Direct oil cooling, enhanced phase-change materials, and integrated cooling 
channels improve thermal management, allowing motors to operate at higher power densities (Grunditz and 
Thiringer, 2016). 

• Advanced materials: Amorphous metal cores, high-temperature winding insulation, and new permanent 
magnet compositions increase motor efficiency and temperature resistance (Santiago et al., 2018). 

• Novel topologies: Axial flux and transverse flux designs offer higher torque density than traditional radial flux 
motors, enabling more compact and lightweight powertrains (Di Gerlando et al., 2016). 

Figure 3 illustrates the efficiency improvement trends in EV motors from 2010 to 2020. 

 

Figure 3 Electric Motor Efficiency Improvements (2010-2020)] 

The data demonstrates steady improvements in peak efficiency, with modern motors achieving 96-97% efficiency at 
optimal operating points. However, maintaining high efficiency across wide operating ranges remains challenging and 
represents an active area of research. 

4. Energy Management Systems and Control Algorithms 

4.1. Energy Management Strategies 

Energy management systems (EMS) coordinate the operation of powertrain components to optimize efficiency, 
performance, and component longevity. For hybrid vehicles with multiple energy sources, these systems determine the 
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power split between the internal combustion engine and electric motor(s), while in BEVs, they manage power flow 
between battery packs and motors. 

The main strategies for energy management can be categorized as: 

• Rule-based strategies: Implement predefined rules based on heuristics and engineering intuition. These 
strategies are computationally efficient but may not achieve optimal energy usage. 

• Optimization-based strategies: Use mathematical models to find optimal power distribution. These include:  
o Deterministic Dynamic Programming (DDP) 
o Equivalent Consumption Minimization Strategy (ECMS) 
o Model Predictive Control (MPC) 
• Intelligent strategies: Employ machine learning techniques to adapt to driving conditions and learn optimal 

control policies over time. These include:  
o Neural Networks 
o Fuzzy Logic Controllers 
o Reinforcement Learning 

Table 3 presents a comparison of these strategies based on key performance metrics. 

Table 3 Comparison of Energy Management Strategies 

Strategy Computational 
Complexity 

Optimality Real-time 
Implementation 

Adaptability Efficiency 
Improvement 

Rule-based Low Low-
Medium 

Easy Low 5-10% 

Dynamic 
Programming 

Very High High Difficult Low 10-20% 

ECMS Medium Medium-
High 

Medium Medium 8-15% 

MPC High High Medium Medium-
High 

10-18% 

Neural Networks Medium Medium Easy High 7-15% 

Fuzzy Logic Low Medium Easy Medium 5-12% 

Reinforcement 
Learning 

High High Medium Very High 10-20% 

Research by Chen et al. (2017) demonstrated that intelligent energy management strategies could improve fuel 
economy by up to 15% compared to conventional rule-based approaches in hybrid vehicles, while also enhancing 
vehicle performance characteristics. 

4.2. Predictive Control Algorithms 

Predictive energy management systems leverage information about upcoming driving conditions to optimize 
powertrain operation preemptively. Sources of predictive information include: 

• Navigation system data (road grade, speed limits, traffic signals) 
• Vehicle-to-infrastructure (V2I) communication 
• Machine learning models trained on historical driving patterns 
• Real-time traffic information 

Research by Xu et al. (2020) demonstrated that predictive control strategies could improve energy efficiency by 5-10% 
in varied driving conditions compared to non-predictive methods. The greatest benefits were observed in urban driving 
scenarios with frequent stops, where anticipating acceleration and deceleration events allowed for optimal regenerative 
braking and power delivery. 
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5. Regenerative braking systems 

5.1. Regenerative Braking Principles and Efficiency 

Regenerative braking converts kinetic energy back into electrical energy during deceleration, rather than dissipating it 
as heat in conventional friction brakes. This system represents a critical component for improving overall powertrain 
efficiency, particularly in urban driving conditions with frequent stops. 

The efficiency of regenerative braking systems depends on multiple factors: 

• Maximum regenerative braking power capacity 
• State of charge (SOC) of the battery 
• Vehicle speed 
• Braking intensity 
• Integration with friction brakes 

The data indicates that regenerative braking efficiency peaks at moderate speeds (30-70 km/h) and diminishes at very 
low and high speeds. At low speeds, the motor generates insufficient voltage for efficient charging, while at high speeds, 
the power may exceed the battery's maximum charging capacity. 

5.2. Integrated Brake Systems 

Next-generation EVs employ integrated braking systems that optimize the balance between regenerative and friction 
braking to maximize energy recovery while maintaining braking performance and driver comfort. These systems use 
sophisticated algorithms to determine the optimal blend based on vehicle state and driver input. 

Research by Zhang et al. (2016) demonstrated that advanced blended braking systems could increase energy recovery 
by up to 20% compared to basic regenerative systems, while maintaining consistent pedal feel and braking performance 
across different operating conditions. 

6. Transmission Systems for Electric Powertrains 

6.1. Single-Speed vs. Multi-Speed Transmissions 

Most current electric vehicles utilize single-speed transmissions due to the favorable torque characteristics of electric 
motors. However, research indicates that multi-speed transmissions can enhance both efficiency and performance in 
certain applications. 

Table 4 compares single-speed and multi-speed transmission options for electric vehicles. 

Table 4 Comparison of Transmission Options for Electric Vehicles 

Characteristic Single-Speed Two-Speed Multi-Speed (3+) 

Mechanical Complexity Low Medium High 

Efficiency High Medium-High Medium 

Motor Operating Efficiency Medium High High 

Low-Speed Performance Medium High High 

High-Speed Performance Medium High Very High 

Range Improvement Baseline 5-10% 8-15% 

Production Cost Low Medium High 

Research by Ruan et al. (2019) indicated that two-speed transmissions could improve overall efficiency by 5-10% 
compared to single-speed systems, particularly for vehicles operating across wide speed ranges. The efficiency gains 
result from keeping the electric motor operating closer to its optimal efficiency region. 
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6.2. Continuously Variable Transmissions (CVTs) 

CVTs offer infinite gear ratios within their operating range, potentially allowing electric motors to operate consistently 
at their most efficient points. However, the mechanical losses in conventional CVTs often outweigh the benefits gained 
from optimized motor operation. 

Recent research by Hofman et al. (2017) demonstrated that novel CVT designs specifically optimized for electric 
powertrains could improve overall efficiency by 3-8% compared to single-speed transmissions, while enhancing both 
low-speed acceleration and high-speed cruising capabilities. 

7. Thermal Management and Efficiency 

7.1. Integrated Thermal Management Systems 

Thermal management represents a critical aspect of powertrain efficiency and longevity. Electric vehicle components—
including batteries, motors, and power electronics—operate most efficiently within specific temperature ranges and 
require careful thermal management. 

Next-generation EVs implement integrated thermal management systems that coordinate cooling and heating across 
multiple powertrain components, leveraging waste heat from one subsystem to warm another. Figure 4 illustrates an 
integrated thermal management architecture. 

Research by Pesaran et al. (2019) demonstrated that integrated thermal management systems could improve overall 
powertrain efficiency by 5-8% compared to isolated cooling systems, while reducing energy consumption for battery 
temperature conditioning by up to 30%. 

7.2. Heat Pump Technology 

Heat pumps represent an energy-efficient alternative to resistive heating for cabin climate control in electric vehicles. 
By integrating heat pump technology with the powertrain thermal management system, next-generation EVs can 
significantly reduce the energy consumption for heating in cold weather conditions. Figure 4 presents the impact of 
ambient temperature on vehicle range with different heating systems. 

 

Figure 4 Impact of Heating System on Vehicle Range at Various Temperatures 

The data shows that heat pump systems can reduce range loss by 15-30% compared to resistive heating at temperatures 
between -10°C and 10°C, with the greatest benefits observed at moderate cold temperatures around 0°C. 

8. Performance-efficiency optimization strategies 

8.1. Multi-Objective Optimization Approaches 

Next-generation electric powertrains require simultaneous optimization of multiple objectives, including energy 
efficiency, performance, component life, and cost. Multi-objective optimization techniques provide frameworks for 
balancing these competing objectives. 
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Research by Wang et al. (2019) demonstrated the application of Pareto optimization to identify powertrain 
configurations that maximize efficiency without compromising performance beyond acceptable thresholds. This 
approach resulted in powertrain designs achieving 10-15% higher efficiency compared to conventionally optimized 
systems while maintaining performance targets. 

8.2. Drive Mode Integration 

User-selectable drive modes represent an effective approach to balancing efficiency and performance by adapting 
powertrain characteristics to driver preferences and driving conditions. Next-generation systems integrate these modes 
with predictive algorithms that automatically suggest or select the optimal mode based on route, traffic, and driver 
behavior patterns. 

The data demonstrates that sophisticated drive mode systems can achieve 85-95% of maximum efficiency in economy 
modes while delivering 90-100% of maximum performance in sport modes, effectively eliminating the traditional 
compromise between these attributes. 

9. Case studies 

9.1. Commercial Vehicle Applications 

The optimization strategies described in this paper have been successfully implemented in commercial electric and 
hybrid vehicles, demonstrating their practical feasibility. Table 5 presents efficiency and performance data from 
selected production vehicles incorporating advanced powertrain technologies. 

Table 5 Efficiency and Performance Data from Production Electric and Hybrid Vehicles 

Vehicle 
Model 

Powertrain 
Type 

Energy 
Consumption 
(Wh/km) 

0-100 
km/h (s) 

Notable Technologies 

Tesla Model 
3 

BEV 140-170 3.3-5.6 Permanent magnet rear motor, induction 
front motor, advanced thermal 
management 

Toyota Prius 
Prime 

PHEV 170-210 10.6 Power-split hybrid transmission, 
predictive efficiency assistant 

BMW i3 BEV/REX 130-160 7.3 Carbon fiber construction, regenerative 
braking integration, range extender option 

Hyundai 
Ioniq 

BEV/HEV/PHEV 115-140 9.9-10.8 Multi-mode transmission, integrated 
thermal management 

Audi e-tron BEV 230-260 5.7 Thermal management with heat pump, 
advanced regenerative braking 

 

9.2. Racing Applications 

Electric racing series like Formula E represent testbeds for powertrain technologies that balance extreme performance 
with energy efficiency. These applications have driven innovations in motor design, power electronics, and thermal 
management that eventually transfer to production vehicles. 

Research by Tremlett et al. (2019) analyzed Formula E powertrain developments, demonstrating that racing 
applications achieved 30-40% efficiency improvements over four seasons of competition through advances in motor 
technology, inverter design, and control strategies. 
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10. Future research directions 

10.1. Novel Motor Topologies 

Research into novel motor designs promises further improvements in efficiency and performance. Approaches showing 
particular promise include: 

• Axial flux motors: Higher power density and improved cooling due to larger surface area 
• Transverse flux motors: Increased torque density through novel magnetic circuit designs 
• Halbach array permanent magnets: Enhanced field strength without additional magnet material 
• Multiphase motors: Improved reliability and efficiency through advanced control strategies 

10.2. Advanced Materials 

Materials science advancements will play a crucial role in next-generation powertrains: 

• High-temperature superconductors: Potentially revolutionary for motor power density and efficiency 
• Silicon carbide and gallium nitride: Continued refinement for power electronics 
• Soft magnetic composites: Improved motor core designs with reduced losses 
• Biologically-inspired materials: Novel cooling solutions based on natural systems 

10.3. Vehicle-to-Grid Integration 

Future electric vehicles will likely serve as distributed energy resources within smart grids. This integration requires 
powertrain systems optimized not only for mobility but also for stationary power applications. 

Research by Habib et al. (2018) demonstrated that vehicle-to-grid capable powertrains could provide grid services 
while minimizing battery degradation through intelligent control strategies, creating new value streams for vehicle 
owners and utilities while improving overall energy system efficiency.   

11. Conclusion 

This paper has examined the optimization strategies for hybrid and electric vehicle powertrains from the dual 
perspective of efficiency and performance. The research demonstrates that next-generation powertrains can 
increasingly overcome the traditional trade-off between these attributes through: 

• Advanced power electronics using wide-bandgap semiconductors 
• High-efficiency motor designs with sophisticated control algorithms 
• Integrated energy management systems leveraging predictive information 
• Optimized regenerative braking strategies 
• Selective application of multi-speed transmissions 
• Comprehensive thermal management approaches 

These technologies, when implemented cohesively with multi-objective optimization approaches, enable electric 
vehicles to simultaneously achieve superior efficiency and performance compared to conventional vehicles. The 
continued advancement of these technologies promises to further accelerate the transition toward sustainable 
transportation systems without compromising the driving experience. Future research should focus on novel motor 
topologies, advanced materials, and grid integration strategies to push the boundaries of what electric powertrains can 
achieve. As these technologies mature, they will likely enable electric vehicles to surpass internal combustion vehicles 
in all performance metrics while maintaining their inherent efficiency advantages.  
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