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Abstract 

        This study focuses on the development of control systems of a hybrid propulsion system (IC 

Engine and Electric Motor) for a heavy tracked vehicle and the assessment of performance such as 

power, torque, energy efficiency, emissions and costs. Advances in automobile technology have led 

to the widespread adoption of hybrid drivetrains in passenger vehicles as a promising alternative to 

traditional Internal Combustion Engines (ICE) presenting significant advances toward a more 

sustainable and energy-efficient future for passenger transportation. However, hybrid technology in 

tracked vehicles is still in nascent stages, with considerable potential for development and practical 

benefits. Tracked vehicles‘ unique design feature a drivetrain with a continuous track system that 

distributes weight evenly offering superior traction and stability on rough, uneven terrain, which is 

vital in military, farming, construction and mining operations. 

     In this study, a tracked military vehicle, with a diesel Internal Combustion Engine (ICE) of 221 

kW, was virtually substituted by a hybrid propulsion system with 68.5 kW IC Engine and 112 kW 

Electric Motor (EM) in parallel configuration (62% Degree of Hybridisation) in MATLAB 

Simulink. The parameters of IC Engine, Motor, target vehicle, Modified Indian Drive Cycle 

(MIDC), and battery characteristics were provided as inputs to the MATLAB Simulink for 

operation of the hybrid system. The control systems incorporate tailor-made algorithms while 

facilitating peculiar tracked vehicle functions like braking, clutching, turning, and gear shifting. The 

novelty of this research lies in the development, integration, and validation of an optimised hybrid 

control strategy for heavy tracked vehicles. A supporting contribution is the novel assessment 

methodology, which systematically quantifies performance, energy efficiency, fuel consumption, 

energy recovery from regenerative braking, range enhancement, CO2 emission, carbon penalty from 

cradle-to-gate and running costs. 

     The developed hybrid system with 180.5 kW could provide the performance (power and torque 
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with respect to speed) equivalent of 221 kW IC Engine under MIDC conditions and satisfactorily 

maintained the velocity profile of the MIDC within a mean variance of 1.28 km/h with braking, gear 

shifting, clutching, and turning functions as required. The developed hybrid system could achieve 

regenerative efficiency of 14.24% and a 14.44% theoretical increase in range compared to the IC 

engine. Range analysis suggests IC engines and hybrids suit heavier highway vehicles, while grid-

based EVs are better for lighter, urban, short-distance driving. The carbon footprint of the IC engine 

was the highest, at 33% more than the electric system and 22% more than the hybrid system. 

Cumulative running cost (including carbon price) of the hybrid and electric power sources was 

lower than the IC engine, with cost savings of 72% for the hybrid source and 86% for the electric, 

electric power source being the lowest. 

     Notable conclusions that emerged from this study suggest that a hybrid propulsion system with 

62% Degree of Hybridisation (62% Electric, 38% IC Engine) is suitable for heavy tracked vehicles 

operating on Modified Indian Drive Cycle (MIDC), based on power density, velocity, driving range, 

energy consumption, regenerative efficiency, decrease in carbon footprint and reduced operating 

costs. The development of hybrid propulsion system with control strategy including the 

performance and cost analysis performed in this study advances the development of scalable hybrid 

propulsion systems as credible alternatives to conventional IC engines for heavy tracked vehicles.  
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सार 

     यह अध्ययन एक भारी ट्र ैक वाले वाहन के ललए हाइलिड प्रणोदन प्रणाली (आईसी इंजन और इलेक्ट्रर क 

मोट्र) की लनयंत्रण प्रणाललयो ंके लवकास और शक्ट्ि, ट्ॉकक , ऊजाक दक्षता, उत्सजकन और लागत जैसे प्रदशकन 

के आकलन पर कें लित है। ऑट्ोमोबाइल प्रौद्योलगकी में प्रगलत ने पारंपररक आंतररक दहन इंजन (ICE) के 

एक आशाजनक लवकल्प के रूप में यात्री वाहनो ंमें हाइलिड डर ाइवट्र ेन को व्यापक रूप से अपनाया है, जो 

यात्री पररवहन के ललए अलधक लट्काऊ और ऊजाक-कुशल भलवष्य की लदशा में महत्वपूणक प्रगलत पेश करता 

है। हालांलक, ट्र ैक वाले वाहनो ंमें हाइलिड तकनीक अभी भी प्रारंलभक अवस्था में है, लजसमें लवकास और 

व्यावहाररक लाभो ंकी काफी संभावनाएं हैं। ट्र ैक वाले वाहनो ंके अनूठे लडजाइन में एक लनरंतर ट्र ैक प्रणाली 

के साथ एक डर ाइवट्र ेन है जो वजन को समान रूप से लवतररत करता है और उबड़-खाबड़, असमान इलाके 

पर बेहतर कर्कण और क्ट्स्थरता प्रदान करता है, जो सैन्य, खेती, लनमाकण और खनन कायों में महत्वपूणक है।  

    इस अध्ययन में, 221 kW के मानक डीजल आंतररक दहन इंजन (ICE) के साथ एक सामान्य रूप से 

उपयोग लकए जाने वाले ट्र ैक लकए गए सैन्य वाहन को चुना गया और वसु्ततः  एक हाइलिड प्रणोदन प्रणाली 

(62% हाइलिडाइजेशन की लडग्री) द्वारा प्रलतस्थालपत लकया गया, लजसमें MATLAB लसमुललंक वातावरण में 

समानांतर लवन्यास में 68.5 kW IC इंजन और 112 kW इलेक्ट्रर क मोट्र (EM) थी। इनपुट् मापदंडो ंका 

उपयोग करके आनुपालतक इंट्ीग्रल (PI) लनयंत्रण के साथ लनयंत्रण प्रणाली, जैसे लक IC इंजन, मोट्र, वाहन 

मापदंडो,ं संशोलधत भारतीय डर ाइव साइलकल (MIDC) मापदंडो ं(ट्ॉकक , पावर, गलत लवशेर्ताओ)ं, और बैट्री 

के चाजक की क्ट्स्थलत, को हाइलिड लसस्टम के संचालन के ललए MATLAB लसमुललंक वातावरण में लवकलसत 

लकया गया था। एक सहायक योगदान नवीन मूल्ांकन पद्धलत है, जो व्यवक्ट्स्थत रूप से प्रदशकन, ऊजाक 

दक्षता, ईंधन खपत, पुनयोजी िेलकंग से ऊजाक प्राक्ट्ि, रेंज वृक्ट्द्ध, CO2 उत्सजकन, कै्रडल-टू्-गेट् से काबकन 

पेनाल्टी और पररचालन लागत का आकलन करती है। 
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     180.5 kW के साथ लवकलसत हाइलिड प्रणाली MIDC पररक्ट्स्थलतयो ंमें 221 kW IC इंजन के बराबर 

प्रदशकन (गलत के संबंध में शक्ट्ि और ट्ॉकक ) प्रदान कर सकती है और िेलकंग, लगयर लशक्ट्टंग, क्ललचंग और 

आवश्यकतानुसार मोड़ने वाले कायों के साथ MIDC के वेग प्रोफाइल को 1.28 लकमी/घंट्ा के औसत 

लवचरण के भीतर संतोर्जनक रूप से बनाए रखा है। लवकलसत हाइलिड प्रणाली IC इंजन की तुलना में 

14.24% की पुनयोजी दक्षता और सीमा में 14.44% की सैद्धांलतक वृक्ट्द्ध प्राि कर सकती है। सीमा 

लवशे्लर्ण से पता चलता है लक IC इंजन और हाइलिड भारी राजमागक वाहनो ंके ललए उपयुि हैं, जबलक 

लग्रड-आधाररत EV हले्क, शहरी, कम दूरी की डर ाइलवंग के ललए बेहतर हैं। IC इंजन का काबकन फुट्लपं्रट् 

सबसे अलधक था, जो इलेक्ट्रर क लसस्टम से 33% गुना और हाइलिड लसस्टम से 22% गुना हैं। हाइलिड और 

इलेक्ट्रर क पावर स्रोतो ंकी संचयी पररचालन लागत (काबकन मूल् सलहत) आईसी इंजन की तुलना में कम 

थी, हाइलिड स्रोत के ललए लागत बचत 72% और इलेक्ट्रर क के ललए 86% थी, इलेक्ट्रर क पावर स्रोत सबसे 

कम था। 

     इस अध्ययन से लनकले उले्लखनीय लनष्कर्क बताते हैं लक 62% हाइलिडाइजेशन (62% इलेक्ट्रर क, 38% 

आईसी इंजन) वाला एक हाइलिड प्रणोदन प्रणाली, शक्ट्ि घनत्व, वेग, डर ाइलवंग रेंज, ऊजाक खपत, पुनयोजी 

दक्षता, काबकन फुट्लपं्रट् में कमी और कम पररचालन लागत के आधार पर, मॉलडफाइड इंलडयन डर ाइव 

साइलकल (एमआईडीसी) पर चलने वाले भारी ट्र ैक वाले वाहनो ंके ललए उपयुि है। इस अध्ययन में लकए 

गए प्रदशकन और लागत लवशे्लर्ण सलहत लनयंत्रण रणनीलत के साथ हाइलिड प्रणोदन प्रणाली का लवकास, 

भारी ट्र ैक वाले वाहनो ं के ललए पारंपररक आईसी इंजनो ं के लवश्वसनीय लवकल्प के रूप में से्कलेबल 

हाइलिड प्रणोदन प्रणाललयो ंके लवकास को आगे बढाता है।  



vii 

Table of Contents 

Certificate…………………………………………………………………………………………i 

Acknowledgements………………………………………………………………….……………ii 

Abstract…………………………………………………………………………………………..iii 

Table of Contents………………………………………………………………………………..vii 

List of Figures……………………………………………………………….…………………...xi 

List of Tables……………………………………………………………….………………...…xiii 

Nomenclatures…………………………………………………………….………….…………xiv 

Chapter 1: 

Introduction……………………………………………………………………......................…..1 

1.1 Introduction to Tracked Vehicles and their Utility……………………………...…..…….....1 

1.2 Development of Alternate Technologies for Vehicle Propulsion……………...….………....4 

1.3 Challenges in Development of Hybrid Power Source for Tracked Vehicles………………..6 

1.4 Motivation for Development of a Hybrid Propulsion System for Tracked Vehicle….….….8 

1.5 Closure……………………………………………………………………………………....9 

Chapter 2: Literature Review………………………………………………………………….10 

2.1 Performance Characteristics of a Tracked Military Vehicle ………………………..……..10 

2.2 Potential Benefits of Hybridisation of Tracked Vehicles …...………….............;................11 

2.3 Modelling and Simulation of Hybrid Drive Trains for Tracked Vehicles ……………........12 



viii 

2.4 Performance Assessment based on Drive Cycle …...……………………………...……....13 

2.5 Techno-Economic Analysis …...………………………………...………………………....15 

2.6 Closure………………………...………………………………...………………………....15 

2.7 Research Gaps…………….…...………………………………...………………………...17 

Chapter 3: Objectives, Methodology, Experimental and model details………………...…..20 

3.1 Objectives………………………………………………….…………..…………………..20 

3.2 Research Methodology……… ………………………………………...………………….20 

3.2.1 Selection of Reference Drive Cycle ...………………………………………………...22 

3.2.2 Modified Indian Drive Cycle (MIDC)…………………………….…………………..25 

3.2.3 Target Vehicle Selection and its Special Feat……………..………..…………….……27 

3.2.4 Technical Characteritics of UTD-20 Diesel Engine …………………………..………29 

3.2.5 Experimental Performance Assessment of UTD-20 Diesel Engine …………….…….31 

3.2.6 Tractive Force Estimation……………………………………………………….……..34 

3.3 Experimental Analysis of Scaled Down Model Propulsion Systems …………………...…..36 

3.4 Development of Scaled Up Models of Propulsion Systems for Target Vehicle ………....….38 

3.5 Analysis of Internal Combustion Engine, Electric and Hybrid Power Sources …….…...….39 

3.5.1 Internal Combustion Engine Model ……………..………………………...…….…….39 

3.5.2 Electric Power Source Model ……………………………………..……...…………...40 

3.6 Hybrid Propulsion System (IC Engine & EM)…………………………………………..…..41 



ix 

3.6.1 Control Strategy for Hybrid Propulsion System with IC Engine & EM……….…..…43 

3.6.2 Input Module………………………………………..…………………….…..………45 

3.6.3 Controller Module………………………………………………………….…………47 

3.6.4 Component Control Module…………………………………………….…………….50 

3.6.5 Performance Assessment of Developed Hybrid Propulsion System……….…..……..52 

3.7 Closure……...……………….………………………………………………………….……53 

Chapter 4: Results and Discussion………………...……………………………………………...54 

4.1 Results and Discussion …………………....…………...…...……………………………….54 

4.2 Mapping Performance of UTD-20 Diesel Engine and Development of Scaled Models…….54 

4.2.1. Experimental Dynamometer Results ...........................................................................54 

4.2.2  Uncertainty Analysis……………..…………………………….………………….….56 

4.2.3  Technical and Policy Implications …………………………….………………….….57 

4.2.4 Results of Scaled Down Simulation Models……………………….…………………57 

4.2.5 Insights and Implications of Scaled Down Model Analysis …….……………………59 

 4.3 Development of Scaled Up Simulation Models...........................................................................60 

4.3.1 Scaled Up IC Engine Simulation Results………………………………………,..……..60 

4.3.2 Scaled Up Electric System Simulation Results……………………….…………,……...62 

4.3.3 Simulation Results of Developed Hybrid System with Control Strategy……,,…..……..64 

4.3.4 Comparative Analysis of Developed Hybrid Propulsion System Performance…,........69 



x 

4.4 Implications of Comparative Analysis…………………………..………………………...….70 

4.5 Range Estimation and Weight Penalty Analysis………………………….………….……….72 

4.6 Levelised Transportation Cost Analysis…………………………………………...…………76 

4.7 Field Validation………………………….…………………………………..………………..79 

4.8 Summary…………………………………………………..……………….…………...…….82 

4.9 Closure……………………………………………………..…………………………...…….84 

Chapter 5  Conclusions and Future Work…………….…………………………..………...….85 

5.1 Conclusions……………..……...………………………...…………………..…………..…..85 

5.2 Future Work………………………………………………...……………………………..…88 

References…………………………………………………………………………….……..…...89 

Appendices…………………………………………………………………………….……..…..96 

Appendix A. Technical Specifications of Hydraulic Dynamometer Test Setup……………….96 

Appendix B. UTD-20 Engine Testing Procedure…………………………………………...…98 

Appendix C. Dynamometer Test Run Experimental Results…………………………………103 

Appendix D. MATLAB Code of Hybrid Propulsion System ..………………………………105 

Appendix E. Comparative Analysis of Field Trial and MIDC Simulation Results......…...….115 

List of publications and awards………………………………………………………………...116 

Brief Biodata of the Author……………………………………...……………………………..117 



xi 

List of Figures 

Fig. 1.1 ICV BMP II and Original Drivetrain Configuration …..…………………………...…....2 

Fig. 3.1  Modified Indian Drive Cycle…………………….………….………………………….27 

Fig. 3.2 UTD-20 Diesel Engine ………………………………………….……………………...31 

Fig. 3.3  Hydraulic Dynamometer Engine Test Setup …………………………….…………….32 

Fig. 3.4 Engine Test Setup Schematic Diagram …………..………………….………………….32 

Fig. 3.5 Forces and Torques acting on a vehicle……...……...……..….……..………………….35 

Fig. 3.6 Tractive Effort requirement for MIDC ………………….……….…………..…………36 

Fig. 3.7 Scaled Down Experimental Setup (BLDC Motor and CRDI Engine)...……...….……..38 

Fig. 3.8 Hybrid Drivetrain Configuration …………………………………..….………………..42 

Fig. 3.9 Control System Architecture …………………………………………...………………45 

Fig. 3.10 Control Logic of Input Module ……………………………….……………………....46 

Fig. 3.11 Control Logic of Controller Module ……………………..….………………………...49 

Fig. 3.12 Interaction between Input and Controller Modules ………………………….…..…....51 

Fig. 4.1 Dynamometer Test Results of UTD-20 Engine …………...…...….……..….………….55 

Fig. 4.2 Scaled Down IC Engine and Electric Motor Performance…………………..……….....59 

Fig. 4.3 Scaled Up Internal Combustion Engine Performance ……………….....………...…….61 

Fig. 4.4 Scaled Up Electric System Performance..…………………...……………………….....63 

Fig. 4.5 Reference Drive Cycle Velocity vs Achieved Velocity : Hybrid System..……...……....65 



xii 

Fig. 4.6 Functioning of Hybrid System and Sub Systems…..…..………………...…….....…….67 

Fig. 4.7 Range Estimation with Weight Penalty….………...…..…………………...…..……….75 

Fig. 4.8  Levelised Cost of Transportation ……………………...……………………………….79 

Fig. 4.9 Conduct of Field Trial ……………………....…….……………………………………80 

Fig. 4.10 Compliance of developed Hybrid Control System to field drive cycle parameters .....81 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 

List of Tables 

Table 1 Target Vehicle Specifications……………………………………………………………11 

Table 2 Modified Indian Drive Cycle Specifications ………...…...…………...………………..26 

Table 3  Experimental Test Matrix………………. …………..………………………………….33 

Table 4  Scaled Down Model Experimental Setup …………..………………………………….37 

Table 5 Environmental and Operational Parameters…………………….………………………40 

Table 6 Electric System Parameters ……………………………..……………………………....41 

Table 7 Hybrid System Parameters ………………………..………………………………….…43 

Table 8 Control Strategy Algorithms and Conditional Commands …………...………………...48 

Table 9 Simulation Test Matrix………………………………………………...………………...52 

Table 10 Uncertainty Analysis……………………………... ………………………..…...……..56 

Table 11 Scaled Up Internal Combustion Engine Performance ……………………….....……..61 

Table 12 Scaled Up Electric System Performance …………………………..……………..…...63 

Table 13 Hybrid System Performance Observations…………………………………………….68 

Table 14 Performance Comparison (IC Engine, Electric and Hybrid System)………….…….….70 

Table 15 Range Estimation………………….…………………………...………………………..73 

Table 16  Levelised Transportation Cost…………………………………………………………..77 

Table 17 : Summary of Analysis…………………………………………………………………..82 



xiv 

Nomenclatures 

a Vehicle Acceleration 

A Ampere 

Af Frontal area of the Vehicle 

Ah Ampere Hour 

AFV Armoured Fighting Vehicle 

APC Armoured Personnel Carrier 

BEV Battery Electric Vehicle 

BMS Battery Management System 

BS Bharat Stage 

cc Cubic Capacilty 

CC/ACC Capital Cost/Annual Capital Cost 

Cd Aerodynamic drag coefficient 

CIEV Compression Egnition Engine Vehicle 

CO Carbon Monoxide 

CO2 Carbon Dioxide 

CRF Capital Recovery Factor 

DoD Depth of Discharge 

DoH Degree of Hybridisation 

DPF Diesel Particulate Filters 



xv 

ECR Effective Carbon Rates 

ECU Engine Control Unit 

EGR Exhaust Gas Recirculation 

EM Electric Motor 

EMS Energy Management Strategy 

EPA Environmental Protection Agency 

EU European Union 

EV Electric Vehicle 

FOM Fixed Operating and Maintenance Costs 

Fa Aerodynamic drag 

Facc Acceleration Force 

Fg Gradient Resistance 

Frr Frictional Resistance Force 

Ftr Tractive Effort required 

g Gravitational Acceleration 

GHG Green House Gases 

gm Gram 

Gm/hp h Gram per Horse Power Hour (Specific Fuel Consumption) 

GPS Global Positioning System 

HEV Hybrid Electric Vehicle 



xvi 

HP/hp Horse Power 

ICE Internal Combustion Engine 

ICV Infantry Combat Vehicle 

Km/h Kilometre per Hour 

kW Kilo Watt 

kWh Kilo Watt Hour 

L Litre 

LCA Life Cycle Assessment 

MJ Mega Joule 

m Vehicle mass 

MAER Mobile Agricultural Equipment Regulation 

MATLAB Simulink Simulation and modeling environment 

MBT Main Battle Tank 

MIDC Modified Indian Drive Cycle 

MoRTH Ministry of Road Transport and Highways 

NEDC New European Driving Cycle 

N-m Newton Metre 

NOx Nitrous Oxides 

OECD Organisation for Economic Co-operation and Development 

OEM Original Equipment Manufacturer 



xvii 

P Proportional 

PI Proportional Integral 

PID Proportional Integral Derivative  

PHEV Plug In Hybrid Vehicle 

PID Proportional–Integral–Derivative Controller 

RPM/rpm Revolutions Per Minute 

SCR Selective Catalytic Reduction 

SD/ σ Standard Deviation 

SE Standard Error 

SFC Specific Fuel Consumption 

SoC State of Charge 

t Time 

Δt Time interval 

US United States of America 

UK United Kingdom 

v Vehicle velocity 

V Voltage 

Wh Watt Hour 

WLTC Worldwide Harmonized Light Vehicle Test Cycle 

α Angle of Inclination 



xviii 

δ Percentage Increase in Battery Capacity 

ξ Range per unit Kilo Watt Hour 

σ Standard Deviation (SD) 

ρ Density of air 

µrr Coefficient of Friction 

 




