
 

 

 

 

  

 

 

 
 

 

 

 

 

 

Fuel economy analysis and 
powertrain dynamic control of a 
parallel hydraulic hybrid vehicle 

 
by Shilei Zhou 
 
Thesis submitted in fulfilment of the requirements for  
the degree of  
 
Doctor of Philosophy 
 
under the supervision of Dr. Paul Walker, Prof. Nong Zhang 

University of Technology Sydney 
Faculty of Engineering and Information Technology 
 
August 2021 

 



i 

Certificate of Original Authorship

I, Shilei Zhou declare that this thesis, is submitted in fulfilment of the requirements for 

the award of Doctor of Philosophy, in the Faculty of Engineering and Information 

Technology at the University of Technology Sydney. 

This thesis is wholly my own work unless otherwise referenced or acknowledged. In 

addition, I certify that all information sources and literature used are indicated in the 

thesis. 

This document has not been submitted for qualifications at any other academic institution. 

This research is supported by the Australian Government Research Training Program. 

Signature of Student: 

Date: August 2021 

Production Note:

Signature removed prior to publication.



ii 

 

 

 

Acknowledgements 

During the journal of my PhD study, I have got too much help from many people to whom 

I want to show my acknowledgements. First I want to express my appreciation to my 

principal supervisor Dr. Paul Walker who gives me invaluable help in building my 

research skills. Since I started my PhD study, He guides me to develop a completed 

research plan with his knowledge and experience. With clear targets, I work step by step 

and get expected results. He also helps me with my English writing, paper organization, 

oral presentation and many other skills a researcher needs.  

I would also like to thank my co-supervisor Prof. Nong Zhang who gives a lot of advice 

with his broad academic vision. His more than thirty years of research experience helps 

me to have a better understanding of the history and trend of automotive technology. His 

passion and enthusiasm for academics always encourage me to work harder and harder. 

I always feel blessed to have these outstanding people as my teammates: Yang Tian, Cong 

Thanh Nguyen, Boyi Xiao, Anna lidfors Lindqvist, Pu Gao, Hanfei Wu, Enoch Zhao, 

Jinglai Wu, Jiageng Ruan, Jiejunyi Liang, Haitao Yang, Wenwei Mo, Weiwei Yang, 

Shengxiong Sun. Thank you for giving me help on my research and even more for making 

my life a happier one. 

The financial supports from the China Scholarship Council and University of Technology 

Sydney are much appreciated. 

No matter where I am and what I do, I know my family is always behind me and 

unconditionally supporting me. Thank you and love you. 

 

 

  



iii

Table of Contents
Certificate of Original Authorship .....................................................................................i

Acknowledgements ...........................................................................................................ii

List of Figures ..................................................................................................................vi

List of Tables....................................................................................................................ix

Abbreviation......................................................................................................................x

Notation............................................................................................................................xi

Abstract ..........................................................................................................................xiii

Chapter 1 Introduction ......................................................................................................1

Background .............................................................................................................1

Literature review .....................................................................................................3

Research objectives .................................................................................................9

Contribution to the knowledge................................................................................9

Outline of thesis ....................................................................................................10

List of Publications ...............................................................................................11

Chapter 2 Powertrain modelling and parameter design ..................................................13

Introduction ...........................................................................................................13

PHHV powertrain modelling ................................................................................14

PHHV Powertrain modelling .........................................................................14

HPM modelling..............................................................................................14

Accumulator modelling..................................................................................17

Engine modelling ...........................................................................................17

Clutch modelling............................................................................................18

Hydraulic driving system parameter design..........................................................18

HPM parameter design...................................................................................19

Accumulator parameter design ......................................................................21

Summary ...............................................................................................................23

Chapter 3 Energy management strategy design ..............................................................24

Introduction ...........................................................................................................24

PHHV fuel consumption analysis based on DP optimization...............................24

Rule-based EMS design ........................................................................................26

Driving torque allocation strategy design ......................................................26

Regenerative braking control strategy design ................................................27



iv

Gear shifting schedule design ...............................................................................30

Economic and dynamic gear shifting schedule design ..................................31

Gear shifting schedule design based on DP optimization..............................33

PHHV fuel consumption analysis with rule-based EMS ......................................34

PHHV fuel consumption analysis with different vehicle mass.............................39

Summary ...............................................................................................................40

Chapter 4 Powertrain vibration analysis .........................................................................41

Introduction ...........................................................................................................41

PHHV powertrain dynamic modelling..................................................................41

PHHV powertrain multi body dynamic model ..............................................41

Engine transient torque modelling .................................................................42

HPM transient torque modelling....................................................................44

Vibration analysis and model reduction................................................................46

Vibration analysis in hybrid driving mode ....................................................49

Vibration analysis in HPM driving mode ......................................................52

Frequency response analysis .................................................................................53

Frequency response analysis in hybrid driving mode....................................54

Frequency response analysis in HPM driving mode......................................56

PHHV powertrain response under normalized engine and HPM excitation .56

Parameter sensitivity analysis of powertrain frequency response.........................58

HPM clutch stiffness sensitivity analysis.......................................................58

Vehicle mass sensitivity analysis ...................................................................60

Summary ...............................................................................................................61

Chapter 5 Mode switching control..................................................................................62

Introduction ...........................................................................................................62

Powertrain modelling for mode switching control................................................62

Mode switching process analysis and control strategy design..............................63

Control strategy design for each phase .................................................................64

Vehicle speed control strategy ..............................................................................69

Simulation and analysis.........................................................................................70

Hydraulic launching process analysis ............................................................70

Demonstration of mode switching control strategy performance ..................71

Vehicle speed control effect during mode switching.....................................73



v

LQR control during engine speed up process ................................................73

Summary ...............................................................................................................75

Chapter 6 Power on gear shifting control .......................................................................77

Introduction ...........................................................................................................77

Powertrain modelling for power on gear shifting control .....................................77

Power on gear shifting control strategy design .....................................................78

Power on gear shifting simulation and analysis ....................................................81

Powertrain state estimation based on EKF............................................................84

EKF state estimator design ............................................................................84

EKF state estimator simulation and analysis .................................................87

HPM torque compensation capability analysis during power on gear shifting ....89

Capability analysis based on designed gear shifting schedule.......................89

Capability analysis based on typical driving cycles.......................................90

Summary ...............................................................................................................91

Chapter 7 Case study of an in-wheel drive electric hydraulic hybrid vehicle ................92

Introduction ...........................................................................................................92

Powertrain configurations and working principles ...............................................93

Modelling of vehicle powertrains .........................................................................94

Electric motor modelling ...............................................................................94

Battery modelling...........................................................................................94

Energy management strategy design with DP optimization .................................95

Energy consumption simulation and analysis .......................................................97

Energy consumption of CEV .........................................................................97

Energy consumption of IEV ..........................................................................99

Energy consumption of IHV ..........................................................................99

Energy consumption comparison.................................................................101

Vertical vibration analysis...................................................................................102

Summary .............................................................................................................106

Chapter 8 Conclusion....................................................................................................107

Bibliography..................................................................................................................109



vi 

 

 

 

List of Figures 

Figure 2.1. Structure of PHHV powertrain. .................................................................... 13 

Figure 2.2. Structure of HPM. ......................................................................................... 15 

Figure 2.3. Layout of accumulator. ................................................................................. 17 

Figure 2.4. Engine BSFC map. ....................................................................................... 18 

Figure 2.5. Profile of CTUDC......................................................................................... 20 

Figure 2.6. PHHV power analysis results. ...................................................................... 20 

Figure 2.7. HPM efficiency maps. .................................................................................. 21 

Figure 2.8. PHHV fuel consumption during CTUDC with different HPA parameters. . 22 

Figure 3.1. Fuel consumption of PHHV and original vehicle......................................... 26 

Figure 3.2. PHHV driving mode obtained by DP optimization, (a) Engine torque and 

HPM torque, (b) Percentage of each driving mode......................................................... 26 

Figure 3.3. Regenerative braking control strategy. ......................................................... 28 

Figure 3.4. (a) Required regenerative braking force against braking intensity, (b) 

Regenerative braking force ratio against braking intensity. ........................................... 30 

Figure 3.5. Rule-based driving torque allocation and regenerative braking control strategy.

 ......................................................................................................................................... 31 

Figure 3.6. Economic gear shifting schedule. ................................................................. 32 

Figure 3.7. Dynamic gear shifting schedule.................................................................... 33 

Figure 3.8. Gear position distribution obtained by DP, (a) PHHV, (b) Original vehicle.

 ......................................................................................................................................... 34 

Figure 3.9. Gear shifting schedule based on DP optimization. ....................................... 34 

Figure 3.10. Comparison of fuel consumption during CTUDC. .................................... 35 

Figure 3.11. HPA pressure during CTUDC. ................................................................... 35 

Figure 3.12. Engine working points, (a) Original vehicle, (b) PHHV. ........................... 36 

Figure 3.13. Engine torque during CTUDC by rule-based EMS. ................................... 37 

Figure 3.14. HPM torque during CTUDC. ..................................................................... 37 

Figure 3.15. HPM working efficiency during CTUDC. ................................................. 38 

Figure 3.16. Gear position during CTUDC. .................................................................... 38 

Figure 3.17. Braking force allocation by rule-based EMS.............................................. 38 

Figure 3.18. Regenerative braking results....................................................................... 39 

Figure 3.19. Fuel consumption comparison with different vehicle mass ....................... 39 



vii 

 

 

 

Figure 4.1. PHHV powertrain multi body dynamic model. ............................................ 41 

Figure 4.2. Engine characteristics, (a) Cylinder pressure, (b) Transient torque. ............ 44 

Figure 4.3. Schematic diagram of the HPM swashplate. ................................................ 44 

Figure 4.4. HPM characteristics, (a) Cylinder normalized discharge area, (b) transient 

torque............................................................................................................................... 45 

Figure 4.5. Frequency analysis, (a) Engine torque, (b) HPM torque. ............................. 46 

Figure 4.6. Multi body dynamic model of PHHV powertrain in hybrid driving mode. . 46 

Figure 4.7. 1st to 3rd mode shapes of PHHV powertrain. ................................................ 48 

Figure 4.8. 4th to 6th mode shapes of PHHV powertrain. ................................................ 48 

Figure 4.9. 7th to 9th mode shapes of PHHV powertrain. ................................................ 48 

Figure 4.10. 10th to 13th mode shapes of PHHV powertrain. .......................................... 49 

Figure 4.11. Simplified PHHV powertrain model. ......................................................... 49 

Figure 4.12. Mode shapes of PHHV powertrain (in hybrid driving mode) and original 

vehicle powertrain (engine clutch engaged). .................................................................. 51 

Figure 4.13. Mode shapes of PHHV powertrain (in HPM driving mode) and original 

vehicle powertrain (engine clutch disengaged). .............................................................. 53 

Figure 4.14. Amplitude of frequency response function of PHHV powertrain (in hybrid 

driving mode) and original vehicle powertrain (engine clutch engaged). ...................... 55 

Figure 4.15. Amplitude of frequency response function of PHHV powertrain (in HPM 

driving mode). ................................................................................................................. 56 

Figure 4.16. PHHV powertrain response under normalized engine excitation and HPM 

excitation. ........................................................................................................................ 57 

Figure 4.17. Sensitivity analysis with different HPM clutch stiffness. ........................... 59 

Figure 4.18. Sensitivity analysis with different load conditions. .................................... 60 

Figure 5.1. PHHV Powertrain dynamic model for mode switching control. .................. 62 

Figure 5.2. Mode switching process. .............................................................................. 63 

Figure 5.3. Mode switching control strategy. ................................................................. 65 

Figure 5.4. Engine speed control strategy. ...................................................................... 68 

Figure 5.5. Vehicle speed control strategy. ..................................................................... 70 

Figure 5.6. Simulation results of hydraulic launching process. ...................................... 71 

Figure 5.7. Simulation results of mode switching. ......................................................... 72 

Figure 5.8. Vehicle speed control effect during mode switching. .................................. 73 

Figure 5.9. Mode switching process with different driver intention. .............................. 74 



viii 

 

 

 

Figure 5.10. Comparison of mode switching quality. ..................................................... 75 

Figure 6.1. PHHV powertrain model for power on gear shifting control. ...................... 77 

Figure 6.2. Trajectories of engine and HPM torque during torque transfer. ................... 78 

Figure 6.3. Power on upshifting control strategy. ........................................................... 80 

Figure 6.4. Engine speed regulation control strategy. ..................................................... 81 

Figure 6.5. Power on downshifting control strategy. ...................................................... 81 

Figure 6.6. 3rd gear to 4th gear upshifting process. .......................................................... 82 

Figure 6.7. 6th gear to 5th gear downshifting process. ..................................................... 83 

Figure 6.8. Engine state estimation, (a) Speed, (b) Torque............................................. 88 

Figure 6.9. (a) HPM torque estimation, (b) Wheel speed estimation. ............................ 88 

Figure 6.10. Engine clutch state estimation, (a) Speed, (b) Torque. ............................... 88 

Figure 6.11. Capability analysis based on designed gear shifting schedule. .................. 89 

Figure 6.12. Gear state of typical driving cycles, (a) CTUDC, (b) UDDS, (c) NEDC... 90 

Figure 6.13. Capability analysis based on typical driving cycles. .................................. 91 

Figure 7.1. Configurations of different vehicles, (a) CEV, (b) IEV, (c) IHV. ................ 93 

Figure 7.2. Battery characteristics, (a) Open circuit voltage, (b) Internal resistance. ..... 95 

Figure 7.3. WLTP-3 driving cycle. ................................................................................. 98 

Figure 7.4. CEM working points during WLTP-3, (a) Front CEM, (b) Rear CEM. ...... 98 

Figure 7.5. CEV power demand during WLTP-3. .......................................................... 98 

Figure 7.6. IEM working points during WLTP-3, (a) Front IEM, (b) Rear IEM. .......... 99 

Figure 7.7. IHM working points during WLTP-3, (a) Front IHM, (b) Rear IHM. ....... 100 

Figure 7.8. HPA pressure and gas volume change during WLTP-3. ............................ 101 

Figure 7.9. CEM and CHM working points during WLTP-3. ...................................... 101 

Figure 7.10. Energy consumption and SoC change of each vehicle. ............................ 102 

Figure 7.11. Quarter vehicle dynamic model. ............................................................... 103 

Figure 7.12. Frequency response analysis to road excitation........................................ 105 

 

  



ix 

 

 

 

List of Tables 

Table 2.1. Original vehicle parameters. .......................................................................... 19 

Table 2.2. HPM parameters. ........................................................................................... 21 

Table 3.1. PHHV and original vehicle fuel consumption comparison. .......................... 36 

Table 4.1. PHHV working mode..................................................................................... 41 

Table 4.2. Parameters of PHHV powertrain multi body dynamic model. ...................... 43 

Table 4.3. PHHV powertrain natural frequencies in hybrid driving mode. .................... 48 

Table 4.4. Parameters of the simplified PHHV powertrain model. ................................ 50 

Table 4.5. Natural frequencies of PHHV powertrain (in hybrid driving mode) and 

Original vehicle powertrain (engine clutch engaged). .................................................... 50 

Table 4.6. Natural frequencies of PHHV powertrain (in HPM driving mode) and Original 

vehicle powertrain (engine clutch disengaged). .............................................................. 52 

Table 7.1. Parameters of CEV......................................................................................... 97 

Table 7.2. Parameters of IEM. ........................................................................................ 99 

Table 7.3. Parameters of IHV. ...................................................................................... 100 

Table 7.4. Energy consumption and SoC change comparison. ..................................... 102 

Table 7.5. Quarter vehicle dynamic model parameters of different vehicles. .............. 103 

 

  



x 

 

 

 

Abbreviation 

AMT Automated manual transmission 

BSFC Brake specific fuel consumption 

CEM Centralized electric motor 

CEV Centralized motor drive vehicle 

CHM Centralized hydraulic motor 

CTUDC Chinese typical urban driving cycle 

DP Dynamic programming 

EKF Extended Kalman filter 

EMS Energy management strategy 

HEV     Hybrid electric vehicle 

HPA High pressure accumulator 

HPM Hydraulic pump/motor 

IEM  In-wheel electric motor 

IEV In-wheel drive electric vehicle 

IHM In-wheel hydraulic pump/motor 

IHV In-wheel drive electric hydraulic hybrid vehicle 

LPA Low pressure accumulator 

LQR Linear quadratic regulator 

PHHV Parallel hydraulic hybrid vehicle 

PSHHV Power-split hydraulic hybrid vehicle 

SHHV Series hydraulic hybrid vehicle 

SoC State of charge 

WLTP-3 World harmonized light-duty vehicles test procedure class 3 

  

  

  

  

 

  



xi 

 

 

 

Notation 

Common symbols which are used at different places in thesis are listed below and will 

only be explained when they firstly appear in thesis to avoid redundancy. 

M  Vehicle mass g  Gravitational acceleration 

a  Vehicle acceleration V  Vehicle speed 

  Vehicle rotational inertia factor fA  Vehicle frontal area 

wR  Tyre dynamic radius air  Air density 

eT  Engine torque DC  Air drag coefficient 

hT  HPM torque   Road slope 

LT  Vehicle resistant torque rf  Rolling resistance coefficient 

cT  Engine clutch torque   HPM swashplate angle 

bmT  Mechanical braking torque d  HPM cylinder diameter 

driT  Driver torque demand  cz  HPM cylinder number 

gi  AMT gear ratio R  HPM cylinder pitch radius 

fi  Main reducer gear ratio hn  HPM speed 

hi  HPM gear ratio en  Engine speed  

e  Engine powertrain efficiency h  Hydraulic powertrain efficiency 

eJ  Engine inertia cK   Engine clutch stiffness 

cJ  Engine clutch inertia oK  AMT output shaft stiffness 

iJ  AMT input shaft inertia sK  Driveshaft stiffness 

oJ  
AMT output shaft and driveshaft 

inertia 
tK  Tyre stiffness 

fJ  Main reducer inertia hK  HPM clutch stiffness 

vJ  Vehicle body inertia cC  Engine clutch damping 

hJ  HPM inertia hC  HPM clutch damping 

e  Engine angular displacement tC  Tyre damping                                    

c  Engine clutch angular displacement 
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Abstract 

This research investigates the fuel economy and powertrain vibration characteristics of a 

parallel hydraulic hybrid vehicle (PHHV). The main work includes: Hydraulic driving 

system parameter design, energy management strategy (EMS) design, powertrain 

vibration analysis and transient process control. 

Firstly, hydraulic driving system parameters are selected based on vehicle power analysis 

with the Chinese typical urban driving cycle (CTUDC) which is a typical urban driving 

cycle. PHHV powertrain dynamics are analyzed and components such as engine, 

hydraulic pump/motor (HPM) and accumulator are modelled to demonstrate the PHHV 

working principle. PHHV fuel economy is verified by both dynamic programming (DP) 

optimization and practical rule-based EMS. DP optimization is conducted to explore the 

optimal PHHV fuel economy. The practical rule-based EMS includes driving torque 

allocation strategy, regenerative braking control strategy and gear shift schedule. 

A lumped parameter dynamic model is built to capture the PHHV powertrain vibration 

characteristics including the natural frequencies and mode shapes. Then model reduction 

is conducted to simplify the model complexity while retaining the model fidelity in 

interested frequency range. The natural frequencies and mode shapes of PHHV 

powertrain are compared with the original vehicle powertrain which is the vehicle that 

PHHV refitted from. Results show that the vibration characteristics of PHHV powertrain 

are not significantly influenced by the addition of hydraulic driving system.  

Based on the powertrain dynamic model, control strategies are designed for transient 

process control such as mode switching and power on gear shifting. During mode 

switching, engine, HPM and engine clutch are coordinately controlled. LQR based 

closed-loop control strategy is adopted to analyze the effect of engine clutch engaging 

speed on vehicle jerk, clutch frictional work and hydraulic energy consumption. HPM 

torque is adjusted to compensate the engine clutch torque to maintain vehicle dynamic 

performance. The effectiveness of the proposed mode switching control strategy is 

verified by simulation.  

To avoid vehicle driving torque interruption during gear shifting, power on gear shifting 

control strategy is designed. In the control strategy, HPM compensates engine torque 

when engine clutch is disengaged for gear shifting. Engine clutch engagement process is 

also controlled by LQR controller to mitigate PHHV powertrain vibration and improve 
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vehicle driving comfort. Extended Kalman filter (EKF) is adopted to estimate the 

powertrain states required by LQR controller. Because the available HPM torque depends 

on its working pressure which varies a lot with different accumulator pressure state, the 

HPM torque compensation capability is investigated by analyzing the traction force 

requirement during gear shifting under typical urban driving cycles.  

With the motivation of taking the advantage of high power density of HPM for in-wheel 

drive, a novel in-wheel drive electric hydraulic hybrid vehicle (IHV) is proposed as a case 

study. Its energy economy and vertical vibration characteristics are researched and 

compared with the centralized motor drive electric vehicle (CEV) and in-wheel drive 

electric vehicle (IEV).  
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