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Abstract

Multi-speed clutchless automated manual transmission (CLAMT) can offer many

benefits for electric vehicles (EVs). It improves the driving efficiency and trans-

mission performance compared to single-speed EVs. Currently, most multi-speed

transmissions use conventional cone-type synchronizers for speed synchronization.

However, these friction elements are a major source of inefficiency in multi-ratio

gearboxes. Friction losses and heat dissipation can significantly influence transmis-

sion performance. In addition, frictional wear has a considerable impact on the

service life and shifting performance of traditional synchronizers.

To overcome these drawbacks, the concept of unilateral Harpoon-shift synchro-

nizer is introduced in the study. It aims to improve the gearboxes’ efficiency and

riding comfort, meanwhile, simplify the shift control logic for EVs with the multi-

gear transmissions. A detailed dynamic model of the unilateral Harpoon shift is

built to study the engaging performance of the proposed synchronizer. Besides, to

investigate the powertrain transients, an original dynamic model of the CLAMT

power-train system which integrates the Harpoon shift model is developed in the

study. Also, to guarantee a smooth gear change, torque and speed profiles are

designed using a modified step function for the torque control and active speed

synchronization of the electric motor (EM) in EVs. Up- and down-shift simula-

tion results verify the effectiveness of the proposed models as well as control logic.



xx

Furthermore, to reduce the jerk during gear shifts, the Harpoon-shift torque spring

stiffness in each gear is optimized via quantitative analysis. Also, the impacts of

rotating inertia and speed difference on the vehicle jerks are quantitatively investi-

gated. In addition, an experiment is conducted to study the engaging performance

of the unilateral Harpoon shift and prove the effectiveness of the dynamic models.

To improve the performance of the unilateral Harpoon shift, a new concept of bi-

lateral Harpoon shift is proposed for the multi-speed EVs equipped with CLAMTs.

Then a detailed and original multi-body model of the bilateral Harpoon shift is

established, aiming to capture the synchronizer’s transient behavior during the en-

gagement. In the model, the engaging process is defined as six stages, and it can

cover the interacting cases between the engaging-related parts, including guide ring,

sleeve, and dog gear. Then the model is integrated into the established model of the

powertrain system to analyze the gearshift vibrations, allowing to investigate the

engaging performance of the bilateral Harpoon shift based on the shifting shocks.

Based on the integrated model, gearshift simulations are conducted and the impacts

of the torque spring stiffness and tooth chamfer angle on the shifting shocks are

comprehensively analyzed, and the two significant parameters are then optimized.

Furthermore, comparisons are performed to demonstrate the superiority of the pro-

posed torque profile over its counterpart based on the modified bump function.

Results show that the proposed Harpoon shift can achieve high-quality gear change

for EVs and meanwhile overcome the friction-related drawbacks of traditional syn-

chronizers. Besides, the Harpoon shift greatly simplifies the shift control strategy

due to its special engaging mechanism.
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Chapter 1

Introduction

The application of multi-speed transmissions in electric vehicles (EVs) continues to

grow as a result of improved performance and driving efficiency in comparison to

single speed EVs [1–3]. Traditionally, shifting and gear selection is performed with

the use of friction clutches, a result of both limited controllability and high inertia

of combustion engines. These friction elements are a major source of inefficiency in

multi-speed gearboxes [4–6]. As electric motors are significantly more controllable

than their conventional counterparts, as evidenced by paper such as [7–9], reliance on

inefficient friction elements can be reduced, and even eliminated. This has resulted

in the development of shift control strategies that rely on motor control rather than

friction based strategies [10–12]. However, as shown in [13] these strategies cannot

entirely eliminate the need for torsional vibration absorption during clutch lockup.

As established by a number of comprehensive studies on integral control of multi-

speed electric vehicle (MSEV) platforms [8, 14–16], and in particular those with

clutchless automated manual transmissions (CLAMT) [8, 14, 17, 18], the need for

friction clutches for speed synchronization in EV shift control is reducing. Whilst

these are still necessary for AT [15] and DCT [16] based platforms, CLAMTs can,

in theory, achieve functional control without the use of friction clutches [7, 9].

To minimize losses, the design of synchronization mechanisms is critical in appli-
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cations substantially affected by system efficiency, i.e. electric vehicles [19]. Energy

in an open synchroniser clutch is consumed as viscous drag. In papers such as [4, 5]

it is demonstrated to have a significant impact on powertrain operating efficiency.

This is undesirable for multi-speed electric vehicle platforms that need to minimize

any power losses [20]. The use of dog clutches alone, however, has limitations with

“clash” type failures that occur when there is a high relative speed during engage-

ment [1, 6, 21, 22].

This thesis presents the concept of a novel Harpoon-shift synchronizer mecha-

nism for EVs equipped with multi-gear CLAMT, aiming to improve shifting quality

and efficiency. Meanwhile, it overcomes some of the biggest issues of conventional

counterparts, including friction losses and wear. The knowledge contributions of the

thesis lie in the following aspects:

(1) Modeling of two types of Harpoon-shift synchronizer, i.e., unilateral and bi-

lateral Harpoon shift.

(2) Modeling and shift control of an EV powertrain system equipped with multi-

gear CLAMTs, which integrates the model of Harpoon shift.

(3) Physical testing is conducted to study the engaging transient response of the

synchronizer.

(4) Quantitative analysis of the impacts of key parameters on the engaging per-

formance of Harpoon shift.
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1.1 Project Statement

Detailed dynamic models of unilateral and bilateral Harpoon shift synchronizers

are developed and integrated into a model of an EV multi-speed CLAMT pow-

ertrain system to investigate its shifting transient characteristics. In addition, an

experiment is set up to estimate the synchronizer engaging performance.

1.2 Project Objectives

1. Dynamic modeling of two types of Harpoon-shift synchronizer, including uni-

lateral and bilateral Harpoon shift.

2. Experiment to study the shift characteristics and verify the effectiveness of

Harpoon-shift model.

3. Dynamic modeling of an EV multi-speed CLAMT powertrain system with an

integrated model of Harpoon shift.

4. Gear shift control design for EVs equipped with multi-speed CLAMTs to im-

prove the shifting quality.

5. Investigating the effects of rotating inertia and speed difference on the shifting

quality.

6. Analyzing the impacts of the chamfer angle and torque spring of Harpoon-shift

synchronizer on the shifting shocks.
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1.3 Project Scope

1. Dynamic modeling of multi-speed CLAMT equipped powertrain and Harpoon-

shift synchronizer based on multi-body dynamics.

2. Numerical simulations to investigate the shift transient characteristics of Har-

poon shift.

3. Experiment for the evaluation of Harpoon shift engaging performance.

1.4 Outline of This Thesis

This thesis is structured as follows:

Chapter 2

Background information regarding the electric vehicles as well as the subsystems

of the powertrain system, including friction clutch, transmissions, and synchronizer,

are introduced in the chapter. Then, a comprehensive literature investigation about

the dynamic modeling of the powertrain system and synchronizer mechanism, shift-

ing control strategy is conducted. Both the merits and disadvantages of the research

are discussed briefly.

Chapter 3

The shortcomings of traditional cone-clutch synchronizers are identified in this

chapter. In order to overcome the issues of the conventional synchronizer, the con-

cept of unilateral Harpoon-shift synchronizer is introduced. Then, the configuration

and working principle of the unilateral Harpoon shift are thoroughly illustrated, to
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emphasizes its advantages over the traditional counterparts.

Chapter 4

In this chapter, a detailed and original dynamic model of unilateral Harpoon-

shift synchronizer is established to study its transient behavior during the engage-

ment. Besides, a power-train model of an EV equipped with three-speed CLAMTs

is developed, which integrates the Harpoon-shift model. Through this integrated

powertrain model, the subsystem influence of the synchronizer mechanism on the

whole system transient characteristics during gear shift can be figured out.

Chapter 5

A gearshift strategy for a multi-speed CLAMT of EV is developed in this chapter.

The torque profiles for motor torque reduction and restoration phases and the speed

profile for the phase of motor active speed synchronization are designed based on a

modified step function, to guarantee a smooth gear shift.

Chapter 6

On the basis of the unilateral Harpoon-shift synchronizer model and the EV

multi-speed CLAMT equipped powertrain model developed in Chapter 4 and the

shifting control strategies proposed in Chapter 5, the simulated transient responses

of the CLAMT powertrain are presented in this chapter, which consists of four

parts. Firstly, up- and down-shift simulation results verify the effectiveness of the

powertrain model as well as control logic. Then, torque spring stiffness of each gear

is optimized via quantitative analysis. Next, a continuous gearshift simulation using

the optimized spring stiffness is performed. Finally, the impacts of rotating inertia
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and speed difference on the vehicle jerks are quantitatively investigated.

Chapter 7

This chapter presents the configuration of a testing rig developed for studying the

engaging performance of the unilateral Harpoon shift. A torque sensor is carefully

calibrated to measure the torque responses during the engaging process. The control

unit of the testing bench is based on the dSPACE’s flexible prototyping systems.

The experimental results are analyzed comprehensively to investigate the engaging

transient characteristics of the unilateral Harpoon-shift synchronizer mechanism.

Chapter 8

In this chapter, a novel concept of bilateral Harpoon shift synchronizer is pro-

posed for the EVs equipped with multi-speed CLAMTs. It avoids the shortcomings

of the unilateral Harpoon-shift synchronizer as presented at the beginning of this

chapter and overcomes the traditional synchronizers’ shortcomings. Furthermore,

the working principle and the function of each component are illustrated in detail.

Chapter 9

A detailed and original multi-body model of the bilateral Harpoon-shift syn-

chronizer is developed to capture its transient behavior during engagement. In the

model, the engaging process is defined as six stages, and it can cover the interact-

ing ways between the engaging-related parts. A speed profile is designed for motor

speed adjusting. Additionally, comparisons are performed to demonstrate the su-

periority of the proposed torque profiles over its counterpart based on a modified

bump function. Then the impacts of spring stiffness and tooth chamfer angle is



7

quantitatively analyzed and then these two important parameters are optimized to

reduce the shifting shocks.

Chapter 10

This chapter presents the conclusions of this thesis and highlights the potential

research works for further investigations.

It should be noted that a proportion of the chapter has been published as journal

papers in [1, 23].
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Chapter 2

Background and Literature Review

2.1 Introduction

Synchronizer is a significant part of multi-speed transmissions, with the func-

tion of eliminating the speed difference between the target gear and shaft within

a short time and preventing premature lock by blocking the axial movement of

sleeve [23–25]. Thus, it plays an important role in achieving a high-quality shifting

and consequently improving the vehicle riding comfort [26]. Currently, traditional

cone clutch synchronizers are widely used in electric vehicles equipped with clutch-

less automated manual transmissions (CLAMTs). Nevertheless, friction losses, heat

dissipation, and wear will be inevitable for this type of synchronizer, which has

significant influences on the gearshift quality and efficiency of transmission. The

requirements of minimizing the energy losses and improving the gear change quality

and gearbox efficiency for EVs necessitate an innovation in synchronizer.

In this chapter, background information about the subsystems of the powertrain

is introduced. Then the literature survey is performed to explore the state-of-the-art

for the design of the synchronization mechanism, the dynamic modeling of synchro-

nizer and CLAMTs, and the shifting control strategies.
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2.2 Background Information

2.2.1 Electric vehicles

An electric vehicle is propelled by one or more electric motors supplied directly

from the battery [15, 17, 27, 28]. Compared with the conventional vehicles, there are

several advantages for EVs, such as no gas required, high efficiency, zero emissions

and low noise, etc [8]. Since EVs do not run on fuels, the wide usage of EVs will

provide a solution for the scarcity of fossil-fuel resources and the environmental

issues. Nevertheless, one of the weakest points of EVs is the battery system [29].

Long distance driving is a challenge for EVs because of the limited electrical energy

in the energy-storage devices and the lack of charging infrastructure [15, 23, 30].

2.2.2 Friction clutch

In traditional vehicles, the clutches are utilized to engage the engine to the drive-

train gradually, to avoid undesired shocks and jerks [31–35]. Especially, automotive

dry-clutch system in traditional automated manual transmission (AMT) vehicles is

controlled electronically to separate and engage engine power for smooth gear shift,

due to the high inertia of internal combustion engine (ICE) [36–39].

Currently, there are two types of clutch, i.e. dry clutch and wet clutch [40–42].

For the MTs and AMTs, the launch device is generally a dry clutch, while in ATs

and CVTs, this may be a wet clutch or hydraulic torque converter [32].

Diaphragm spring (i.e. Belleville spring) [43] and cushion spring are two impor-

tant parts in the clutch system. When the cushion spring is not compressed, the
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clutch is disengaged (i.e. open). Whilst it is completely compressed, the clutch is

engaged (i.e. closed) [44], and the engine torque can be fully transmitted through

the clutch to the transmission. During dry-clutch engagement, the cushion spring

is partly compressed, dry clutch torque due to friction is generated and transmitted

to the input shaft of transmission [45]. Factors affecting the torque transmission in-

cludes contact pressure, sliding speed, temperature and wear [46–50]. Furthermore,

due to the nonlinear load–deflection characteristics of diaphragm spring and cush-

ion spring, clutch engagement control has a crucial influence on the clutch-torque

transmissibility characteristic [51–54], which significantly affects the driving comfort

[55, 56].

2.2.3 Transmissions

The function of the transmission is to transfer power from the engine to the drive

shaft and finally to the wheels [57]. In addition, it can change the speed and torque

through the gear ratio. Currently, transmissions available in commercial market can

be classified into five main types: manual transmission (MT), automatic transmis-

sion (AT), automated manual transmission (AMT), dual clutch transmission (DCT),

and continuously variable transmission (CVT) [24, 58, 59].

MT is also known as “standard” transmission, a driver has to use both a gear

selector and a clutch to change gear manually. There are several advantages for the

MT, including high efficiency, low cost, and low weight [8, 60]. Particularly, the MT

have the highest efficiency among any type of transmissions, with an overall efficiency

of 96.2% [61]. Nevertheless, the main weakness of the MT is the torque interruption
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when the transmission is between gears [62]. The engine is disconnected from the

gearbox as the clutch is disengaged during shifting, leading to the interruption of

power flow and consequently the shifting shock.

Classic AT is composed of a torque converter and planetary gears [63–65]. The

output of the torque converter is connected to the planetary gear input. The hydro-

dynamic torque converter is applied to amplify the drive torque at vehicle launch.

Furthermore, it functions as a damping element to absorb torsional oscillations [66].

It can significantly influence the vehicle transient characteristics during gear change

as well as vehicle launching [67]. The planetary gearing set is utilized to perform

gear change that is automatically controlled by an electronic control unit (ECU)

via a hydraulic system [68], which provides more convenience for driving. However,

there are still shortcomings in ATs, including the considerable power losses due to

the low efficiency of torque converter and the complex overall structure [36, 58].

AMT generally consists of a multi-gear transmission and a dry clutch, both

equipped with electromechanical or electro-hydraulic actuators [44, 57, 69]. Thus,

AMT is basically a MT and inherits the merits of MT such as high efficiency (same

as MT) and low cost, and provides operation convenience similar to conventional

AT [8, 61, 70–72]. However, AMTs also have shortcomings, such as torque inter-

ruption during gear shift process, resulting in the undesired shifting jerk [73–77],

and excessive wear of clutch friction plates [78, 79]. Therefore, the clutch control in

the AMT system plays a key role for the riding comfort during standing start and

gear change of conventional vehicles [42, 80–82]. During the gearshift in AMTs, the

actuator is driven by a transmission control unit (TCU) [58, 83, 84] to control the
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clutch engagement.

The DCT architecture is based on the AMTs’ configuration, but the former uses

dual clutches and gear shafts to transfer the engine power [85]. The two clutches

can quickly switch between gear shafts when the actual gear shift is required [86].

Generally, DCTs equipped with electrohydraulic transmission control module [87].

Through removing the inefficient torque converter, the fuel efficiency and perfor-

mance of the DCTs are dramatically improved [87, 88], when compared to CVTs

and planetary-type ATs [87]. Nevertheless, as the clutch-to-clutch gear change is

conducted too fast, it is more likely to cause substantial shifting shocks to the pow-

ertrain systems, owing to the absence of the smoothing effect of torque converter

[85]. The coordinated control of the ICE throttle and the two clutch actuators plays

a crucial role in achieving a smooth and fast gear shifting for DCTs [85, 89–91].

A CVT, also known as a shiftless transmission, is an automatic transmission that

allows seamless gear change with numerous range of ratios [92, 93]. CVTs usually

utilize belt and pulleys, instead of steel gears used in conventional transmission, as

ratio change mechanism [94]. The primary advantage of CVTs is that it allows the

engine to rotate in the most fuel-efficient way [61, 95]. However, conventional CVTs

have several disadvantages, such as limited torque capacity, low transmission effi-

ciency and complex mechanical systems. The CVTs have yet to replace conventional

transmissions because of their larger size, higher cost, and/or lack of durability [96].
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2.2.4 Synchronizer

Synchronizer is an important component in multi-speed transmissions. It is used

to connect two separate rotating parts with positive interlocking through the spline

meshing of engaging-related components [97].

Transmissions with multiple ratios, such as MTs, DCTs and AMTs, utilize the

synchronizer mechanism to achieve a smooth gear shift [98, 99]. Conventional syn-

chronizers use cone torque, generated by the friction under the action of axial shift-

ing force, to eliminate the speed difference between the rotating parts to be engaged

[100–103]. Furthermore, synchronizer mechanism should be carefully designed to

block the sleeve axial movement during speed synchronization, which helps to re-

duce the shifting effort and prevent premature lock [104–107]. Unreasonably design

parameters may lead to the failure of blocking the sleeve before the speed synchro-

nization completes [108]. In this case, tooth crash will be inevitable when the sleeve

engages the clutch gear directly, resulting in a greater jerk or even damage of the

tooth splines [109]. Therefore, synchronizers play a crucial role in improving the

shifting quality, riding comfort and driving safety and extending the service life of

transmissions [110–113].

However, there are still shortcomings for the traditional cone-clutch synchroniz-

ers, including friction losses, heat dissipation and wear, which significantly affect the

synchronizer performance and efficiency [114–117].
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2.2.5 Synchronizing process of cone-clutch synchronizers

The synchronizing process of conventional synchronizer mechanism can be di-

vided into eight phases [22, 118–120], as follows:

1. First free fly.

The shift sleeve move axially towards the clutch gear under the axial shifting

force [98]. During this phase, the required actuating force is low since there is

almost no significant mechanical resistance [22, 119].

2. Start of speed synchronization.

The axial force increase and the blocking ring approaches the gear cone. The

oil between the cone surfaces of the gear cone and blocking ring is compressed

and the oil film pressure begins to increase [98]. Frictional torque also increases

and then rotate the ring within available clearance. In this phase, there is a

spline contact between the blocking ring and sleeve [22].

3. Speed synchronization.

The sleeve stops axial movement in this phase. The speed discrepancy between

the target gear and sleeve reduces gradually to zero due to the cone friction

[23, 119].

4. Turning the blocking ring.

When the speed discrepancy is eliminated, the blocking ring is stuck on the

cone. And the sleeve rotates these two parts when the spline chamfers of the

ring and the sleeve are in contact [119, 121].
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5. Second free fly.

The sleeve slides axially until its teeth contact with the target gear tooth

chamfer. In this stage, the rotating speed the sleeve and the gear are almost

identical [22].

6. Start of the second bump.

The axial force increases significantly to separate the blocking ring stuck on

the gear cone. The second bump phenomenon happens during this phase [22].

7. Turning the target gear.

When the blocking ring is separated from the gear, the sleeve rotates the target

gear and move forwards [121, 122]. It should be noted that the double bump

also exists in this phase.

8. Final free fly.

When the target gear is rotated, the sleeve moves forwards. Finally it reaches

the fully engaged position and the engagement is complete [122].

2.3 Literature Review

In order to solve the issues of nonrenewable fuel shortage and environmental

degradation [23, 123], electric vehicles have attracted worldwide attention due to

their unique advantages, such as high efficiency, energy saving, low or zero emission

and low noise [8, 23], when compared to conventional cars with an internal combus-

tion engine (ICE) as the main power source. However, one of the challenges for EVs

is that the energy density of electric batteries is much less than that of fossil fuels,
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which dramatically limits the drive range of EVs [15, 23]. Therefore, energy saving

and fuel efficiency improvement have been the research focuses for EVs.

However, since the electric motor (EM) of EVs has extraordinary low-speed

control characteristics as well as different work modes, including free mode, torque

mode, and speed mode [124], the clutch equipped in AMT vehicles can be removed

[125, 126]. These merits of EM greatly benefit gear shifting control. As a result,

the clutchless automated manual transmissions (CLAMTs) are increasingly used in

EVs [74].

Currently, most commercial EVs are equipped with single-ratio transmissions

due to their low manufacturing cost, compact volume and simple configuration [17,

23, 28, 127, 128]. However, an obvious drawback of this kind of transmission lies

in the compromise between dynamic performance (i.e. grade climbing, maximum

speed, and acceleration) and efficiency (drive range) [15, 17, 19, 20, 23]. Since single-

speed transmission cannot ensure the motor works in high efficiency range for most

driving conditions [11, 23, 129], application of multiple speed transmissions in EVs

has received increasing attentions [2, 11, 16, 130, 131].

In particular, research in [12, 17, 123, 132, 133] have proved that multi-speed

CLAMT has the potential to improve the overall efficiency and drivability of EVs.

Nevertheless, one of the challenges of multi-gear CLAMTs is the poor gear-shift

quality as a result of torque interruption [8, 12]. In order to reduce the torque hole

and consequently improve shifting quality, research attentions mainly focus on the

following aspects:
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2.3.1 Advanced gear shift control strategies

A robust optimal speed synchronization control logic was proposed in [125, 134],

aiming to satisfy the requirement of high-precision speed synchronization for the

CLAMTs to achieve high quality shifting. Yu et al. [36] put forward gear shift

control strategy for CLAMT, which includes model parameters identification, speed

synchronization control and motion control of actuator. Wang et al. [75] proposed

a position and force switching control scheme for AMT gear engagement to reduce

the shifting shocks which has significant influence on the synchronizer lifetime.

In addition, a seamless gear-shift strategy for 3-speed CLAMT is designed in [9],

which controls the gearshift actuators independently and simultaneously. As the

outgoing gear starts to disengage the current gear, the oncoming gear begins the

speed synchronization. As a result, the cone frictional torque of oncoming gear can

supply a few driving torque to the output shaft during shifting, which can reduce

both torque interruption and shift time.

Walker et al. [16] replaced the internal combustion engine (ICE) with a motor

for a two-speed dual clutch transmission (DCT) of electric vehicles. They also

put forward a series of power-on and power-off shift control strategies and verified

the effectiveness of the proposed strategies for gearshift control in EVs through

simulation and experiment.

2.3.2 Innovative transmission configurations

Liang et al. [18] put forward a novel dual input clutchless AMT system equipped

with two motors for EVs, in order to develop a transmission capable of maximizing
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energy efficiency, reducing emissions, and achieving acceptable drivability. They es-

tablished a mathematical model of the proposed system to investigate its transient

dynamics during shifting. Simulation results validated the effectiveness of the pro-

posed powertrain. Furthermore, based on the established model presented above,

they proposed a real-time power sharing control (PSC) strategy to address the issue

regarding power distribution between the two motors [17], to achieve high overall

efficiency and maintain adequate drivability. Also, in order to eliminate the torque

hole during gear change process, they developed a shift control strategy based on a

modified bump function to coordinate the speed and torque change of the motors.

A novel transmission concept is proposed by Zhao et al. [13], named the unin-

terrupted shift transmission (UST) which can offer an uninterrupted torque during

shifting. The key characteristics of UST is based on a multi-mode controllable shifter

(MCS) which is actually a special type of bidirectionally controllable one-way clutch

(COWC). In addition, they developed an UST mathematical model and synergetic

control logic. Results from simulation and tests demonstrate that the control strat-

egy of motor torque and clutch torque intervention during shift process can greatly

reduce the jerk. However, the proposed UST cannot completely eliminate the need

for friction clutch to accomplish speed matching between the motor and the clutch

driven plate, which will inevitably cause energy loss due to frictional work.

Kuroiwa et al. [135] presented an original torque-assist automated manual trans-

mission (AMT), with an assist clutch (ACL) replacing the fifth gear synchronizer in

conventional AMTs. Comparison of up-shift performance between the ACL-AMT

and conventional AMT as well as automatic transmission (AT) demonstrates that
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the proposed ACL-AMT is capable of achieving the seamless shifting of an AT and

the fuel economy of a manual transmission (MT). Then Galvagno et al. [57] built

a detailed dynamic model of the ACL-AMT to study and quantify the power con-

tributions for different engine and ACL interventions. Simulations showed that the

torque gap is considerably alleviated during shifting phase.

Mousavi et al. [15] developed a compact two-speed clutchless seamless dual

brake transmission for electric vehicles. It is composed of a double-stage planetary

gear set with common sun gear and ring gear. It can achieve a fast and smooth

gearshift by controlling the speed of the ring gear and sun gear using two friction

braking mechanisms. They also proposed a shifting control strategy on the basis of

the Pontryagin’s Minimum Principle (PMP) to eliminate torque hole. Nevertheless,

the brakes applied in the system also involve friction work and energy dissipation.

2.3.3 Improvement of synchronizer performance

Synchronizer is an important component of transmission and plays a significant

role in engaging performance [21, 27, 122, 136, 137]. Extensive studies have been

performed on improving the engaging performance of the traditional synchronizer

with cone clutch.

Lovas et al. [22] defined eight main phases to describe the traditional synchro-

nizer behavior during gear change process. Then, they built a numerical model to

study the synchronizer performance.

A thermal-structural coupling model was developed in [138] to study the influence

of friction coefficient and friction heat on the shifting control accuracy and shift
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quality. Furthermore, experiment was also established to verify the model.

Chen et al. [109] applied hybrid system modeling techniques and multi-body

dynamics to analyze the engaging process of conventional synchronizer equipped in

AMTs. The model helps to figure out the effects of the shift force and the relative

position between sleeve and clutch gear on the engaging performance.

Li et al. [122] established a detailed parameterized dynamic model of adouble-

cone synchronizer. Based on the model, four parameters are chosen to investigate

the sensitivity. Simulation results show that the friction coefficient of cone clutch can

greatly influence the shifting force and synchronization duration, and the blocker

angle (i.e., chamfer angle) has a significant impact on the gearshift performance.

While the cone angle and the stiffness of the pressure springs have a little influence

on the smoothness of gear change.

A concept of double indexing was put forward in [98]. Rather than through

increasing the gear shift lever ratio or using a multi-cone synchronizer, the double

indexing synchronizer is capable of increasing the conventional synchronizer capacity

by 30%, with only a small modification to the traditional single-cone counterparts.

Fang et al. [139–142] proposed a novel concept of synchronizer mechanism for

EVs, named ‘Harpoon-shift’ consisting of a dog clutch and a torsional shock ab-

sorber. Different from the conventional synchronizers which rely on the friction

torque of cone clutch to finish speed synchronization [21, 22, 109, 143], the Harpoon-

shift applies flexible components, i.e. torque springs, to eliminate the residual speed

difference between the target gear and shaft. This thus overcomes the shortcomings
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of traditional synchronizers, such as energy loss due to friction work and excessive

wear of the friction components [122, 136]. Based on the concept of Harpoon-shift

aforementioned, a detailed mathematical model of the Harpoon-shift is developed

in [1] to investigate its transient characteristics. Additionally, an experiment based

on a full-scale prototype of Harpoon-shift was developed to verify the effectiveness

of the model.

Nevertheless, there are still some limitations in these studies associated with

the conventional synchronization mechanisms, although a great number of related

literature can be found.

1. Most studies mainly concentrate on the conventional synchronizer with cone

clutch. And the gear shift mainly relies on the friction elements. Therefore,

friction losses, wear as well as heat dissipation are inevitable, leading to the

substantial energy losses and transmission performance declination for multi-

speed EVs.

2. The powertrain model does not integrate a detailed model of synchronizer.

It is necessary to include the influences of the subsystems involving the gear

shifting, since they can significantly affect the system transient characteristics.

3. Some hypotheses applied in these studies lack the experiment validation. Thus,

it is hard to evaluate their actual effects.

2.4 Assumptions of Current Research

The assumptions used in this study are the followings:
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1. The two branches of driveline system, i,e., the right and left driveshafts and

wheels, are collapsed in one branch to reduce the overall degrees of free-

dom (DOFs) of the powertrain model, based on the assumption that the two

branches are perfectly symmetric.

2. The backlash and nonlinear mesh in gear sets are ignored in the powertrain

model.

3. The tire model is simplified based on the assumption that the tire belt is in

perfect contact with road and no slip happens. This model only considers the

rotation motion.

4. A detailed motor model is not developed in the study, and the mean torque

model is used instead.

5. The actuator model is not built in the study. Instead, an axial force is utilized

to represent the force supplied by the actuator mechanism.

6. The influences of temperature and efficiency loss in the powertrain system are

not taken into consideration in the study.

2.5 Summary

Synchronizer mechanism plays an important role in improving transmission per-

formance and gear shift quality. The objectives of this project focus on improving

the synchronizer engaging performance and investigating its influences on the pow-

ertrain system during shifting for multi-speed EVs. Furthermore, a literature survey

is performed in this chapter to present the current technologies and methodologies
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applied in the design, dynamic modeling and control of the powertrain system and

synchronizer EVs. In addition, the issues and limitations existing in the techniques

are identified. It is worth pointing out that a proportion of the chapter has been

published in [23].
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Chapter 3

Concept of Unilateral Harpoon Shift

3.1 Introduction

In order to overcome the drawbacks of traditional synchronizer with cone clutch,

such as friction losses and wear [23], the concept of unilateral harpoon shift is pre-

sented in this chapter. It is designed to eliminate any speed difference within the

engaging gear set and to minimize transients during the gear shift process [1]. Ul-

timately, it provides a means to select and engage gears without the use of friction

clutches. This mechanism relies on the relative speed difference between the sleeve

hub and target gear and must ensure the hub is faster than the target gear to

achieve engagement. The main components for the Harpoon Shift mechanism and

their functions are introduced in the chapter.

3.2 Concept of Unilateral Harpoon Shift

A conventional synchronizer mechanism requires (i) matching speed between a

freewheeling gear and shaft by using a cone clutch [144, 145], (ii) physically inter-

locking the gear to the shaft by using a dog clutch, and (iii) seeking no premature

engagement leading to the damage of mechanical parts via the design of dog and

cone clutches [6, 21].

Most conventional synchronizers apply frictional cone clutch to realize the speed
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alignment [146–148]. Generally, the synchronizing process of this kind of synchro-

nizer is complicated due to a large number of subsystems involved during actuation

as well as the control of axial actuating force in each phase of engagement.

However, for electric vehicles, the electric motor can eliminate most of the speed

difference due to the more controllable characteristics of the motor, thanks to its

much smaller rotating inertia compared to the internal combustion engines (ICE)

and distinguished low-speed control capability [23]. This significantly reduces the

need for friction clutches. Nevertheless, the removal of synchronizers in a multi-

speed transmission, i.e. accomplishing the speed alignment by the motor only and

engaging two rotating parts by the dog clutch alone, would expose the risk of ‘clash’

(also called ‘kick tooth’ ) type failures if there is a high relative speed between

the engaging-related components. Typically this is caused by the sensor fault or

precision as it has a significant influence on the performance of the traction motor

speed control as well as the actuator axial displacement control during the gearshift

process [70].

Based on the considerations presented above, the synchronizer mechanism is

still retained in this study and our research focuses on the transients of the CLAMT

equipped electric vehicles during gear shifting. The synchronizing process consists of

two phases: active speed synchronization by adjusting the motor speed and mechan-

ical speed synchronization by the synchronizer [8]. The driving motor synchronizes

the dog gear speed toward the threshold in the first phase and the synchronizer

mechanically eliminates the residual speed difference in the second phase.

In order to overcome the issues of conventional synchronizers with cone clutch,
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including the energy dissipation due to friction and abrasion of the friction compo-

nents, a new synchronizer is presented in this research, namely unilateral Harpoon

shift which is initially developed in [1, 139, 142] and designed as an alternative to

the traditional synchronizers. Unlike its traditional counterparts, Harpoon shift de-

pends on the speed discrepancy between the sleeve hub and the gear to be engaged

to finish engagement.

The Harpoon-shift mechanism consists of a dog gear connected with constant

mesh gear (i.e., target gear), sleeve, hub, guide ring, torque springs, and shaft, as

shown in Fig. 3.1 [1, 142]. The constant mesh gear is rigidly fixed on the dog gear

and thus they have the same angular speed. In addition, they are supported by

a needle bearing, allowing them to freewheel with respective to the output shaft.

The Harpoon-shift interlocking can be realized through the angled chamfers on the

external groove of dog gear and the sleeve prongs, or by the locking of the shifting

actuator, to match the speed of hub and output shaft [1].

The guide ring is installed between the sleeve and dog gear, and the torque

springs elastically connect the guide ring and dog gear. When the guide ring is in

the initial position, it blocks the dog gear external grooves to prevent premature

locking. As the torque springs are compressed due to the speed difference, torque

will be transmitted through the springs to accelerate the dog gear rapidly. In this

way, the speed difference between the target gear and shaft can be eliminated before

the locked-up phase starts. This will greatly reduce the shifting jerk.

The schematic diagram of the unilateral Harpoon shift is similar to that of the

bilateral version (proposed in Chapter 8) to a certain degree, since both of the
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two novel synchronizers apply the torque spring to absorb shifting shock (see Fig.

8.2(b)).

Figure 3.1 : Exploded view of Harpoon-shift

The sleeve has internal splines and it mechanically connects the output shaft

in the rotational direction via the hub with external splines. Thus the sleeve can

only slide axially between the engaged position and the neutral position under the

actuating force provided by the shift mechanism [1].

The functions of the main components for the unilateral Harpoon shift mecha-

nism are as follows [1]:

� Constant mesh gear: these are common gears in lay-shaft type transmissions.

Typically, the gears are supported on the primary shaft with a needle bearing

to allow relative rotation when freewheeling and secured against the axial

movement to the shaft.
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� Dog gear: matches the speed of the gear with the speed of the Harpoon-shift

hub and output shaft. The external groove interlocks with the internal prong

of the Harpoon-shift sleeve. Internal circular grooves retain the torque springs.

� Torque spring: one end contacting the step of the dog gear and the other side

remains in contact with the guide ring. Typically, the guide ring compresses

the spring, providing a torque to counteract residual relative speed between

the hub and constant mesh gear before the sleeve completes engagement.

� Guide ring: this ring has chamfers on one side to guide the sleeve to insert the

synchronizer groove smoothly. Once the sleeve has mated with the guide ring,

relative motion between sleeve and dog gear will compress the spring. To do

so, tabs on the other side for ring engage the torque spring.

� Harpoon-shift sleeve: this could be engaged by using an actuator via the

gearshift fork. It has internal splines that are in constant mesh with the

Harpoon-shift hub external splines, so it can only move axially from the neutral

position to an engaged position. The main function of the prongs is to engage

with the guide ring during speed matching and interlock with the dog gear

when engaged.

� Harpoon-shift hub: is mounted on the rotating shaft via a spline. Shaft: it

has an external spline that constantly meshes with the internal splines of the

Harpoon-shift hub and supports the idle constant mesh gears through bearings.

In comparison with the traditional synchronizers, the key characteristics of Har-

poon shift are shown as follows [23]:
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� Unlike conventional synchronizers, Harpoon shift utilizes the flexible compo-

nents (torque springs) to eliminate speed difference. This solves the issues of

energy loss and wear due to friction.

� Harpoon-shift significantly simplifies the actuating complexity during the en-

gagement as it uses a mechanical limiting mechanism to control the sleeve

axial movement throughout the engaging phase, including the frontal faces of

guide ring and dog gear as well as the external groove bottom [1]. Therefore

it can apply open-loop control rather than the closed-loop control to realize

the engagement.

� Harpoon-shift needs only a low actuation force to finish engagement. In this

study, the shifting force is only 38 N, in comparison to the traditional syn-

chronizers which use 500 N to 1000 N.

Besides the advantages mentioned above, the manufacturing cost of the proposed

Harpoon shift would be less than that of traditional synchronizers since the frictional

cones are removed in the Harpoon-shift synchronizer. Generally, the frictional cones

require closer manufacturing tolerances and hence entail higher manufacturing costs

[149]. While the reliability of the proposed synchronizer is not considered in the

research.

It should be noted that in order to achieve a successful engagement, the hub of

Harpoon shift must be faster than the target gear, thus this kind of synchronizer

is called unilateral Harpoon shift [23]. The working principle of Harpoon shift is

to apply the kinetic energy stored in the inertia to compress the torque spring and
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turn the guide ring into an open position where the sleeve can engage the dog gear.

Therefore, the torque spring stiffness has a significant influence on the engagement

performance of Harpoon-shift, and this will be investigated in Chapter 6.

As shown in Fig. 3.2 [1, 23], the Harpoon shift is simplified to four main working

parts to clearly show the operating process, including the dog gear, guide ring,

sleeve, and torque springs which are not displayed as they are installed in the inner

groove of dog gear. It is worth noting that the sleeve prong has a round corner, and

there is line contact between the sleeve prong and the guide ring or dog gear, which

can overcome the issue of excessive wear.
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Figure 3.2 : Angular parameters and working components of Harpoon shift

3.3 Summary

The concept of unilateral Harpoon-shift synchronizer is introduced in this chap-

ter. Different from the conventional synchronizers which utilize friction elements

to eliminate the speed difference between the sleeve and target gear, the Harpoon
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shift relies upon the speed difference to rotate the guide ring into an open position

and complete the engagement. It can overcome one of the biggest issues of the

traditional synchronizer, i.e., friction losses. It should be noted that a substantial

proportion of the chapter has been published in [1, 23].
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Chapter 4

Dynamic Modeling of Unilateral Harpoon Shift

and Powertrain System with CLAMT

4.1 Introduction

In this chapter, in order to investigate the dynamic behavior of an EV powertrain

system equipped with multi-ratio CLAMT during gear shifting, an original multi-

body model of the powertrain system is developed. In addition, to take the influences

of the synchronizer subsystem on the powertrain transient characteristics, a detailed

dynamic model of unilateral Harpoon-shift synchronizer is developed to figure out

its transient characteristics.

4.2 Dynamic Modeling of an EV Powertrain with a Multi-

Speed CLAMT

In this section, a multi-speed EV CLAMT powertrain system equipped with

Harpoon shift is modeled as a multi-body model as shown in Fig. 4.1 [23]. The motor

directly connects the input shaft of a multi-speed transmission. The output side of

transmission components includes final drive gear and differential, half shafts, wheel

hubs, and vehicle equivalent inertia [18, 150]. In this study, four spring-dampers are

used in the model to represent the flexibilities of the input shaft and output shaft

of the transmission, half shafts, and tires [23]. Tm denotes the motor output torque,
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while Tgin, Tslout, Tdout represent the torques transferred by the transmission input

shaft, output shaft and drive shaft. Thv is the torque transmitted by the tire to the

vehicle.

Motor

Harpoon Shift

Gear Box

Figure 4.1 : Model of an EV powertrain system with multi-speed CLAMT

Particularly, based on the assumption that the tire belt is regarded as a gear in

perfect coupling with the road and thus there is no slip between the belt and road

surface [23, 151], the tire sidewall, which flexibly connects the wheel rim and belt,

is represented by a linear torsional spring-damper with fixed stiffness and damping

(i.e., k4 and c4) rather than a complex non-linear model. This simplified model only

considers the rotation motion, while the longitudinal and vertical motions of the tire

are not taken into account in this study. More details about the tire model can be

found in [151].

To reduce the computing cost, the two branches (the right and left half shafts

and the wheels) are collapsed in one based on an assumption that they are symmet-

ric [23]. The differential equations describing the rotating motion of the DOFs of

transmission input and output sides are shown below, while the dynamics model of

Harpoon shift is presented in the following section.
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Jmθ̈m = Tm − k1(θm − θgin)− c1(θ̇m − θ̇gin)− cmθ̇m (4.1)

Jdoutθ̈dout = γd[k2(θs − θdoutγd) + c2(θ̇s − θ̇doutγd)]− k3(θdout − θh)

− c3(θ̇dout − θ̇h)− ctθ̇dout

(4.2)

Jhθ̈h = k3(θdout − θh) + c3(θ̇dout − θ̇h)− k4(θh − θv)− c4(θ̇h − θ̇v) (4.3)

Jvθ̈v = k4(θh − θv) + c4(θ̇h − θ̇v)− Tload (4.4)

where Jm is the motor inertia, Jdout is the equivalent inertia associated with the

fixed final drive ratio, Jh is the equivalent inertia of wheel hubs, Jv is the vehicle

equivalent inertia, which includes the tire inertia. cn and kn (n = 1, 2, 3) represent

the damping and stiffness coefficients of each shaft, c4 and k4 are the tire damping

and stiffness, cm and ct denote the viscous damping coefficients. θ represents angular

displacement, and its two time derivatives denote rotating velocity and acceleration.

γd represents the final ratio. Tload denotes the load torque including the climbing

resistance, rolling resistance and aerodynamic drag, which can be calculated by

Tload =

[
mvg sin(φ) + frmvg +

1

2
CdAFρair(rwθ̇v)

2

]
rw (4.5)

in the above equation, φ, fr,mv, g, ρair, Cd, AF and rw are incline angle of road,

rolling resistant coefficient, vehicle mass, gravitational acceleration, air density, drag

coefficient, vehicle front area and effective wheel radius [152], respectively. In this

study, φ = 0°.

In the model, the shaft damping coefficients are constant. The value of each

damping coefficient can be estimated since it has a relationship with the damping

ratio and shaft stiffness coefficient as presented in [153]. These damping coefficients
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could also affect the torsional vibration of the drive train system, which has an

impact on the gearshift control effect. Therefore, the values of these coefficients

should be reasonable.

In addition, the shifting force Fa is constant during the engagement, and it can

be estimated through an experiment using a pneumatic cylinder as the actuator,

and the required actuation force is supplied by the compressed air with nominal

pressure.

4.3 Modeling of Unilateral Harpoon Shift

The engaging process of unilateral Harpoon shift can be outlined in seven phases

according to the axial displacement of the sleeve and the relative position between

sleeve prongs and guide ring as well as dog gear [23]:

Phase 1 (0 6 θs < θ′): Fig. 4.2 [1] displays the first phase of engagements. The

sleeve moves axially toward the dog gear under the axial shifting force Fa. In this

study, the shifting force is constant throughout the entire engaging phase and its

value is 38 N. The axial movement of the sleeve is blocked when its prongs contact

the guide ring front face, indicating that the engagement enters the next phase. It

should be noted that under certain conditions, the prongs can directly touch the

chamfer surface of guide ring or the dog gear flat head face instead of the guide

ring front face, which means the actuation enters phase 2 or 3. The motions can be

described by the following formula:
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Dog gear

Sleeve Prong

Guide ring

Figure 4.2 : Engaging process of unilateral Harpoon shift: phase 1

J ′sθ̈s = −k2(θs − θdoutγd)− c2(θ̇s − θ̇doutγd) (4.6)

J ′ginθ̈gin = k1(θm − θgin) + c1(θ̇m − θ̇gin) + Tspring (4.7)

Jri θ̈ri = −krgi(θri − θgi)− crgi(θ̇ri − θ̇gi)− Tpi0 (4.8)

msẍs = Fa − cx1ẋs (4.9)

where

Tspring =
3∑

k=1

1

γk
[krgk(θrk − θgk) + crgk(θ̇rk − θ̇gk) + Tpk0

] (4.10)

θgi = θgin/γi, θ̇gi = θ̇gin/γi (4.11)

in the above equations, J ′s is an equivalent inertia including the sleeve and hub

inertia. J ′gin is the equivalent inertia on the input shaft, including the inertia of

input shaft and all gear pairs of the transmission. Jri is the guide ring inertia. ms

is the sleeve mass. θs, θgin, and θri represent the angular displacements of sleeve,

input shaft and guide ring of i-th gear to be engaged, respectively, and their two

time derivatives denote rotating velocities and accelerations. xs and ẋs are the axial
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displacement and speed of the sleeve. cx1 is the viscous damping when sleeve moves

in the axial direction. θgi and θ̇gi(i = 1, 2 or 3)are the angular displacement and

speed of the target gear, respectively. γi represents the i-th gear ratio. Tpi0 is the

torque generated by the pre-compression of the torque springs of i-th gear, here

Tpi0 = krgiθrg0 , where θrg0 is the pre-compression radian of the torque springs.

Phase 2 (θ′ 6 θs < θ1 + θ′): During this phase, the sleeve prong slides along the

chamfer of guide ring which still blocks the external groove of dog gear to prevent

premature locking, as shown in Fig. 4.3 [1]. There is friction on the contact surface

between the prong and guide ring. This phase ends when the prong touches the dog

gear flat head face. The dynamic equations are shown as follows:

J ′sθ̈s = −k2(θs − θdoutγd)− c2(θ̇s − θ̇doutγd) + (Fa − cx1ẋs)Rm
1− µs tan β1

tan β1 + µs

(4.12)

J ′ginθ̈gin = k1(θm − θgin) + c1(θ̇m − θ̇gin) + Tspring (4.13)

Jri θ̈ri = −krgi(θri − θgi)− crgi(θ̇ri − θ̇gi)− (Fa − cx1ẋs)Rm
1− µs tan β1

tan β1 + µs

− Tpi0

(4.14)

where Rm is the mean contact radius between the sleeve prongs and guide ring

blocks. Since axial and tangential velocities are connected on the chamfers of guide

ring [22], the DOF describing sleeve axial motion is constrained (i.e. not indepen-

dent) during this phase. Hence, its axial acceleration can be obtained from the

tangential acceleration:

ẍs = (θ̈s − θ̈ri)Rout cot β1 (4.15)

where Rout is the outside radius of the guide ring and dog gear.
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Figure 4.3 : Engaging process of unilateral Harpoon shift: phase 2

Phase 3 (θ1 + θ′ 6 θs < θ2): Fig. 4.4 [1] displays the third phase. During this

phase, the prongs slide on the dog gear flat head face, thus its axial movement is

blocked, i.e. ẋs = 0 and ẍs = 0. This special structural design is deliberately used to

prevent the prong engaging the dog gear before the speed discrepancy is eliminated.

This phase ends when the sleeve prong flank contacts the next prong flat flank of

the guide ring. There is friction on the contact surface between the prongs and dog

gear. The motion equations regarding this phase are expressed as

Figure 4.4 : Engaging process of unilateral Harpoon shift: phase 3
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J ′sθ̈s = −k2(θs − θdoutγd)− c2(θ̇s − θ̇doutγd)− µsg(Fa − cx1 ẋs)Rm (4.16)

J ′ginθ̈gin = k1(θm − θgin) + c1(θ̇m − θ̇gin) + Tspring +
1

γi
µsg(Fa − cx1ẋs)Rm (4.17)

Jri θ̈ri = −krgi(θri − θgi)− crgi(θ̇ri − θ̇gi)− Tpi0 (4.18)

Phase 4 (θ2 6 θs < θ3 + θ′): As shown in Fig. 4.5 [1], there is a collision between

the sleeve prong and guide ring. As illustrated in Section 3.1, the precondition

for Harpoon shift to successfully accomplish engagement is that the sleeve rotating

speed must be faster than that of the dog gear, thus the prong starts to open the

guide ring and compress the torque springs due to the relative rotation of the two

rotating parts. Therefore, the driven parts, including the dog gear and constant

mesh gear, are accelerated rapidly by the torque transmitted via the springs, which

helps to eliminate the speed difference and consequently reduces the shifting jerk of

the vehicle. displays the third phase. During this phase, the prongs still slide on

the dog gear flat head face, thus ẋs = 0 and ẍs = 0.

Figure 4.5 : Engaging process of unilateral Harpoon shift: phase 4

In this study, the impact function [122, 154, 155] is employed to calculate the
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contact force due to the collision. Detailed introduction of the function can be found

in Appendix A. The equations of motion regarding this phase are the follows:

J ′sθ̈s = −k2(θs − θdoutγd)− c2(θ̇s − θ̇doutγd)− µsg(Fa − cx1ẋs)Rm − Tsri (4.19)

J ′ginθ̈gin = k1(θm − θgin) + c1(θ̇m − θ̇gin) + Tspring +
1

γi
µsg(Fa − cx1ẋs)Rm (4.20)

Jri θ̈ri = −krgi(θri − θgi)− crgi(θ̇ri − θ̇gi)− Tpi0 + Tsri (4.21)

where Tsri is the torque due to the collision between the guide ring and sleeve, and

computed by the impact function [1, 23, 155]:

Tsri = ksr(θs − θri − nsi

2π

N
− θ2)n + csr(θ̇s − θ̇ri) (4.22)

where ksr and csr are the equivalent stiffness and damping coefficient of collision.

N is the number of sleeve prongs. nsi is a coefficient related to the relative angular

displacement between the sleeve and guide ring as well as dog gear, and determines

which flat flank of guide ring block or external groove of dog gear will collide with

the sleeve prong. n(= 1.5) is nonlinear exponent factor.

Phase 5 (θ3 + θ′ 6 θs < θ4 + θ′): As shown in Fig. 4.6 [1], the prong slides on the

chamfer surface of dog gear, and simultaneously rotates the guide ring. It should

be noted that the collision between the sleeve prong and guide ring, which starts in

the previous phase, will last throughout this and next phase. The motion equations

for the DoFs of Harpoon shift can be written as follows:

J ′sθ̈s = −k2(θs − θdoutγd)− c2(θ̇s − θ̇doutγd)− Tsri

+ [Fa − (cx1 + cx2)ẋs]Rm
1− µ′s tan β2

tan β2 + µ′s

(4.23)
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J ′ginθ̈gin = k1(θm − θgin) + c1(θ̇m − θ̇gin) + Tspring

− 1

γi
[Fa − (cx1 + cx2)ẋs]Rm

1− µ′s tan β2

tan β2 + µ′s

(4.24)

Jri θ̈ri = −krgi(θri − θgi)− crgi(θ̇ri − θ̇gi)− Tpi0 + Tsri (4.25)

where cx2 is the viscous damping.

Similar to the second phase, the sleeve tangential and axial speed are connected

on the dog gear chamfer surface, thus its axial acceleration can be calculated by

ẍs = (θ̈s − θ̈gi)Rout cot β2 (4.26)

Figure 4.6 : Engaging process of unilateral Harpoon shift: phase 5

Phase 6 (θ4 + θ′ 6 θs & θ̇gi < θ̇s): Fig. 4.7 [1] demonstrates the sixth phase.

Under the shifting force Fa, the sleeve prong continues its axial movement until it

contacts the external groove bottom. Simultaneously, the flat flank of prong collide

with that of the dog gear external groove. Thus, two collisions occur during this

phase: 1) between the prong and guide ring, which started in Phase 4; 2) between
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the prong and dog gear, and the impact function [1, 23, 155] is used to calculate the

collision torques. The dynamics equations are as follows:

J ′sθ̈s = −k2(θs − θdoutγd)− c2(θ̇s − θ̇doutγd)− Tsri − Tsgi (4.27)

J ′ginθ̈gin = k1(θm − θgin) + c1(θ̇m − θ̇gin) + Tspring +
1

γi
Tsgi (4.28)

Jri θ̈ri = −krgi(θri − θgi)− crgi(θ̇ri − θ̇gi)− Tpi0 + Tsri (4.29)

msẍs = Fa − (cx1 + cx2 + cx3)ẋs (4.30)

where cx3 is the viscous damping. Tsgi is the collision torque between the sleeve and

dog gear and can be computed by the impact function [1, 23, 155]:

Tsgi = ksg(θs − θgi − nsi

2π

N
− θ5)n + csg(θ̇s − θ̇gi) (4.31)

Figure 4.7 : Engaging process of unilateral Harpoon shift: phase 6

Phase 7 (θ5 < θs(θ5 ≈ θs) & θ̇s = θ̇ri = θ̇gi): Fig. 4.8 [1] displays the final phase

(i.e. locked up phase). The prong touches the external groove bottom, indicating

that the sleeve is in the engaged position and physically interlocks with the dog gear,

thus ẋs = 0 and ẍs = 0. During this phase, the dog gear, guide ring, and sleeve

rotate at the same speed (θ̇s = θ̇ri = θ̇gi). The dynamic equations are expressed as:
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(J ′s + Jri + J ′gini
2
gi

)θ̈s = [k1(θm − θgin) + c1(θ̇m − θ̇gin)]γi − k2(θs − θdoutγd)

− c2(θ̇s − θ̇doutγd)
(4.32)

For the remaining guide rings, which does not belong to the target gear selected,

their motions can be obtained by

Jrj θ̈rj = −krgj(θrj − θgj)− crgj(θ̇rj − θ̇gj)− Tpj0 , (j 6= i) (4.33)

Figure 4.8 : Engaging process of unilateral Harpoon shift: phase 7

4.4 Shifting Quality

In order to quantitatively evaluate the gear shifting quality, jerk is defined as the

change rate of vehicle longitudinal acceleration as follows:

j =
d2ν

dt2
= rw

d2θ̇v
dt2

(4.34)

where ν is vehicle longitudinal speed, and t is time. As the jerk increases, the vehicle

ride comfort becomes worse for passengers [119]. Hence, the recommended value of

Germany is |j| 6 10 m/s3 [119].
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4.5 Summary

In this chapter, an original dynamic model of an electric vehicle’s powertrain sys-

tem equipped with multi-gear CLAMT is developed to investigate the system’s tran-

sient characteristics. In this model, the flexibilities of the input and output shafts

of the transmission, half shafts and tires are represented by linear spring-dampers.

Additionally, a detailed and original dynamic model of unilateral Harpoon-shift syn-

chronizer is established. Harpoon-shift model is then integrated into the powertrain

model to study the engaging performance of the synchronizer in terms of shifting

jerks of vehicle. It should be pointed out that a substantial proportion of the chapter

has been published in [1, 23].
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Chapter 5

Gearshift Control of CLAMT

5.1 Introduction

To reduce the shifting shocks and improve driving comfort, a control algorithm

is developed in this chapter. Particularly, both the torque and speed profiles are

designed based on the modified step function due to its smooth characteristics, for

the electric motor to track during shifting.

5.2 Gearshift Control Strategy

The gear shifting strategy for the clutchless AMT mainly includes five steps as

follows [23]:

� Motor torque reduction. The motor torque reduces to zero during this stage

as shown in Fig. 5.1 [23].

� Synchronizer disengagement. When the motor torque is set to zero, the sleeve

of Harpoon shift moves axially from the engaged position to the neutral posi-

tion under the actuation force Fa.

� Motor speed control. During this stage, the motor actively adjusts the dog gear

speed until the speed difference between the shaft and target gear speed reaches

the threshold for the Harpoon shift to accomplish engagement successfully. A
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speed profile utilizing the step function is designed for the motor to track

through a closed-loop control.

� Synchronizer engagement. When the speed difference reaches the threshold,

the motor torque is set to zero and then the actuator pushes the sleeve towards

the target gear. During the engaging phase of Harpoon shift, the torque

springs, which connecting the dog gear and guide ring flexibly, are compressed

to transfer the torque through the springs. Thus the dog gear is accelerated

quickly and the speed difference reduces dramatically, which helps to decline

the shifting shock when sleeve engages the sleeve hub and the dog gear. This

process is different from the conventional cone-clutch synchronizer which relies

on the friction force to finish the speed alignment.

� Motor torque restoration. After the engagement of Harpoon shift, the drive

motor increases its torque to the demand level (see Fig. 5.1.).
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Figure 5.1 : Shifting control of motor torque

From Fig. 5.1, it can be found that the whole shifting duration mainly consists of

five parts as mentioned above and the duration is longer than 1 second. However, in
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the simulation model, the control parameters of the motor torque (or speed) control

duration can be modified. Reducing the motor control duration can shorten the

overall shifting time. However, if the duration of the torque control phase is too

short, the jerk during the phase would increase. Therefore, it is important to find

the right compromise between the duration and shifting shock [1].

5.3 Motor Torque Control

The step function (see Appendix A) applied in the impact function presented in

the Phase 4 of Section 4.3, is a cubic function and has smooth characteristics [23]

. Therefore, in order to achieve a smooth gear changing, specific torque profiles for

the torque reduction and reinstatement are proposed based on the step function, as

follows

Tmref =


T · (1− Step(t, tq0 , tq1 , h0, h1)), Torque reduction

T · Step(t, tq0 , tq1 , h0, h1), Torque re-instatement

(5.1)

where T (= 100 Nm) is the desired torque, t is the time, tq0 is the time at initiation

of the motor torque control, tq1 is the desired duration of torque reduction or re-

instatement phase. Here, tq1 is set at 0.3 s.

5.4 Motor Speed Control

This phase is also called active speed synchronization/adjusting. In order to

achieve the target speed smoothly, a speed profile (θ̇giref ) based on the step function
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aforesaid is defined for the motor to track [23], as follows:

θ̇giref =


θ̇gi0 + (θ̇s −∆θ̇ − θ̇gi0) · Step(t, t′q0

, t′q1
, h0, h1), Downshift

θ̇gi0 + (θ̇s −∆θ̇ − θ̇gi0) · (1− Step(t, t′q0
, t′q1

, h0, h1)), Upshift

(5.2)

where ∆θ̇ is the speed threshold for the Harpoon shift to start the engagement

process. t′q0
is the time at initiation of the motor speed control, and t′q1

is the

desired duration, within which the dog gear speed should be adjusted to the target

speed, i.e. θ̇s −∆θ̇. In this research, t′q1
is set at 0.15 s. θ̇gi0 is the dog gear speed

of the i-th gear when the motor starts to actively adjust the target gear speed, here

θ̇gi0 = θ̇gin(t = t′q0
)/γi.

A control algorithm based on PI control is proposed as shown schematically in

Fig. 5.2 [23]. The motor adjusts the dog gear speed smoothly according to the

speed profile defined by Eq. 5.2 until the speed difference between the target gear

and sleeve arrives at the speed threshold ∆θ̇.
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Figure 5.2 : PI control algorithm for adjusting dog gear speed

5.5 Summary

A control strategy for the EV multi-speed CLAMT equipped with unilateral

Harpoon-shift synchronizer is proposed in this chapter. In order to achieve a smooth

gear change, both the torque and speed trajectories are designed based on a mod-
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ified step function for the motor torque reduction and recovery control and active

speed adjustment during gear shifting. It is worth pointing out that a substantial

proportion of this chapter has been published in [1, 23].
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Chapter 6

Transient Simulations of an EV Powertrain with

Unilateral Harpoon Shift

6.1 Introduction

In this chapter, a simulation model is established using Simulink and Matlab,

according to the proposed control strategy and the dynamic models developed in the

previous chapters, including the unilateral Harpoon-shift synchronizer mechanism

and the powertrain system with a multi-speed CLAMT. Gearshift simulations are

performed under different working conditions. The numerical simulation model is

used to investigate the powertrain system torsional vibrations during gear change

and analyze the impacts of design parameters on the system transients.

6.2 Gearshift Simulation

The simulation model is established in Simulink environment to investigate the

powertrain system transient dynamics during gear shifting, and the key parameters

of the powertrain model are shown in Table 10.1 [23] (see Appendix C). The numer-

ical solver of ODE45 is applied in the simulation, and the maximum time step is

2 × 10−5 [23]. The solver uses a variable step Runge-Kutta method to numerically

solve ordinary differential equations (ODEs) starting from an initial state. During

the simulation, the angular speeds and displacements of these DoFs can be obtained
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at each time step by solving the equations. And these values at the end of each phase

can be transmitted to the next phase as its initial state.

Fig. 6.1 [23] displays the speed responses of the upshift and downshift of

Harpoon-shift components. As mentioned previously, the precondition for Harpoon

shift to engage successfully is that the sleeve speed must be faster than the dog gear

speed. Thus, for the case of upshift from the 1st to 2nd gear shown in Fig. 6.1(a),

the motor must reduce the target gear (i.e. dog gear 2) speed until it is less than

the sleeve speed and the speed difference between the target gear and sleeve satisfies

the threshold condition. Then Harpoon shift starts the engagement process. As

illustrated in Section 4.3, the torque is transferred to the dog gear when the torque

springs are compressed during engaging phases 4 and 5. Therefore, the dog gear 2 is

accelerated and its angular speed increases quickly. In this way, the speed difference

reduces significantly [23].

It should be noted that if the speed difference cannot be eliminated completely

during phases 4 and 5, there will be a collision between the dog gear 2 and sleeve

prongs during phase 6 due to the remaining speed discrepancy. When the dog

gear 2 speed matches the sleeve speed, the engaging process enters phase 7 (locked-

up stage). the speeds of sleeve, guide ring and dog gear 2 are identical in this

phase. After the engagement, torsional vibrations may occur due to the acceleration

discrepancy between the dog gear 2 and sleeve when Harpoon shift is locked-up [23].
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Figure 6.1 : Angular speeds of Harpoon-shift rotational DOFs during shifting

As marked in both Fig. 6.1(a) and Fig. 6.1(b), it is interesting to find that the

guide ring speed decreases suddenly and then increases quickly before the motor

speed control phase starts [23]. This is because when the engaging process finishes,
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the elastic energy stored in the compressed torque spring will be kept until the next

gearshift happens. If next gear shifting starts, the sleeve will move axially from the

engaged position to the neutral position, and meanwhile, the guide ring will rotate

back to its initial position under the restoring force of the compressed torque spring

[1], as shown in Fig. 6.2 [23]. When the guide ring touches the limiting mechanism,

i.e. the dog gear inner groove, these two parts will rotate at the same speed as they

are fixed together under the spring force due to the pre-compression of the torque

springs. In this case, the guide ring covers the dog gear external grooves to prevent

premature locking if this gear is chosen again.

Sleeve Prong

Guide ringDog gear

springT
aFaF

Figure 6.2 : Position of guide ring during disengagement

6.3 Impact of Torque Spring Stiffness

In this section, the study concentrates on investigating the effects of the torque

spring stiffness on the torque peak during the engagement. Based on the dynamic

model verified by the experiment developed in the next chapter, a range of values

of the torque stiffness is chosen to investigate their impacts on the shifting shocks.

Finally, the optimized stiffness is obtained according to the torque peak via quanti-
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tative analysis based on simulations.

To reduce the jerk during gear shifting, the torque spring stiffness needs to be

optimized [23]. In particular, each gear ratio is different for the multi-speed electric

vehicles, thus the spring stiffness for each gear should be optimized respectively as

the equivalent inertia of the powertrain upstream of the target gear is different [1].
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Figure 6.3 : Torque responses of gear shifting from the 2nd to 1st gear under

various spring stiffnesses

Fig. 6.3 [23] displays the torque responses of half shaft during gear change

from the 2nd to 1st gear under various spring stiffness which has different capacity

in transferring the speed difference between the target gear and sleeve into elastic

energy used for accelerating the dog gear. If the spring stiffness is too low, the dog

gear is accelerated too slowly during the phase 4 and 5 of engagement, leading to

large collision torque and shifting shock [23]. For example, in the case of ks = 1000

N/m, the absolute value of torque peak at the engagement point (point A in Fig.
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6.3) is 105.5 Nm since the spring stiffness is too low. On the other hand, if the spring

stiffness is too high, the dog gear will be accelerated too fast, which may result in

the failure of engagement. For instance, the maximum spring stiffness of the 1st

gear for Harpoon shift to successfully finish engagement in the simulation is 13000

N/m. Considering that there is no significant difference in terms of torque peak at

the engagement point when ks are 10000 N/m and 13000 N/m, and the absolute

value of torque peak is approximately 40 Nm (point B in Fig. 6.3), ks = 10000 N/m

is chosen as the optimized spring stiffness for the 1st gear because the spring with

lower stiffness can guarantee successful engagement whilst ks = 13000 N/m is the

critical value (i.e. the maximum value). From Fig. 6.3, it can also be found that as

the spring stiffness increases, the position of point A moves to point B, indicating

that engaging duration increases.

Table 6.1 [23] shows that the optimized spring stiffness can greatly reduce the jerk

during Harpoon-shift engagement of each gear. This helps to improve the shifting

quality but compromises on the engagement duration. For example, the absolute

value of jerk at the engagement point during the downshift from the 2nd to 1st

gear greatly reduces (from 13.09 m/s3 to 1.86 m/s3), while the engaging duration

increases from 366.02 s to 408.60 s. In addition, it can be found that the value

of optimized spring stiffness increases as the equivalent rotating inertia (related to

gear ratio) of the powertrain upstream of target gear increases, and the two have a

nonlinear relationship.
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Table 6.1 : Comparison of jerk and engaging duration in each gear with optimized

and non-optimized spring stiffness
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6.4 Transient Simulations of Multiple Gearshifts

As presented in the previous section, the value of the optimized stiffness for each

gear has been obtained through quantitative analysis (see Table 6.1). Then, based

on the optimized torque springs, upshift and downshift operations are performed

in this section, aiming to investigate the torque response and vehicle jerk during

gearshift.
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Figure 6.4 : Speeds of Harpoon-shift components with optimized torque spring for

the gearshift operation

Fig. 6.4 [23] displays the angular speeds of Harpoon-shift components with

the optimized torque spring stiffness. It should be noted that there is a sudden

decrement in the guide ring speed during all gear shifting, marked by the arrows

in Fig. 6.4. As demonstrated in Fig. 6.2, the torque generated by the restoring

force from the torque spring compressed in the current gear rotates the guide ring
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backward during the sleeve disengagement. Fig. 6.5 [23] shows the gear shifting

control signal.
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Figure 6.5 : Gear shifting control signal

The comparison of torque responses of Harpoon shift with the non-optimized

and optimized spring stiffness is shown in Fig. 6.6 [23]. The non-optimized spring

stiffness for each gear is set at 1000 Nm/rad, while the value of the optimized spring

stiffness of each gear is different. As shown in Fig. 6.6 and Table 6.2 [23], the torque

peaks and the jerks of Harpoon shift with optimized spring stiffness at the engaging

point in all gear shifting obviously decrease. This indicates that the stiffness of

torque spring plays a significant role in gearshift performance.
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Figure 6.6 : Torque responses of half shaft under different torque spring stiffness

for gearshift operations
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Table 6.2 : Jerks and torque peaks at the engaging point of each gear shift

Gear shifting

Absolute value of the maximum jerk

(m/s3)

Absolute value of Torque peak

(Nm)

Non-optimized Optimized Non-optimized Optimized

1st → 2nd 9.66 1.39 69.77 14.92

2nd → 3rd 6.71 1.29 40.05 10.36

3rd → 2nd 10.47 1.80 74.01 26.85

2nd → 1st 12.76 1.44 103.3 28.26

Fig. 6.7 [23] depicts the change of motor torque during gearshift. The maximum

output torque of the motor is set at 100 Nm. Fig. 6.8 [23] shows the sleeve axial

displacement of each gear during shifting. It is worth pointing out that sometimes

the axial movement of sleeve is blocked by the axial limiting mechanism, i.e. the

front faces of guide ring and dog gear, which correspond to the position of 5 and

10 mm respectively and that sometimes the prong directly touches the guide ring

chamfer surface or the dog gear flat head face. This is determined by the relative

position between the guide ring and sleeve. For instance, in all the cases of the

upshift and downshift shown in Fig. 6.8, the sleeve does not stop at the position

of 5 mm but only stops at 10 mm, indicating that the sleeve prong slips on the

chamfer surface. When the sleeve prong touches the external groove bottom of dog

gear, it reaches the maximum displacement (18 mm), indicating that Harpoon shift

is locked up.
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6.5 Influences of Rotating Inertia and Speed Difference on

Gear Shifting Performance

On the basis of the integrated powertrain model built in Chapter 4, research in

this section focuses on the influence of rotating inertia and speed difference on the

shifting jerk. In order to quantify the impact of these factors on the jerk, the torque

restoration is abandoned in the simulation, i.e., the motor torque remains zero after
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the engagement, because torque restoration also generates jerk [23].

6.5.1 Impact of inertia

This study focuses on the influence of rotating inertia on the jerk during gear

shift. The rotating inertia of the drive motor increases from 0.04 to 0.25 kg m2. The

rotating speed of the sleeve is 1550 rpm (i.e. θ̇s=1550 rpm) and the speed difference

between the target gear and sleeve is 30 rpm. The torque transient responses of half

shaft during gear shifting from the 2nd to 1st gear are shown in Fig. 6.9(a) [23]. As the

motor inertia increases, the torque vibration after engagement increases significantly,

and the shifting jerk increases as well (see Fig. 6.9(b)) [23]. Table 6.3 [23] displays

the engaging duration, maximum jerk, and torque peak after engagement under

different motor inertia.

Table 6.3 : Engagement duration, Maximum jerk and torque peak under different

motor inertia

Inertia Jm

(kg m2)

Duration of engagement

(ms)

Maximum jerk

(m/s3)

Torque peak

(Nm)

0.04 404.16 5.17 41.27

0.10 474.40 5.94 72.50

0.15 505.94 6.29 91.40

0.20 524.76 6.69 106.59

0.25 543.52 6.90 118.56
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Figure 6.9 : Torques and jerks during downshift from the 2nd to 1st gear under

various motor inertia

Based on the simulation results, a conclusion can be summarized that the equiv-

alent inertia of the powertrain upstream (i.e., from the motor to the target gear)
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has a significant influence on the shifting shock. To improve the shifting quality,

this equivalent inertia should be reduced. Especially, the driving motor should be

compact and simultaneously meet the power or torque requirements for the EVs.

6.5.2 Impact of speed difference

The impact of speed difference on the shifting jerk is investigated in this section.

The rotating speed of sleeve is 1550 rpm (i.e. θ̇s=1550 rpm) and the speed differences

between the target gear and sleeve are 30, 40, 50 and 60 rpm. The half shaft torque

response and shifting jerk under various speed differences are presented in Fig. 6.10

[23]. When the speed difference increases, both the torque vibrational amplitude and

the jerk greatly increase; however, the duration of engagement reduces dramatically.

This indicates that the speed difference also plays an important role in the gear

shifting jerk [23]. Table 6.4 [23] displays the engagement duration, jerk, and torque

peak after engagement under various speed differences.

Table 6.4 : Engagement duration, Maximum jerk and torque peak under different

speed differences

Speed difference

∆θ̇ (rpm)

Duration of engagement

(ms)

Maximum jerk

(m/s3)

Torque peak (Nm)

30 404.16 5.17 41.27

40 308.64 8.94 75.04

50 243.28 12.44 105.59

60 197.88 15.54 134.35
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various speed differences
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6.6 Summary

Gear shifting simulations are conducted to study the transient dynamics during

Harpoon-shift engagement. Simulation results demonstrate the effectiveness of the

integrated model and the control method. Then, based on the proposed model, the

torque spring stiffness is optimized to reduce shifting jerk. In addition, the model

is adopted to quantitatively study the influence of inertia and speed difference on

the torsional vibration of EV driveline systems during the gear shift. Simulation

results indicate that in order to improve shifting quality, the torque spring stiff-

ness of Harpoon shift should be respectively optimized according to the powertrain

upstream equivalent inertia of the target gear. Additionally, the speed threshold

for Harpoon-shift synchronizer to successfully accomplish engagement should be se-

lected carefully. Furthermore, the simulation results demonstrate one of the merits

of the proposed Harpoon shift: the shift force during actuation is very small and does

not vary with target gear speed, which is desirable for electric vehicles. It should be

pointed out that a substantial proportion of the chapter has been published in [23].
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Chapter 7

Experiment Development and Results Analysis of

Unilateral Harpoon Shift

7.1 Introduction

In this chapter, a testing bench is set up based on a full-scale Harpoon-shift

synchronizer. It is used to investigate the transient characteristics of the unilat-

eral Harpoon shift synchronizer and verify the effectiveness of the dynamic model

established previously.

7.2 Experiment Development

As shown in Fig. 7.1, the mechanical system of the testing bench is mainly

composed of motor, unilateral Harpoon-shift prototype, brake system, and actuator.

Considering the Harpoon-shift synchronizer only requires a small shifting force for

engagement, a pneumatic cylinder is used as the actuator mechanism in the test, to

provide the axial force on the sleeve. Furthermore, a pneumatic valve is employed to

control the engaging or disengaging action of Harpoon-shift synchronizer mechanism.

The motor output torque is transmitted to the input shaft of the prototype via

a flexible coupling. A torque sensor is utilized to measure the torque response of the

Harpoon-shift output shaft, with one side connected with the Harpoon-shift output

shaft through a rigid coupling and the other side connected with the input shaft of
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Figure 7.1 : Testing bench and schematic
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the brake system (Eaton Dynamatic) through a flexible coupling (see, Fig. 7.1(a)

). In addition, a speed sensor (Kübler encoder: 05.2400.1122.1024), installed on the

output shaft of the brake system, is applied to record the speed response during the

engagement.

As shown in Fig. 7.1(b), A motor controller is used to regulate the motor ro-

tating speed, which is managed by the MicroAutoBox through a digital to analog

converter (DAC). Simultaneously, the MicroAutoBox also electronically manages

the switch through digital output (DO) and records the signals from the torque and

speed sensor through the analog to digital converter (ADC) and digital input (DI).

Then the testing data can be transmitted to the software ControlDesk installed on

a personal computer (PC). In addition, the switch controls the pneumatic valve

operating mode for the engagement or disengagement of the pneumatic cylinder.

The motor controller can adjust the motor rotating speed dynamically according

to the error between the target speed and the actual speed measured by the speed

sensor, to guarantee that the engagement is conducted under the desired rotating

speed.

It is worth pointing out that a large shifting force is required for the conventional

synchronizer to open the guide ring stuck on the gear cone. The force is generally

provided by the complicated hydraulic subsystem. Therefore, there may be oscilla-

tion for the force due to the complicated control of the subsystem. However, for the

proposed Harpoon shift, the shift force will be more stable owing to its simplified

control. Furthermore, the torque spring in the proposed synchronizer can absorb

the shifting shock to a certain extent. Hence, the torque on the shaft would not be
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significantly affected even if there is an oscillation on the shifting force. This is one

of the advantages of the Harpoon shift over the traditional synchronizer.

7.2.1 Torque sensors calibration

In the experiment, a wireless torque sensor is installed between the output shaft

of Harpoon-shift synchronizer and the input shaft of the brake system, to investigate

the engaging performance of the synchronizer.

The testing data is transmitted from the signal sender fixed on the rotating shaft

to a stationary receiver, as shown in Fig. 7.2(a), while the ATi 2000 series is used to

transmit and display the testing data [156]. In addition, energy is provided to the

rotating sensor through induction power [156, 157]. The configuration of ATi 2000

series radio telemetry system is shown in Fig. 7.3.

A strain gage in the torque sensor is adhered to the shaft surface to measure the

torque, which is not visible in Fig. 7.2. Calibration of the torque sensor should be

performed carefully before implementation [157].

As shown in Fig. 7.4, the length of the bar is 0.79 m. A weight is hung on the end

of the bar while the other end is rigidly connected with one side of the shaft. Then

the torque generated by the weight can be calculated, i.e. Ts = G · Lbar · cos θbar,

where G is the weight, Lbar is the length of the bar, θbar is the turning angular

displacement of the bar due to the weight [157]. Fig. 7.5 displays the schematic of

torque sensor calibration.
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(a) Wireless torque sensor

Power Supply Voltage Display

(b) ATi 2025iR digital receiver with backlit LCD

Figure 7.2 : ATi’s wireless torque sensing system
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Figure 7.3 : Configuration of ATi 2000 series radio telemetry system

Figure 7.4 : The calibration of torque sensor
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Center

Figure 7.5 : The schematic of torque sensor calibration

The relationship between the voltage and actual torque is displayed in Fig. 7.6,

and the raw calibration data is shown in Table 7.1.
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Figure 7.6 : Torque-voltage characteristic of torque sensor

7.2.2 dSPACE control system

The control system of the testing bench for the unilateral Harpoon shift syn-

chronizer is developed through the dSPACE, which includes ControlDesk and Mi-

croAutoBox.
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Table 7.1 : Calibration data of torque sensor

Mass (kg) Torque (Nm) Voltage (V)

0 0 2.005

1 7.7420 2.304

2 15.4840 2.601

3 23.2260 2.905

4 30.9680 3.204

5 38.7100 3.529

6.1 47.2262 3.879

Figure 7.7 : MicroAutoBox and electric control panel

ControlDesk is the dSPACE’s experimental software, suitable for seamless elec-

tronic control unit (ECU) development, while MicroAutoBox (see Fig. 7.7) is a

real-time platform for the applications of rapid control prototyping (RCP), and it
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can be used for dynamics, motion, and position control, etc [158–160].

The control model is designed using Simulink and the dSPACE Real-Time In-

terface (RTI), as shown in Fig. 7.8. Then this Simulink model is compiled into code

that can run on the dSPACE MicroAutoBox for real-time implementation [158, 159].

For the convenience of acquiring and displaying testing data and modifying con-

trol parameters, an interface is designed in ControlDesk, as shown in Fig. 7.9.

Figure 7.8 : Control model of Harpoon shift

Figure 7.9 : Interface of Harpoon-shift engagement control in ControlDesk
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7.3 Experimental Results and Analysis of Unilateral Har-

poon Shift Synchronizer

The torque responses of Harpoon shift under the same speed discrepancy (∆θ̇=35

rpm) but different rotating speeds (i.e., 200 and 300 rpm) are displayed in Fig. 7.10.

It can be found that there is no significant difference in the torque peaks of the two

cases. Thus, a conclusion can be drawn that the rotating speed has no significant

effect on the engaging performance of unilateral Harpoon shift.
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Figure 7.10 : Torque responses under different rotating speeds

Fig. 7.11 presents the torque responses of Harpoon-shift output shaft during

engagement under various speed differences (∆θ̇) from 10 rpm to 55 rpm. The

motor speed is 500 rpm. It can be found that as the speed difference increases, the

torque peak during engagement increase from 16.5 (∆θ̇=10 rpm) Nm to 33.8 Nm

(∆θ̇=55 rpm) . This indicates that the speed difference has a significant influence

on the engaging performance of the unilateral Harpoon-shift synchronizer. This

conclusion is consistent with that based on the numerical simulation results in the
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previous chapter.
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Figure 7.11 : Torque responses under various speed differences

7.4 Summary

In this chapter, a testing bench is set up to study the engaging performance of the

unilateral Harpoon shift synchronizer. The experiment includes the establishment

of the mechanical system, torque sensor calibration, control system, and interface

design. The tests under various engaging conditions validate the effectiveness of the

established dynamic model of the unilateral Harpoon shift.
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Chapter 8

Concept of Bilateral Harpoon-Shift Synchronizer

8.1 Introduction

Traditional synchronizers utilize the friction elements to eliminate speed differ-

ence. Consequently, energy losses and frictional wears are inevitable. For these

reasons, Zhang and Fang et al. [139] firstly proposed the concept of unilateral

Harpoon-shift synchronizer which applies the speed difference to complete engage-

ment rather than the friction torque. However, there are still two drawbacks in

this type of synchronizing mechanism. Firstly, it cannot accomplish engagement

successfully when the speed difference is small. Secondly, the sleeve rotating speed

must be faster than the dog gear, otherwise, the engagement will be failed [23].

This chapter presents a concept of bilateral Harpoon-shift synchronizer for EVs

equipped with multi-speed CLAMT, with the purpose of reducing the shifting

shocks, simplifying the gearshift control strategy and overcoming one of the biggest

shortcomings of the conventional synchronizer, friction losses. Moreover, it avoids

the drawbacks of the unilateral Harpoon shift.

8.2 Concept of Bilateral Harpoon-Shift Synchronizer

A new bilateral Harpoon-shift synchronizer (see Fig. 8.1) is proposed in this

study as an alternative to traditional synchronizer equipped in the multi-gear trans-
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mission of EVs, since there are several serious issues in conventional synchronizer,

listed as follows:

� Friction losses and heat dissipation of traditional synchronizers can influence

the efficient performance of transmission [4, 144].

� Frictional wear significantly affects the service life and shifting performance of

conventional synchronizers [138].

� Under certain circumstances, the guide ring fails to lock out the sleeve and

serious tooth hitting will happen if the sleeve collide with the clutch gear before

the speed synchronization completes [109, 161].

� In order to separate the guide ring from clutch gear when they are coupled

together due to the static frictional torque acting on the cone surfaces, the

axial shifting force needs to dramatically increase during engagement, leading

to the second bump [22, 119], which has a significant impact on the shifting

quality. Thus, the shifting force control during engagement is complicated.

However, for the EVs, the driving motor is able to eliminate most of speed differ-

ence through active speed control during gear shift process, due to its high dynamic

response characteristics compared to internal combustion engine (ICE), which sig-

nificantly reduces the need for the friction clutch. Taking into account the issues

of the traditional synchronizer mentioned above, a new bilateral Harpoon-shift syn-

chronizer is put forward for the EVs to shorten the torque gap, simplify the control

and improve the shift quality and efficiency in this study. The configuration of the
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bilateral Harpoon-shift synchronizer is simple, consisting of dog gear, guide ring,

torque springs, sleeve and hub as shown in Fig. 8.1 and Fig. 8.2(a). The springs are

installed in internal grooves on the dog gear, with two sides connecting the guide

ring and dog gear respectively, as shown schematically in Fig 8.2(b). The sleeve

connects with the output shaft via a splined hub (see Fig. 8.1), and it can only slide

axially from the neutral position to the engaged position [1, 109].

Fork

Constant mesh gear

Output Shaft

Hub

Sleeve

Guide ring

Fork shaft

Dog gear

Internal 

groove

External

groove

Guide ring

Figure 8.1 : Concept of bilateral Harpoon-shift synchronizer

It should be noted that the sleeve prong, guide ring, and dog gear has a round

corner. During the engagement, there is face contact between these components, to
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Dog gear

Guide Ring

Sleeve

Initial Position

(a)

Dog gear

Guide Ring

Sleeve

Dog gear Guide Ring

Sleeve

(b)

Figure 8.2 : Configuration and parameters of bilateral Harpoon-shift synchronizer



81

avoids excessive wear. Some special characteristics of the proposed bilateral Harpoon

shift are listed as follows:

� There are no friction losses during shifting since no frictional elements are used

in the new synchronizer. Instead, the dog gear is flexibly connected with the

guide ring by springs as shown in Fig 8.2(b). When the sleeve rotates guide

ring, the springs are compressed, which helps to absorb the shifting shock and

eliminate the speed difference. Therefore, it avoids the influence of the second

bump of the traditional synchronizer, because the dog gear and guide ring

are not coupled together and not a large shifting force is required to separate

the guide ring. Additionally, the bilateral Harpoon shift avoids the failure of

locking the sleeve due to the existence of the springs.

� There is a limiting mechanism which allows guide ring rotating certain angular

displacement relative to the dog gear, which is slightly more than half of θ1, i.e.

|∆θrg|max = θ1/2 + θgap, where θgap is a constant coefficient with a small value,

to guarantee that the sleeve and dog gear are into contact after engagement

and the driving torque can be transmitted from the sleeve to the dog gear.

� Compared to the traditional synchronizers, the axial shifting force Fa for the

bilateral Harpoon shift is constant and very small, which is only 38 N. Thus

this will significantly simplify the control logic and remove the needs for the

inefficient and complicated subsystems involved in the shifting process.

� The proposed synchronizer can complete engagement smoothly regardless of

whether the sleeve speed is greater or less than the dog gear during upshift or
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downshift. Thus, it is named bilateral Harpoon shift.

� It has fewer components than the conventional synchronizers. As the friction

cone is removed from the Harpoon shift, the manufacturing cost of the pro-

posed synchronizer would be less than that of the conventional counterparts.

� There is a small angular difference between the tooth tips of the sleeve and

dog gear when there is flank surface contact between sleeve and guide ring,

i.e., θc displayed in Fig 8.2(b). This design helps the sleeve teeth to smoothly

engage in the external groove of dog gear.

8.3 Summary

In this chapter, a new concept of bilateral Harpoon-shift synchronizer is pro-

posed for the EVs equipped with multi-speed CLAMTs, as an alternative to the

conventional cone-clutch synchronizer. At the same time, it overcomes the two

weak points of unilateral Harpoon-shift synchronizer as mentioned earlier in this

chapter. The bilateral Harpoon shift can complete engagement, whether the sleeve

is faster or slower than the dog gear or not, which can further simplify the shift

control strategy and shorten the shifting duration as well.
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Chapter 9

Dynamic Modeling and Analysis of Bilateral

Harpoon Shift

9.1 Introduction

To investigate the engaging performance of the bilateral Harpoon-shift synchro-

nizer mechanism proposed in the previous chapter, a detailed and original dynamic

model of the synchronizer is developed in this chapter. Then the bilateral Harpoon-

shift model is integrated in the powertrain model established in Chapter 4, to figure

out its influence on the transient characteristics of the powertrain system.

Besides, to achieve a smooth gear change, both torque and speed profiles are

designed based on a modified step function [23] for the motor to track in the shifting

process. Furthermore, the influences of the torque springs and the tooth chamfer

angle on the vehicle jerks are quantitatively analyzed and then optimized to improve

gearshift quality.

The remainder of the chapter is organized as follows. Section 9.2 is concerned

with the modeling of the proposed synchronizer. Section 9.3 the interaction ways

of sleeve, guide ring and dog gear during the engagement. Section 9.4 describes the

shifting control strategies. Then, simulation results are shown in Section 9.5. At

last, Section 9.6 presents the summary of the chapter.
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9.2 Modeling of Bilateral Harpoon-Shift Synchronizer

The engagement process can be mainly divided into 6 stages (i.e. Stage 1 - 6),

according to the axial position of the sleeve and the rotating speeds of the engaging

parts, while Stage 0 represents that the synchronizer stays at the neutral gear.

Detailed descriptions of each stage are introduced as follows.

Stage 0 (xs = 0):

The synchronizer is disengaged and the sleeve is in the neutral position. The

shifting force Fa is 0 in this phase. Thus the sleeve axial velocity is zero, i.e. ẋs = 0.

The dynamic equations of the rotating degrees of freedom (DOFs, as shown in Fig

8.2(a)) of this stage are the same as Stage 1.

Stage 1 (0 < xs 6 x1):

During this stage, the sleeve slides axially toward the dog gear under the axial

shift force Fa (=38 N). When the sleeve tooth arrives at the guide ring flat head

face (i.e. x1 in Fig 8.2(a)), the engaging process enters the next stage. The motions

can be described by the following formulas:

J ′sθ̈s = −Tslout (9.1)

Jrθ̈r = −Trg −D · Tpre (9.2)

J ′ginθ̈gin = Tgin +
1

γi
(Trg +D · Tpre) (9.3)

msẍs = Fa − caẋs (9.4)
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where

Tslout = k2(θs − idθdout) + c2(θ̇s − γdθ̇dout) (9.5)

Trg = krg(θr − θg) + crg(θ̇r − θ̇g) (9.6)

Tgin = k1(θm − θgin) + c1(θ̇m − θ̇gin) (9.7)

θg = θgin/γi, θ̇g = θ̇gin/γi (9.8)

in the equations, θg and θr represent the angular displacement of current gear and

guide ring, while θ̇g and θ̇r are their angular speed, respectively. Tpre stands for

the torque generated by the pre-compression of torque springs. D is a variable

representing the status of compressed torque springs. Here, D is based on a modified

step function [23] to add the spring torque Tpre on the guide ring and dog gear

smoothly, as follows:

D =


Step(|∆θgr|, 0, θq1 , h0, h1) θr > θg

0 θr = θg

−Step(|∆θgr|, 0, θq1 , h0, h1) θr < θg

(9.9)

where |∆θgr| is the absolute value of the difference in angular displacement between

the dog gear and guide ring (see Fig. 8.2(a)). θq1 is a constant corresponding to the

maximum value of step function, i.e., h1.

Stage 2 (x1 < xs 6 x1 + 2∆L):

In this phase, the sleeve tooth contacts with upper or lower teeth chamfer of

guide ring or directly pass through the guide ring teeth without chamfer contact. If

the chamfer contacts happen, the sleeve starts to rotate the guide ring and compress

the torque spring. To model these discrete state transitions, a variable S1 (S1 =
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−1, 1 or 0, see Eq. 9.24) is used in the dynamic equations, and its value depends on

the interaction ways between the sleeve and guide ring. The dynamic equations are

shown as follows:

J ′sθ̈s = −Tslout − S1 · FtRm (9.10)

Jrθ̈r = −Trg + S1 · FtRm −D · Tpre (9.11)

J ′ginθ̈gin = Tgin +
1

γi
(Trg +D · Tpre) (9.12)

where Ft is the tangential force (see Appendix B) acting on the chamfer surface.

If tooth chamfer contact happens, there is a speed constraint relationship between

the sleeve axial movement and relative rotation, i.e. ẋs = (θ̇s − θ̇r)Rout cot β, where

Rout is the outside radius of the guide ring and dog gear [23], β is the tooth chamfer

angle (see Appendix B).

Stage 3 (x1 + 2∆L < xs 6 x2):

In this phase, the sleeve collides with the upper or lower flank surface of the

guide ring or directly passes through it. If the collision occurs, the sleeve turns the

guide ring and compress the torque spring. Similar to Stage 1, in order to represent

these discrete state transitions, a variable S2 (S2 = −1, 1 or 0, see Eq. 9.24) is used

in the dynamic equations. Besides, in order to model the collision dynamics, the

impact function [1, 23, 155] is employed to calculate the contact force. The motion

equations regarding this phase are expressed as
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J ′sθ̈s = −Tslout − S2 · Tsr (9.13)

Jrθ̈r = −Trg + S2 · Tsr −D · Tpre (9.14)

J ′ginθ̈gin = Tgin +
1

γi
(Trg +D · Tpre) (9.15)

msẍs = Fa − caẋs (9.16)

where Tsr is the collision torque, here Tsr = ksrq
n
sr+csrq̇sr, where qsr and q̇sr represent

the relative penetration depth and the relative normal contact speed between the

sleeve and guide ring, respectively. n is the nonlinear exponent factor. ksr and csr

are the equivalent stiffness and damping coefficients, respectively [23].

Stage 4 (x2 < xs 6 x2 + 2∆L) :

Sleeve tooth chamfer contacts with the dog gear chamfer, and simultaneously

its tooth flank contacts the guide ring tooth flank. When the sleeve rotates the

guide ring gradually, the compressed spring, as well as damping, can absorb the

torsional shock and slow the sleeve axial motion, which helps to prevent premature

engagement. Similarly, a variable S3 (defined in Eq. 9.24) is used in equations to

represent the discrete states of the tooth chamfer contacts, as follows:

J ′sθ̈s = −Tslout − S2 · Tsr − S3 · FtRm (9.17)

Jrθ̈r = −Trg + S2 · Tsr −D · Tpre (9.18)

J ′ginθ̈gin = Tgin +
1

γi
(Trg +D · Tpre) + S3 · FtRm (9.19)

Similar to Stage 2, there is also a constraint relationship between the sleeve axial

motion and relative rotation if tooth chamfer contact happens, i.e., ẋs = (θ̇s −
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θ̇g)Rout cot β.

Stage 5 ( x2 + 2∆L < xs 6 xmax) :

When the sleeve overcomes the spring force and opens the guide ring, it moves

through the dog gear. During this phase, the sleeve contacts the upper or lower

flank of dog gear or directly engages the gear without contact. A variable S4 (Eq.

9.24) is applied to represent the state of the flank contacts. The motion equations

are the followings:

J ′sθ̈s = −Tslout − S2 · Tsr − S4Tsg (9.20)

Jrθ̈r = −Trg + S2 · Tsr −D · Tpre (9.21)

J ′ginθ̈gin = Tgin +
1

γi
(Trg +D · Tpre) + S4 · Tsg (9.22)

msẋs = Fa − caẋs − F ′ (9.23)

where F ′ is the reaction force when the sleeve teeth contact with the groove bottom

of dog gear, namely, sleeve arrives to the maximum position xmax. Tsg is the torque

due to the collision between the sleeve and dog gear, here Tsg = ksgq
n
sg + csg q̇sg, ksg

and csg are the equivalent stiffness and damping coefficients, respectively. qsg and

q̇sg represent the relative penetration depth and the relative normal contact speed

between the sleeve and dog gear, respectively.

The variables Si(i = 1, 2, 3, 4) used in Stage 2, 3, 4 and 5 are defined as follows:

Si =


1 Upper side contact

0 No contact

−1 Lower side contact

, i = 1, 2, 3, 4 (9.24)

where i = 1 represents the contact of tooth chamfers between the sleeve and guide
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ring, i = 2 denotes the contact of tooth flank between the sleeve and guide ring,

i = 3 stands for the contact of tooth chamfers between the sleeve and dog gear,

i = 4 represent the contact of tooth flank between the sleeve and dog gear. Fig. 9.1

displays the contact states between the engaging parts.

Dog gear

Guide Ring

Sleeve

Guide Ring

Sleeve Guide Ring

Sleeve Guide Ring

Sleeve

Sleeve Dog gear
Sleeve Dog gear

Sleeve Dog gear

Sleeve

(c) S2= 1 (d) = -1S2

(f) S3 (g) S4= 1 (h) = -1S4(e) S3= = -11

(a) S1= (b) S1= -11

Figure 9.1 : Contact states between sleeve, guide ring and dog gear

Stage 6 (θ̇g = θ̇s = θ̇r ∧ xs = xmax) :

In this stage, the sleeve arrives at the maximum displacement xmax, where ẋs = 0.

And the rotating speeds of the dog gear, guide ring and sleeve are identical, indicat-

ing that the engaging process completes. The motion equations are the followings:

[J ′gin +
1

γ2
i

(J ′s + Jr)]θ̈gin = Tgin −
1

γi
Tslout (9.25)

θ̇r = θ̇s =
1

γi
θ̇gin (9.26)

9.3 Interaction Ways of Sleeve, Guide Ring and Dog Gear

The interaction ways of the sleeve, guide ring, and dog gear are determined

by their relative position and angular speed. Fig. 9.2 shows the transition modes

during the engaging process. And the state constraints for each interaction case are

described in Table 9.1.
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Stage 0: when the speed difference reaches a threshold (∆θ̇) after the active

synchronous phase, the transition condition z0 is triggered, and the engaging state

switches from Stage 0 to Stage 1, indicating that the engagement process starts.

In this study, a variable L (=1) is used to represent that the gear change signal is

generated.

Stage 1

Stage 2(a) Stage 2(b) Stage 2(c)

Stage 3(a) Stage 3(b) Stage 3(c)

Stage 4(a) Stage 4(b) Stage 4(c)

Stage 5(a) Stage 5(b) Stage 5(c)

Stage 6

z1.1
z1.2

z1.3

z2.1

z2.2

z2.3

z2.4

z2.5
z2.6 z2.7

z2.8 z2.9

z3.1

z3.2

z3.3

z3.4

z4.1

z4.2

z4.3

z4.4

z3.5 z3.6

z3.7 z3.8
z3.9

z3.10 z3.11

z4.8

z5.1

z5.2

z5.3

z5.4

z4.5
z4.6 z4.7

z5.5
z5.6 z5.7

Stage 0

z0

Figure 9.2 : Interaction ways during engagement

Stage 2: if the sleeve teeth contact with the lower or upper tooth chamfers of

the guide ring, transition condition z1.1 or z1.3 is triggered and the engaging state

switches from Stage 1 to Stage 2(a) or 2(c). When the sleeve spline aligns the tooth

groove of the guide ring exactly, no tooth chamfer contact happens. Then z1.2 is

triggered, and the state switches to Stage 2(b). If there is no contact on the tooth

chamfers, z2.1 or z2.3 is triggered, and Stage 2(a) or 2(c) switches to Stage 2(b). If
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sleeve teeth contact with the tooth chamfers of guide ring again, then z2.2 or z2.4 is

triggered.

Stage 3: when the sleeve collides with the lower flank surface of the guide ring,

z2.5 is triggered and the state switches from Stage 2(a) to Stage 3(a). When the

sleeve collides with the upper flank surface, z2.9 is triggered and the state switches

from Stage 2(c) to Stage 3(c). If no collision happens, z3.1 or z3.3 is triggered and the

state switches to Stage 3(b). If this collision happens again, then the state switches

to Stage 3(a) or 3(c) according to the transition conditions z3.2 or z3.4, respectively.

Stage 4: when the sleeve teeth reach the flat head face of dog gear teeth, i.e.

x2, the interaction ways are the followings: (i) If the sleeve engages the guide ring

exactly and contacts with the lower tooth chamfer of dog gear, then z3.5 is triggered

and the state switches from Stage 3(b) to Stage 4(a). (ii) If the sleeve engages the

guide ring exactly and contacts with the upper tooth chamfer of dog gear, z3.11 is

triggered and the state switches from Stage 3(b) to Stage 4(c). (iii) When the sleeve

tooth does not contact with the tooth chamfer of dog gear, but the sleeve flank is

still in contact with the lower flank of guide ring, then z3.6 is triggered and the state

switches from Stage 3(a) to Stage 4(b). (iv) When the sleeve tooth contacts with the

upper tooth chamfer of dog gear and simultaneously the sleeve flank contacts with

the lower flank of guide ring, z3.7 is triggered and the state switches from Stage 3(a)

to Stage 4(c). (v) When the sleeve engages the guide ring exactly and there is no

contact with the tooth chamfer of dog gear, z3.8 is triggered and the state switches

from Stage 3(b) to Stage 4(b). (vi) When the sleeve tooth contacts with the lower

tooth chamfer of dog gear and simultaneously the sleeve flank contacts with the
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upper flank of guide ring, z3.9 is triggered and the state switches from Stage 3(c) to

Stage 4(a). (vii) When the sleeve tooth does not contact with tooth chamfer of dog

gear, but the sleeve flank still contacts with the upper flank of guide ring, z3.10 is

triggered and the state switches from Stage 3(c) to Stage 4(b). (viii) If there is no

contact between the tooth chamfers of the sleeve and guide ring, then z4.1 (or z4.3 )

is triggered and the state switches from Stage 4(a) (or Stage 4(c)) to 4(b). If this

tooth chamfer contact happens again, z4.2 (or z4.4 ) is triggered.

Stage 5: the sleeve passes through the dog gear in this phase, the interaction

ways are as follows: (i) If the sleeve collides with the lower flank of dog gear, z4.5

is triggered and the state switches from Stage 4(a) to Stage 5(a). (ii) If the sleeve

collides with the upper flank of dog gear, z4.8 is triggered and the state switches

from Stage 4(c) to Stage 5(c). (iii) When the sleeve exactly engages the dog gear,

no collision happens. Then z4.6 or z4.7 is triggered, and the state switches from Stage

4(a) or 4(c) to Stage 5(b). When the sleeve flank does not contact the flank of dog

gear, z5.1 or z5.3 is triggered, and the state switches from Stage 5(a) or 5(c) to Stage

5(b). If this flank contact happens again, then z5.2 or z5.4 is triggered.

Stage 6: when the rotating speed of dog gear, guide ring and sleeve are identical,

z5.5, z5.6 or z5.7 is triggered and the state switches from Stage 5(a), 5(b) or 5(c) to

Stage 6, indicating that the engaging process completes.
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Table 9.1 : Interaction states, state constraints and transition conditions during

engagement

Stage Interaction States State Constraints Transition Condition

0 — xs = 0

z0 : L = 1

z1.1 : x1 + ∆x 6 xs ∧ ∆θsr < θ′

z1.2 : x1 < xs < x1 + ∆x

z1.3 : x1 + ∆x 6 xs ∧ θ1 − θ
′
< ∆θsr < θ1

z2.1 : x1 6 xs < x1 + ∆x ∧ ∆θsr < θ
′

z2.2 : xs > x1 + ∆x ∧ ∆θsr < θ
′

z2.3 : x1 6 xs < x1 + ∆x ∧ θ1 − θ
′
< ∆θsr < θ1

z2.4 : xs > x1 + ∆x ∧ θ1 − θ
′
< ∆θsr < θ1

z2.5 : S2 = −1, i.e. xs > x1 + 2∆L ∧∆θsr < θ′

z2.6 = z2.7 = z2.8 :

xs > x1 + 2∆L ∧ θ
′
6 ∆θsr 6 θ1 − θ

′

z2.9 = z3.4 : S2 = +1, i.e.

xs > x1 + 2∆L ∧ θ1 − θ
′
< ∆θsr < θ1

z3.1 = z3.3 :

x1 + 2∆L 6 xs < x2 ∧ θ
′
< ∆θsr < θ1 − θ

′

z3.5 = z4.2 :

xs > x2 + ∆x2 ∧ ∆θgr < ∆θsr < θ′ + ∆θgr

z3.6 = z3.8 = z3.10 : x2 6 xs < x2 + ∆x2

z3.7 : xs > x2 + ∆x2 ∧ 0 < ∆θgr −∆θsr < θ
′

z3.9 : xs > x2 + ∆x2 ∧ ∆θgr < ∆θsr < ∆θgr + θ′

z4.1 = z4.3 : xs < x2 + ∆x2

z4.4 = z3.11 :

xs > x2 + ∆x2 ∧ ∆θsr < ∆θgr < θ
′

+ ∆θsr

z4.5 = z5.2 : xs > x2 + 2∆L ∧

{∆θgr < ∆θsr < ∆θgr + θ′∨

∆θgr −∆θsr > θ′ + θclr}

z4.6 = z4.7 = z5.1 :

xs > x2 + 2∆L ∧

θ
′
< |∆θgr −∆θsr| < θ′ + θclr

z4.8 = z5.4 :

xs > x2 + 2∆L ∧ ∆θsr −∆θgr > θ′ + θclr

z5.5 = z5.6 = z5.7 : θ̇g = θ̇s = θ̇r ∧ xs = xmax

1
—

0 < xs < x1

2

Stage 2(a)

S1 = −1, i.e.

x1 + ∆x 6 xs 6 x1 + 2∆L ∧

∆θsr < θ′

Stage 2(b) S1 = 0, i.e. x1 6 xs 6 x1 + ∆x

Stage 2(c)

S1 = +1, i.e.

x1 + ∆x 6 xs 6 x1 + 2∆L ∧

θ1 − θ
′
< ∆θsr < θ1

3

Stage 3(a)
x1 + 2∆L 6 xs < x2 ∧

∆θsr < θ′

Stage 3(b)
x1 + 2∆L 6 xs < x2 ∧

θ′ < ∆θsr < θ1 − θ′

Stage 3(c)
x1 + 2∆L 6 xs < x2 ∧

θ1 − θ′ < ∆θsr < θ1

4

Stage 4(a)

S3 = −1, i.e.

x2 + ∆x2 6 xs < x2 + 2∆L ∧

{∆θgr < ∆θsr < ∆θgr + θ′∨

∆θgr −∆θsr > θ′ + θclr}

Stage 4(b) S3 = 0, i.e. x2 6 xs < x2 + ∆x2

Stage 4(c)

S3 = +1, i.e.

x2 + ∆x2 6 xs < x2 + 2∆L ∧

{∆θsr −∆θgr > θ′ + θclr ∨

0 < ∆θgr −∆θsr < θ′}

5

Stage 5(a)

S4 = −1, i.e.

x2 + 2∆L 6 xs 6 xmax ∧

{∆θgr < ∆θsr < ∆θgr + θ′∨

∆θgr −∆θsr > θ′ + θclr}
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Continuation of Table 9.1

Stage Interaction States State Constraints Transition Condition

Stage 5(b)

S4 = 0, i.e.

x2 + 2∆L 6 xs 6 xmax ∧

θ
′
< |∆θgr −∆θsr| < θ′ + θclr

Stage 5(c)

S4 = +1, i.e.

x2 + 2∆L 6 xs 6 xmax ∧

{0 < ∆θgr −∆θsr < θ′∨

∆θsr −∆θgr > θ′ + θclr}

6 — θ̇g = θ̇s = θ̇r ∧ xs = xmax

Dog gear

Guide Ring

Sleeve

(a) (b) (c)

(d) (e) (f)

Dog gear

Guide Ring

Sleeve

Dog gear

Guide Ring

Sleeve

Dog gear

Guide Ring

Sleeve

Dog gear

Guide Ring

Sleeve
Dog gear

Guide Ring

Sleeve

Figure 9.3 : Typical cases during engagement

Fig. 9.3 shows several typical interaction ways of the proposed bilateral Harpoon-

shift synchronizer. For the case in Fig. 9.3(a), the speed of the sleeve is greater than

the dog gear, and the speed difference is within the threshold, i.e., |θ̇s−θ̇g| 6 ∆θ̇. The

sleeve tooth contacts with the lower tooth chamfer in Stage 2 and then the flank of

the guide ring in Stage 3. Next, the sleeve contacts with the upper tooth chamfer of

dog gear in Stage 4 and its upper flank in Stage 5. Thus, S1 = −1, S2 = −1, S3 = +1

and S4 = +1, and the state transition path is: z0 → z1.1 → z2.5 → z3.6 → z4.4 →

z4.8 → z5.7.
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Fig. 9.3(e) displays the transition path with the shortest engaging time. The

sleeve passes through the guide ring exactly, without contact with the tooth chamfers

and the flank of the guide ring in the Stage 2 and 3. In Stage 4, the sleeve contacts

with the tooth chamfers of the dog gear and the flank of the guide ring at the

same time. Both the axial sliding speed and rotating speed are slow down due to

the torque spring and damping. This, as described before, can prevent premature

locking. When the sleeve overcomes the spring force with the help of the tangential

force Ft acting on the chamfer surface, mainly determined by the axial force Fa,

the sleeve opens the guide ring successfully. During this phase, the speed difference

gradually reduces to zero and the shifting jerk also decreases significantly.

Fig. 9.3(f) presents a special case of head-on-head collision. For the traditional

synchronizer, the sleeve needs to move backward and engages for the second time

or several times. This will extend the engaging duration or sometimes result in fail

engagement. However, in the EVs, because of the distinguished low-speed control

characteristic of the EM, it can quickly rotate the dog gear with a small angular

displacement to avoid the head-on-head alignment, assisting the sleeve to engage

successfully.

9.4 Shifting Control Design

For the EVs with clutchless AMT, the shifting logic mainly consists of 5 phases,

as shown in Fig. 9.4: (I) Motor torque reduction. In this phase, the motor out-

put torque Tm gradually declines to zero. (II) Release synchronizer. The sleeve

is separated from the current gear and move backward to the neutral position.
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Figure 9.4 : Shifting control logic

(III) Motor active synchronization. After synchronizer disengagement, the power

is disconnected, the motor will be in speed mode to actively adjust the target gear

(connected with the motor through a gear set) speed to the target value which is

determined by the sleeve rotating speed (i.e. the speed of transmission output shaft

). When the speed difference between the target gear and output shaft is within

the set threshold (∆θ̇), the output torque of the motor is zero. (IV) Engage syn-

chronizer. The sleeve moves towards the target gear, under the action of the axial

shifting force Fa. Especially, for the AMT equipped with the proposed bilateral

Harpoon-shift synchronizer, this phase can be divided into 6 stages as described

in Section 9.2. (V) Motor torque restoration. After the engagement, the power is

connected again and the motor torque gradually recovers to the demanded level. In

this study, a variable SHIFT (=1, 2, ..., 5) is used to represent these five phases,

while SHIFT=0 means the shifting process completes.
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9.4.1 Motor torque profiles

Considering that the motor torque control can significantly affect the torsional

vibrations during shifting, two different torque profiles are used for the torque control

phase. One torque profile is based on the modified bump function applied in [17, 18],

and the other one is designed using a modified step function proposed in this study.

Then their effects are compared to demonstrate the superiority of the proposed

torque profile over the one using a modified bump function.

(a) Torque profiles based on modified bump function. In [17], torque profiles

(T ′m) are designed for the torque preparation and reinstatement, which are based on

a modified bump function, as follows:

T ′m =


Ae

−1

1−x2 , Torque reduction phase

T − Ae
−1

1−x2 , Torque recovery phase

(9.27)

where A is a constant coefficient relative to the target torque T , x is a variable

relative to the torque phase duration, here x = (t − tq0)/tq1 , where t is the time,

tq0 is the time at initiation of the motor torque control phase, and tq1 is the desired

duration of the phase.

(b) Torque profiles based on modified step function. In this study, in order to

reduce the torsional vibration and achieve a smooth gear shifting, a torque profile is

designed based on the modified step function (see Appendix A ). Here, the desired

torque T is set at 80 Nm, and the desired duration of torque reduction or recovery

phase is set at 250 ms, i.e., tq1 = 0.25 s.
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9.4.2 Speed profiles

In order to achieve a smooth gear changing, a speed profile is proposed based on

the modified step function, as follows:

θ̇′g =


θ̇g0 + (θ̇s −∆θ̇ − θ̇g0) · Step(t, t′q0

, t′q1
, h0, h1), Downshift

θ̇g0 − (θ̇g0 − θ̇s −∆θ̇) · (1− Step(t, t′q0
, t′q1

, h0, h1)), Upshift

(9.28)

where ∆θ̇ is the speed threshold for the Harpoon shift to start the engagement

process [23]. t′q0
is the time when the motor speed control begins, and t′q1

is the

desired duration of the phase. Here, t′q1
is set to 0.10 s. θ̇g0 is the target gear speed

when the active synchronous phase starts. The PI-based control logic (see Fig. 5.2)

is utilized during the torque phase and active synchronous phase of motor.

9.5 Simulation and Analysis

The simulation model is set up in Simulink and the numerical solver ODE45

is used to solve the dynamic equations of each stage, with the maximum step size

5× 10−5.

9.5.1 Upshift simulation

To prove the effectiveness of the proposed power-train model and the control

model, a typical 1st to 2nd upshift simulation is conducted in the Simulink environ-

ment. The rotating speed of the motor is about 1800 rpm and the speed difference

is 10 rpm. Fig. 9.5(a) shows the speed responses of DoFs of the engaging-related

parts, while the motor torque response, the shifting control phases, and the stages of

engagement and disengagement are shown in Fig. 9.5(b). The total shifting process
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mainly consists of five phases, as described in Section 5. The motor torque begins

to reduce in the reduction phase (I) (SHIFT=1). When this phase completes, the

motor goes into the free mode and its output torque is zero. Then the sleeve starts

to disengage from the current gear in the phase (II). During this phase, the synchro-

nizer state changes from Stage 6 to 0. It is worth pointing out that there is a sudden

change in the speed of the 1st gear guide ring as shown in Fig. 9.5 (a), because when

the sleeve teeth is separated from the guide ring, the latter quickly rotates backward

to the equilibrium position under the restoring force of the compressed torque spring

[1], i.e., the guide ring teeth is in the middle of external grooves of dog gear (see

Fig. 8.2), to prevent premature lock if this gear is chosen again. Next, the active

synchronization phase (III) begins when the sleeve arrives at the neutral position.

In this phase, most of the speed difference between the dog gear 2 and the shaft

(i.e. sleeve) is eliminated by the motor. As the speed discrepancy reaches a de-

signed threshold (∆θ̇), the engaging process goes into phase (IV). In this phase, the

sleeve axially moves from the neutral position towards the dog gear 2. It is worth

noting that in Stage 4 and 5, as the sleeve overcomes the spring force and opens the

guide ring, the residual speed discrepancy is eliminated gradually, which is helpful

in alleviating the shift shock. When sleeve successfully engages the target gear, the

dog gear 2, guide ring 2 and the sleeve rotate at the same angular velocity. Due to

the acceleration discrepancy between the driveline upstream components from the

motor to the target gear and the downstream components from the sleeve to the ve-

hicle, the shifting shocks still exists in the powertrain system, leading to the speed

fluctuation on the output shaft after engagement, i.e., in the beginning of Phase
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(V), as shown in Fig. 9.5(a). Then the motor torque recovers to the designed level

in Phase V. Here, SHIFT=0 denotes that the shift process completes and no gear

change signal is triggered. It should be noted that as the engagement completes,

the spring elastic energy will be stored until sleeve disengages from this gear in the

next shifting event. From Fig. 9.5(b), it can be seen that the shifting time is 0.85

s, which is less than 1 s.

9.5.2 Comparison of modified step function and bump function

To prove the improvements of the proposed torque control method (based on the

modified step function), comparisons are performed with a torque profile based on

the modified bump function presented in [17, 18]. To accurately evaluate the effects

of these two profiles, the durations of the torque control phase for these two cases

are set at the same value, here tq1 = 250 ms. A 1st-2nd upshift simulation is carried

out, and the motor rotating speed is 3000 rpm and the threshold of speed difference

is 10 rpm.

Fig. 9.6(a) displays the motor torque change during gear shifting. Particularly,

the torque profile using modified step function (defined as Case A) changes slowly

at the beginning of the reduction phase. Then, the torque profile drops dramatically

to the target level. At last, the profile comes to the desired level slowly. While the

torque curve based on the bump function (defined as Case B) also changes slowly at

the beginning and the end of the torque reduction phase and declines significantly

during this phase. However, the most differences between the two profiles lie in

two aspects: a) the change rate of the torque profile in Case A is less than that in
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Case B, indicating that the former generates less jerk than the latter since the jerk

is proportional to the torque change rate [16, 77]. b) the torque profile in Case A

changes more slowly from point A to the end of the reduction phase than that in

Case B, which is helpful in reducing the torsional shock.

Fig. 9.6(b) shows the comparison of the torque responses on the half shaft. As

respected, for the profile in Case A, the torque peaks are only 19.9 Nm (see Table

9.2) in torque reduction phase and 6.5 Nm in the reinstatement phase, much less

than those of Case B, which are 54.6 and 25.5 Nm, respectively. And the absolute

value of the max jerk reduces from 10.4 to 3.94 m/s3 in the torque reduction phase

and from 6.77 to 4.45 m/s3 in the torque recovery phase. Therefore, according to

the analysis of the numerical simulation results, a conclusion can be drawn that the

proposed torque profile using the modified step function is superior to that based

on the bump function.

Table 9.2 : Comparison of torque peaks and maximum jerks between two different

torque profiles

Function

Torque peak

caused by

torque reduction

(Nm)

Torque peak

caused by

torque recover

(Nm)

Max jerk

caused by

torque reduction

( m/s3)

Max jerk

caused by

torque recover

( m/s3)

Modified Bump 54.6 25.5 10.4 6.77

Modified Step 19.9 6.5 3.94 4.45
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9.5.3 Impact of spring stiffness

The torque springs of bilateral Harpoon-shift synchronizer play an important

role in absorbing the torsional vibrations during the engagement. In this section,

gear shift simulations are conducted to figure out the effect of spring stiffness on

the shifting jerk. In the simulation, the motor rotating speed is 1500 rpm and the

speed difference is 10 rpm. In addition, considering that the torque reinstatement

will also generate jerk, the motor output torque is set to zero after engagement in

the simulation. Therefore, the spring stiffness effect on the jerk can be more clearly

analyzed. Fig. 9.7 displays the influences of the spring stiffness (krg) on the jerk of

each gear. And the absolute value of the maximum jerk, torque peak and engaging

time of each gear under different spring stiffness are listed in Table 9.3.

Fig. 9.7(a) shows the jerks of downshift from 2nd to 1st gear, under five different

spring stiffnesses. Particularly, the jerk at point A is generated by the tooth chamfer

contact between the sleeve and guide ring in Stage 2 of the engaging process. The

jerk at point B is caused when the sleeve tooth contacts with the tooth chamfers of

dog gear in Stage 4. While the jerk at point C is caused when the sleeve begins to

collide with the flank of the dog gear. The max jerk (at point D ) happens when

the sleeve engages with the dog gear in Stage 6, due to the acceleration discrepancy

between the two engaging components. Taking the jerk and engaging time into

consideration, krg = 2500 N/m is chosen as the optimized spring stiffness for the 1st

gear.

It is worth noting that the jerks in 1st gear under various spring stiffness are
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Table 9.3 : Maximum jerk, torque peak and engaging time for each gear under

various spring stiffness

Gear krg N/m Maximum jerk (m/s3) Torque peak (Nm) Engaging time (s)

1st

1500 1.93 22.20 0.1972

2000 1.84 22.34 0.1985

2500 1.73 23.08 0.1997

3000 1.67 23.43 0.2007

3500 1.66 23.30 0.2015

2nd

1500 1.68 12.69 0.1985

2000 1.63 13.26 0.2023

2500 1.32 11.13 0.2129

3000 2.08 11.81 0.3817

3500 2.19 12.40 0.4391

3rd

1500 1.26 7.47 0.1764

2000 1.30 7.22 0.1765

2500 1.27 7.57 0.1936

3000 1.34 8.49 0.2131

3500 1.70 9.29 0.2519
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almost the same, obviously different from the jerks of the other gears. The reason

lies in that the equivalent inertia of the 1st gear, i.e. the powertrain upstream, is

larger than those of the gear 2nd and 3rd as the value of 1st gear ratio γ1 is larger

than γ2 and γ3.

The spring stiffness effects on the jerks of the 2nd and 3rd gear are shown in Fig.

9.7(b) and 9.7(c), respectively. As the stiffness increases, the engagement duration

of the 2nd gear significantly extends from 0.1985 s (krg = 1500 N/m) to 0.4391 s

(krg = 3500 N/m), as shown in Table 9.3. It can also be found that krg = 2500

N/m generates the minimum jerk in the 2nd and 3rd gear, which are 1.32 and 1.27

m/s3 respectively. This indicates that 2500 N/m is the optimized spring stiffness

for these two gears with the bilateral Harpoon-shift synchronizer.

Table 9.4 displays the optimized torque spring stiffness of each gear for the

unilateral Harpoon shift [23] and the proposed bilateral version. It is obvious that

for the unilateral Harpoon shift, the spring stiffness changes dramatically from 2500

to 10000 N/m, whereas the optimized stiffnesses for the proposed bilateral Harpoon

shift in these gears are the same (only 2500 N/m), indicating that the bilateral

version is less sensitive to the spring stiffness.

9.5.4 Verification of torque spring functions

Dong et al. [162] made an effort to accomplish the synchronization process with-

out the synchronizer. In their study, they utilized the motor control strategies in

the active synchronization phase to reduce the speed difference. However, the speed

discrepancy was not completely eliminated in this phase. Actually, they conducted
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Table 9.4 : Comparison of optimized torque spring stiffness between unilateral and

bilateral Harpoon shift

Gear
Spring Stiffness krg (N/m) Shifting Force

(N)Unilateral Harpoon Shift Improved Bilateral Harpoon shift

1st 10000 2500

382nd 4000 2500

3rd 2500 2500

engagement within the speed difference of 30 rpm, without the conventional synchro-

nizer being involved. Nevertheless, no shifting jerks were discussed in the literature.

Thus, it is hard to evaluate the actual effects of their control strategies.

To our best knowledge, it is difficult to completely align the two engaging compo-

nents when rotating at high speed, since this requires accurate motor control as well

as high-precision measuring sensors. If the sleeve engages the dog gear when there

is a large speed discrepancy due to the sensor precision or fault [70], then a tooth

crash will happen, leading to a greater jerk or even damage to the teeth. However,

the torque spring installed in the proposed bilateral Harpoon-shift synchronizer is

capable of eliminating the residual speed difference and absorbing torsional shock

during the engagement, even if there were a large speed discrepancy.

In this section, the effects of torque spring on the shifting jerk is quantitatively

analyzed. Fig. 9.8 displays the comparisons of half shaft torque responses and

jerks between an extremely soft spring (krg = 100 N/m ) and the optimized spring
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(krg = 2500 N/m) during 2nd-1st downshift. The motor speed is approximately 2000

rpm and the speed difference is 30 rpm. For the first case, the spring is too soft for

the guide ring to have the function of blocking the external groove of the dog gear

and preventing a premature lock. As expected, the collision between the dog gear

and sleeve during engagement of the first case is more serious than the second case,

despite engaging at the same speed difference. The torque peak and maximum jerk

of the first case are 91.66 Nm and 9.77 m/s3 (see Table 9.5), which are significantly

greater than those of the second case (only 24.27 Nm and 2.13 m/s3 ). This indicates

that the optimized springs have the ability to absorb the shifting shock and achieving

a more smooth engagement, but compromising at a longer engagement duration. As

shown in Table 9.5, the duration extends from 188.3 to 256.1 ms. The results show

that the optimized torque spring is a guarantee to achieve a high-quality shifting

when there is a large speed discrepancy during the engaging phase.

Table 9.5 : Comparison of shifting shocks and duration between two torque spring

stiffness

krg N/m Maximum jerk (m/s3) Torque peak (Nm) Engaging time (s)

100 9.77 91.66 0.1883

2500 2.13 24.27 0.2561

In addition, comparing Table 9.3 and Table 9.5, it can be found that there is no

great difference in the jerks of 1st gear using the optimized spring (krg = 2500 N/m)

between the speed difference of 30 rpm and 10 rpm, which are 2.13 and 1.73 m/s3
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respectively. This means that a smooth engagement can also be achieved even if

the speed discrepancy is 30 rpm after active speed adjusting, which can reduce the

needs for high accuracy of motor speed control.

9.5.5 Impact of chamfer angle

This section mainly focuses on investigating the effects of different chamfer an-

gles on the torque responses and vehicle jerks, rather than the optimization process.

Thus, a range of values of the chamfer angle from 40◦ to 64◦ is chosen to investigate

their impacts on the shifting shock. Then, the optimized chamfer angle is obtained

through quantitative analysis according to the torque peak, jerk, and engaging du-

ration based on simulations.

For a conventional synchronizer, the synchro ring is coupled with the clutch gear

after the speed synchronization completes, because of the static frictional torque

acting on the cone surfaces. When the sleeve and gear splines are into contact, the

axial shift force increases dramatically to separate the synchro ring from the gear,

allowing the sleeve to engage in the gear. This leads to the so-called second bump

[98], significantly affecting the riding comfort and the service life of synchronizer.

Different from the traditional counterparts, the proposed bilateral Harpoon shift

does not rely on the frictional torque to accomplish the speed alignment. Hence,

these two parts are not coupled together. Instead, they are flexibly linked through

the torque spring. An index torque is also required to compress the spring and finally

open the guide ring. Eq. 10.3 shows that the tooth chamfer angle has a significant

effect on the tangential force Ft and consequently on the index torque. Thus, in
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this section, a quantitative analysis based on the simulation results is performed to

investigate the impacts of the chamfer angle of the bilateral Harpoon shift on the

shifting quality.

Upshift simulations from 1st − 2nd gear are conducted in Simulink based on the

integrated powertrain model developed previously. The motor rotating speed is

approximately 3000 rpm when the gearshift starts and the speed difference is 10

rpm. Based on the same consideration that the torque restoration has an influence

on the jerk as described early, the motor output torque is kept at zero after the

engagement.

Fig. 9.9 shows the sleeve axial displacement during the engagement. It is obvious

that as the chamfer angle increases from 40◦ to 60◦, the time duration when the sleeve

reaches the engaged position increases significantly. However, there is no significant

increment of the duration when the chamfer angle increases from 60◦ to 64◦.
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Figure 9.10 : Effects of chamfer angle on the torque response of half shaft
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Figure 9.11 : Effects of chamfer angle on the vehicle jerk

Fig. 9.10 shows the half shaft torque responses under various chamfer angles,

from 40◦ to 60◦ and from 60◦ to 64◦, respectively. While Fig. 9.11 displays their

responding vehicle jerks. As the chamfer angle increases from 40◦ to 60◦, the torque
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peak reduces from 22.33 to 16.71 Nm (Fig. 9.10(a) ), and the max jerk decreases

from 2.60 to 2.06 m/s3 (see point A in Fig. 9.11(a) and Table 9.6). Nevertheless,

the engaging time increases significantly from 237.0 to 302.8 ms. When the chamfer

angle increases from 60◦ to 64◦, there is no significant difference in terms of the

torque peak (Fig. 9.10(b) ) and maximum jerk (Fig. 9.11(b) ), but the engaging

duration increases from 302.8 to 323.7 ms. From the analysis of the simulation

results, a conclusion can be drawn that the optimized tooth chamfer angle for the

dog gear of the bilateral Harpoon shift is 60◦.

Table 9.6 : Simulation results under different chamfer angle

β(◦) Maximum jerk (m/s3) Torque peak (Nm) Engaging time (s)

40 2.60 22.33 0.2370

45 2.45 21.02 0.2492

50 2.33 19.70 0.2640

55 2.16 17.50 0.2826

60 2.06 16.71 0.3028

61 2.04 16.67 0.3076

62 2.04 16.68 0.3127

63 2.03 16.66 0.3175

64 2.01 16.62 0.3237

9.6 Summary

In this chapter, multi-body dynamics is applied to establish the model of an EV

powertrain system with clutchless AMT integrating an original and detailed model
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of the proposed synchronizer. The gearshift process is divided into five phases.

Particularly, for the phase IV, the engaging process of the synchronizer is defined as

six stages. The integrated multi-body model can cover the interaction cases between

the sleeve, guide ring and dog gear. In addition, to improve the riding comfort, the

torque and speed profiles are designed based on the modified step function for the

motor to track during gear shift process. Simulations based on the integrated model

are carried out to study the transient vibrations of the powertrain system, which

helps to investigate the performance of the proposed bilateral Harpoon shift in terms

of jerk, torque peak, and engaging duration. The results verify the effectiveness of

the model and the motor control strategy. Furthermore, comparisons are performed

to demonstrate the superiority of the proposed torque profiles over its counterpart

based on the modified bump function. Then the impacts of spring stiffness and tooth

chamfer angle are quantitatively analyzed and then these two important parameters

are optimized to alleviate the jerk during shifting.

Results show that the torque springs of the bilateral Harpoon-shift synchronizer

can adsorb the torsional shocks during the engaging process. Besides, the shifting

force is constant and small (only 38 N) throughout the shifting process. Thus, an

open-loop control rather than a closed-loop control can be used to complete engage-

ment, which significantly simplifies the control system. Due to its special engaging

principle, the proposed synchronizing mechanism avoids the friction loss and over-

comes the issue of wear. Hence, the proposed bilateral Harpoon-shift synchronizer

is able to improve the efficiency of transmission and the gearshift quality for EVs.
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Chapter 10

Thesis Conclusions and Future Works

10.1 Summary of Thesis

This thesis introduces the concepts of two types of Harpoon-shift synchronizer,

i.e., unilateral and bilateral Harpoon shift, aiming to improve shifting quality and

the transmission performance for EVs and simultaneously, overcome some of the

biggest drawbacks of traditional cone-clutch synchronizers, including energy losses

due to friction, heat dissipation, and wear. The structure and operating principles

of these two Harpoon shift synchronizers are illustrated in detail.

An original dynamic model of EV powertrain system equipped with a 3-speed

CLAMT is developed. And A detailed dynamic model of the unilateral Harpoon-

shift synchronizer mechanism is built and integrated into the powertrain model.

Gear shift simulations are conducted to investigate the synchronizer transient char-

acteristics and their influences on the system vibrations during gear shifting. This

helps to evaluate the engaging performance of the unilateral Harpoon shift.

Also, a shift control logic based on a modified step function is proposed to im-

prove driving comfort. Up- and down-shift simulations are performed using Simulink

and Matlab, and the simulation results verify the effectiveness of the dynamic model

and control strategy. Besides, to alleviate the shift shocks, the Harpoon shift’s torque

spring stiffness of each gear is optimized. Also, quantitative analysis is carried out to
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figure out the impacts of speed difference as well as rotational inertia on the vehicle

jerk. Simulation results show that the jerk substantially declines using the opti-

mized torque springs. This demonstrates the incomparable merits of the unilateral

Harpoon shift over conventional counterparts.

A testing bench is also developed to investigate the transients during engage-

ment of the unilateral Harpoon-shift synchronizer mechanism. Experimental results

verify the effectiveness of the synchronizer model, indicating that the unilateral

Harpoon-shift model can capture the synchronizer’s transient vibrations. However,

the unilateral Harpoon shift still has two shortcomings. It cannot complete engage-

ment successfully when the speed difference is too small. Furthermore, the sleeve

angular speed must be faster than the dog gear, Otherwise, the engagement will be

failed since it is unilateral.

In order to overcome these drawbacks of unilateral Harpoon shift and improve

the shifting quality for EVs, a novel concept of bilateral Harpoon-shift synchronizer

is presented in this thesis.

An original and detailed multi-body dynamic model of the bilateral Harpoon shift

is developed to capture the synchronizer transient dynamics during engagement. In

the model, the whole engaging process is divided into six stages, and it is able to cover

the interacting cases between the guide ring, sleeve, and dog gear. The synchronizer

model is then integrated into the established EV powertrain model with multi-speed

CLAMT to study the system transient responses. In addition, to guarantee a smooth

gear shift, both the speed and torque profiles are designed according to the modified

step function for the motor torque control and active speed adjusting. The gear-
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shift simulation results verify the effectiveness of the dynamic model of the bilateral

Harpoon shift and the motor control strategies. Also, comparisons are performed to

prove the superiority of the torque profiles proposed over those based on the modified

bump function. Then, the effects of the torque springs and the tooth chamfer angle

on the shifting jerk are comprehensively analyzed and then optimized to improve

gearshift quality.

In summary, the bilateral Harpoon-shift synchronizer with optimized torque

springs can adsorb the shifting shocks and consequently improve the gear-shift qual-

ity for multi-speed EVs. Besides, only a constant and small axial shifting force is

required for the engagement. Therefore, open loop control can be utilized during

gear change, which greatly simplifies the control system. This is desirable for EVs

in terms of saving energy and improving efficiency.

10.2 Summary of Contributions

The knowledge contributions of the thesis are listed as follows:

(1) Detailed and original models of two types of Harpoon-shift synchronizer are

developed in this study.

(2) An original dynamic model of an EV powertrain system equipped with multi-

gear CLAMT is established. It integrates the model of Harpoon-shift synchro-

nizer to investigate this subsystem’s influence on the transient characteristics

powertrain system.

(3) Experiment is developed to investigate the Harpoon shift transient dynamics



120

and evaluate engaging performance.

(4) The important design parameters of Harpoon shift, including the torque spring

stiffness and chamfer angle of spline teeth, are optimized in terms of shifting

jerks through the numerical simulations, to improve the shifting quality.

10.3 Future Works

Further investigation can be conducted on the basis of the research work in this

thesis, as follows:

(I) Improvement of Harpoon-shift design. Synchronizer design plays a crucial role

in improving the shifting quality and transmission performance.

(II) Advanced coordinated shifting control of the electric motor and actuator mech-

anism. Gearshift control also has a significant influence on the gear change

quality.

(III) More detailed model of powertrain system, synchronizer and actuator mech-

anism will facilitate a comprehensive understanding of the influences of these

subsystems on the powertrain system during shifting.
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Appendices

Appendix A

Impact Function and Step Function

The impact function and step function [1, 23, 155] are defined as follows:

F =


−kqn − cmaxq̇ · Step(q, q0, q1, h0, h1) (q0 < q)

0 (q 6 q0)

(10.1)

Step(q, q0, q1, h0, h1) =


h0 (q 6 q0)

h0 + (h1 − h0)∆2(3− 2∆) (q0 < q < q1)

h1 (q > q1)

(10.2)

y

Figure 10.1 : Characteristic of Step function

where q0 = 0, h0 = 0 , h1 = 1, ∆ = (q − q0)/(q1 − q0), where q1 is the maximum
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penetration depth, which corresponds to the maximum damping coefficient cmax, as

shown in Fig. 10.1 [1, 155].

Appendix B

The tangential force Ft acting on the chamfer is shown as follows

(a) (b) (c) (d)

Figure 10.2 : Spline chamfer contact

In the above figure, V represents the sliding velocity of sleeve tooth chamfer

with respective to guide ring or dog gear chamfer. Ft can be calculated by

Ft =




(Fa − caẋs)
1 + µ tan β

tan β − µ
V �= 0: cases of (a) and (c)

Fa cot β V = 0

(Fa − caẋs)
1− µ tan β

tan β + µ
V �= 0: cases of (b) and (d)

(10.3)

where µ is the friction coefficient of spline chamfer surface [22]. It should be noted

that the Eq. 10.3 can be applied to calculate the tangential force acting on the

chamfer of guide ring or dog gear.
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Appendix C

Powertrain Parameters [23]

Table 10.1 : Powertrain parameters

Parameter Description Value

Jm Motor 0.04 kg m2

Jdout Final drive 0.039 kg m2

Jh Wheel hubs 1.398 kg m2

Jv Vehicle and tires 135.120 kg m2

J ′s Sleeve and hub 0.011372 kg m2

J ′gin Input shaft 0.000675 kg m2

J ′ri Guide ring 0.000314 kg m2

mv Vehicle mass 1300 kg

ms Sleeve mass 0.8054 kg

γ1 The 1st gear ratio 2.08

γ2 The 2nd gear ratio 1.48

γ3 The 3rd gear ratio 0.97

γd Final ratio 3.73

rw Tire radius 0.32 m

N The number of sleeve prongs 8

k1 Output shaft of motor 10000 Nm/rad

k2 Output shaft of transmission 15000 Nm/rad

k3 Half shafts 30000 Nm/rad

k4 Tires 13600 Nm/rad
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Continuation of Table 10.1

Parameter Description Value

c1 Damping 1 10 Nm s/rad

c2 Damping 2 10 Nm s/rad

c3 Damping 3 10 Nm s/rad

c4 Tire damping 100 Nm s/rad

cm Viscous damping 0.0015 Nm s/rad

ct Viscous damping 0.01 Nm s/rad

cxi , (i = 1, 2, 3) Viscous damping 85 N s/m

csr Equivalent damping coefficient 0.9604 Nm s/rad

csg Equivalent damping coefficient 0.9604 Nm s/rad

crg Viscous damping 0.003 Nm s/rad

n Nonlinear exponent factor 1.5

µs, µ
′
s Chamfer friction 0.05

µsg Dynamic friction 0.05
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