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Abstract

The automotive powertrain is one of the most important subsystems of any vehicle
whose major function is to convert the stored energy to kinetic energy and deliver it as
tractive load to the road. In order to reduce the harmful emissions and the dependence
on fossil fuels, the development. The new technology will improve the overall
efficiency, the drivability and the driving comfort, and reduce the tailpipe emissions.
However, the inclusion of electric machines alone does not guarantee these
improvements, proper transmission structure design and adequate control strategy
should be designed to fully exploit the potential of the whole system, thereby

maximizing the benefits to end users.

In order to achieve the aforesaid benefits of electric vehicle, a novel dual input
clutchless transmission configuration is proposed which consists of an automated
manual transmission (AMT) and a fixed gear pair. It has the merits of low
manufacturing cost, robustness and easy implementation. With the proposed gear shift
control strategy, the novel configuration could eliminate the torque interruption of

conventional AMT systems, improving the drivability and driving comfort.

To fully exploit the efficiency improvements of the proposed system, a real time power
sharing control strategy is proposed to balance the load distribution between the two
motors. By adequately choosing the gear position and distributing the power demand,

the overall efficiency could be improved by more than 10%.



XViii

The proposed power sharing strategy has the disadvantage encountered by many other
energy-oriented energy management strategies which is high gear shifting frequency.
To keep a high overall efficiency and at the same time significantly reduce the shift

frequency, a shifting stabilizer is proposed and embedded in to the control strategy.

At last, a modified hybrid configuration based on the proposed concept is developed for
mining trucks. The hybrid system could satisfy the specific requirements of mining

trucks and present high overall efficiency and drivability.

To evaluate the effectiveness of the proposed approaches, various detail mathematical
models have been built and tested in sets of driving conditions which could reflect the

practical implementations.



CHAPTER 1 : Introduction

1.1 Current developments

Vehicle electrification and hybridisation is viewed as one of the primary methods for
directly reducing emissions and improving vehicle economy in passenger vehicles. Due
to the inclusion of electric motors, the diversity of the powertrain structure has been
significantly expanded from micro-scale hybrids to pure electric vehicles and there are
many successful implementations such as the hybrids electric vehicles (HEV) plug-in
hybrids electric vehicles (PHEV), electric vehicles (EV), and fuel cell vehicles (FCV).
In the market, there are also many successful models include the prevailing Toyota
Prius, Tesla, BMW I-series, the emerging brands such as DENZA and BYD, and many
subclasses in the traditional model series. These vehicles are designed to be more
efficient and more eco-friendly by combining improved engine, on-board stored
electricity, regenerative system and superior overall configuration. As a result, the
synergistic development of powertrain configuration, the corresponding control
strategies and adequate fault diagnosis method are crucial to guarantee the performance

of the green energy techniques.

The powertrain architectures and the corresponding control strategies are the subject of
much research in the wider automotive engineering field. Novel configurations are
constantly sought to achieve the maximum efficiency without compromising the
performance. In practice, the continuously variable transmission (CVT) based Toyota

Prius has attracted the most attention due to its high overall efficiency under various



driving conditions. Other competitors such as the Chevrolet Volt and Ford Hybrid are
based on a dual clutch transmission (DCT) system. Pure electric vehicles like early
models of Tesla are based on a fixed ratio transmission system. However, most of the
aforesaid structures are heavily dependent on complex and expensive clutches which
require for complicated clutch control strategies and corresponding actuation system
which are detrimental to powertrain efficiency and vehicle performance. Energy
management strategy is another important issue in exploiting the potential of each
system. Due to the development of computer technology, many optimization based
strategies such as dynamic programming (DP) and fussy algorithm based strategies like
neural networks have been developed to replace the traditional rule-based strategies

which require the experience of engineers.

1.2 Significance and Innovations

The successful commercialisation of green energy vehicles will significantly reduce the
dependence of the transportation sector on fossil fuels, thereby lessening carbon
emissions and pollution resulting from the transportation industry. Current trends
demonstrate that only moderate improvements are now realised as new green energy
systems are brought to the market. The proposed strategy will expand knowledge on
how to minimise the use of transmission components that contribute most to the losses
in the system, providing a leap forward in the development of very efficient hybrid and
electric vehicle technologies. Ultimately such technologies will further reduce demand
on carbon based fuels (e.g. diesel, petrol. gas, and ethanol blended fuels), and provide

cost effective alternatives for current power splitting transmissions.



The key innovations of this thesis include:

1. The development of a series of novel transmission architecture for hybrid electric
and electric vehicles that provides power shifting capabilities without the use of
friction based clutch elements. This is specifically achieved through the integral
control of two motors during gear change. Such innovation will significantly
improve the efficiency of hybrid and electric vehicle transmissions.

2. The model-based control of transient dynamics of the transmission during gear and
mode change between power sources, verified through simulations under various
drive cycles. This will provide first-hand information for the assessment of the noise
and vibration characteristics of the powertrain.

3. The development of optimal energy management strategies and alternative methods
that best suit the powertrain operation, independent of chosen driving cycle and
evaluated through simulations.

4. The design of a shifting stabilizer which could significantly reduce the shift times
during a certain period without compromise the overall efficiency. This method
could considerably improve the driving comfort and elongate the durability of the
transmission system.

5. As the driving conditions of mining trucks are quite different from those of
passenger vehicles, the design concept and requirements are also very different. A
novel coaxial transmission for mining trucks is designed with corresponding control

strategies and has been verified by simulations.



1.3 Presentation of this thesis

Chapter 1. The main aims and contributions of the thesis are introduced.

Chapter 2. In-depth background introduction and literature review are given in this
chapter.

Chapter 3. The proposed dual input clutchless transmission system structure with

possible working conditions are introduced together with the variations based on
the same idea.

Chapter 4. Advanced shifting control strategy for the proposed transmission
structure is proposed. The modified bump function based shifting control strategy
could adequately compensate the torque hole during shifting, achieving non-
interrupted gear changing which could both improve the driving comfort and
drivability.

Chapter 5. An effective power sharing strategy is proposed for the proposed
transmission system to coordinate the power of the two employed electric motors.
The designed power sharing strategy could be implemented online and has sub-
optimized performance.

Chapter 6. As many other energy management strategies, the proposed power
sharing control strategy also suffers from excessive gear shifts. To solve this
problem, a novel shift stabilizer is designed and embedded into the strategy which
could significantly reduce the shift times while keeping desirable overall efficiency.

Chapter 7. A novel uninterrupted multi-speed transmission for hybrid electric

mining trucks is proposed with corresponding control strategies. The simulation



results demonstrate the efficiency and drivability improvements of the proposed
structure.
Chapter 8. Conclusions are made in the last chapter and further development

recommendation is also given.



CHAPTER 2 : Background and literature review

2.1 Dual input clutchless transmission system

Transportation systems are experiencing considerable changes in terms of electrification
[1] because of the mounting demand for reduction of fossil fuel consumption and green-
gas emissions and the improvements of vehicle overall efficiency [2]. In the past
decades, groundbreaking achievements have been made in the realms of researches and
industries to build more intelligent and more eco-friendly new energy vehicles, such as
electric vehicles [3], hybrid electric vehicles [4] and fuel cell electric vehicles [5]. All of
these approaches have to some certain extent helped alleviate the aforesaid problems,
but there are still challenges to further improve the energy consumption performance
while maintaining satisfactory vehicle drivability as drivability generally goes against

the optimization of energy consumption [6].

In order to achieve a desirable balance between efficiency and drivability, two aspects
can be focused on which are powertrain architecture [7] including advanced vehicle
dynamic control [8-10], and energy management strategies (EMS) [11]. Many
successful commercial pure electric vehicles, which could achieve good acceleration
performance and relatively low energy consumption, have been promoted to customers
such as Nissan Leaf [12,13], Mitsubishi iMIEV [14,15] and Tesla [16,17]. For most on
sale pure electric vehicles, single fixed ratio transmission system serves as a core
component of their powertrains, the merits of this kind of architecture are lower

manufacturing cost, relatively smaller volumes and less drive train mass [18]. Besides



the advantages, the drawbacks of this kind of transmission system are also obvious
which are compromised drivability performance comes from compromises between
speed and torque range and lower overall efficiency because of the non-adjustable

transmission ratios [19,20].

Multi-speed transmission system is an effective solution to further improve the overall
efficiency and guarantee the drivability for electric vehicles [21]. However, most
existing investigations of multi-speed transmission systems are focused on internal
combustion engine (ICE) related vehicles such as conventional ICE vehicles and HEV
[22]. As a result, conventional multi-speed transmission architectures and the related
control strategies cannot be directly adopted in pure electric vehicles. Moreover, the
differences between electric motor and ICE give electric vehicles more advantages to
make the most of these transmission systems [23,24]. As maximizing the overall
efficiency is one of the priorities in designing electric vehicle transmission, automated
manual transmission stands out as it provides the highest efficiency, meanwhile, has low
manufacture cost and is light in weight, among all alternative options [25]. But its
popularization is hindered due to two drawbacks which are jerks caused by torque
interruption in shifting process and excessive wear of friction components [26-28].
Extensive studies [29] have proved that the major parasitic losses in transmission
system come from friction clutch elements and electro-hydraulic actuators and these
two account for 4% to 6% losses of overall efficiency. In [30], it is proved possible to

minimize the reduction in efficiency by using clutchless variants.

To solve the torque interruption problem, many feasible solutions have been proposed

such as adding a servo-assisted clutch to replace the fifth synchronizer in [31], the



additional clutch could provide certain power when the ICE is disconnected from the
transmission during gear shifting. This method could only alleviate the torque hole
problem as it doesn't have its own power source. In [32], a modification is made to the
original AMT which puts the gearbox before the friction clutch and to some extent,
solves the problem of torque interruption. As to the problem of excessive wear of
friction components and parasitic losses, the adoption of electric motors provides a
desirable solution which is to avoid using friction clutches [33—35]. For conventional
ICE vehicles, the adoption of friction clutches is inevitable as the inertia of the engine is
too high to perform prompt speed and torque adjustment, and it also entails long speed
synchronization duration and exacerbates the wear of the friction plates. Due to three
advantages of electric motors [36] which are small inertia, excellent low speed control
capabilities and torque/speed operation modes, a clutchless AMT could be designed for
electric vehicles. Aiming at maximizing overall efficiency and solving the aforesaid

problems, a series of dual input clutchless transmission systems is proposed.

To achieve a non-interruption power-on shifting, suitable shifting control strategy
should be designed and implemented [37]. Through precisely control the torque and
speed profiles of the motors, the final shaft torque would stay steady during gear

shifting with which a smooth and power-on shifting process could be achieved.

2.2 Power sharing control of the dual input system

Solving the problem of architecture design and its shifting control strategy alone can
only partly guarantee the efficiency and drivability, the performance of the proposed

dual input clutchless transmission system also depends on how to distribute the power



demand among the two motors [38]. Only by controlling the two motors work in their
higher efficiency region can the system provide satisfying dynamic and efficient

performance [39].

Many profound researches have been conducted in the field of energy management
which roughly divide the methods into two categories: rule-based control and
optimization based control [40]. Rule-based control is famous for its simplicity which
comes from the avoidance of explicit optimization algorithm [41]. Compared with
optimization-based approaches, rule-based methods are more effective in real-time
implementation because the time-consuming calibration and tuning work for various
parameters are conducted off-line before implementation. The fundamentals of the rules
are usually heuristic, intuitive, and experiential [42] which make them generate
suboptimal results under different driving conditions. According to the way the rules are
designed, rule-based control can be further divided into deterministic rule-based and
fuzzy rule-based methods [43]. In [44], a successful rule-based strategy is designed for
fuel cell hybrid system. In this strategy, the parameters are tuned according to the
knowledge of each element used in the feeding system which makes it a deterministic

approach.

For optimization-based strategy, current or future driving information is necessary to
generate noncausal minimum value of certain cost functions. Classic optimization
methods based on dynamic programming [45], simulated annealing (SA) [46] and
genetic algorithms (GA) [47] are adopted as numerical approaches which entails
complete information of the driving cycle to generate global optimal solutions.

Pontryagin's minimum principle (PMP) has also been brought out as an optimization-
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based method and its performance is verified in [48]. Another method called equivalent
consumption minimization strategy [49] is designed for hybrid electric vehicles and this
method is proved to have similar performance compared with PMP. Both of these
methods could minimize the instantaneous cost to generate optimized results [50]. In
[51], neural networks are adopted to achieve real-time optimization with the assistance
of particle swarm optimization, although the solution is suboptimal, the computational
cost is greatly reduced and the controller could promptly respond to the driving

condition which is important in controlling a vehicle.

The problem arising from the proposed structure is different from the aforesaid
problems and the mentioned strategies cannot be directly applied here. In the aforesaid
problems, the driving power comes from different power sources such as battery,
supercapacitor and engine and there could be losses when energy flows from one source
to another, as a result, balancing the power distribution while taking the energy transfer
efficiency into account is the feature [52—54]. Another difference is that in the aforesaid
problems, efficiency performance at different timings depends on each other. If one of
the power sources is depleted in order to achieve the highest overall efficiency at an
early time, the whole system may work in low efficiency area later because there is only
one power source left to provide all the demanded power [55,56]. This is also the reason
why prior knowledge of the trip should be given for the optimization-based approaches
in order to achieve global optimization. For vehicles that only have one power source
like conventional electric vehicle, the efficiency is only decided by the driving pattern
or the driving demand and has nothing to do with power distribution because there is

only one motor which should meet the power demand. In the proposed system, although
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there is only one power source which is the battery, there are two motors which could
provide the demanded power together and a suitable power sharing control (PSC)
strategy should be designed to both guarantee the power provision and maximize the
overall efficiency. As there is only one power source, the energy transfer problem could
be ignored and the efficiency at different timings is relatively independent. As a result,
prior knowledge of the whole trip is not necessary and real-time implementations and

high efficiency could be possibly achieved at the same time.

2.3 Shifting stability control

As minimizing the overall energy consumption is the primary objective for most energy
management strategies, drivability constrains are always neglected resulting in many
problems [57-59]. Aspects of drivability such as the acceleration performance [60], the
controllability [61], the driving comfort [62] and smoothness [63] also have great
influence on the driving experience and are important for a customer to decide whether
to buy a car or not. However, as the absence of drivability consideration, a detrimental
phenomenon, excessive gear shifting happens in most existing energy-oriented
strategies [9,64]. By investigating a specific shifting process, it can be found that there
would be two types of undesirable shifting [65]. The first scenario is the energy
consumptions for each gear position are very close and the lowest consumption position
is frequently changing between different gears. In this situation, the change of gear
positions would not bring much efficiency improvement. However, the excessive
shifting times will downgrade the driving comfort and cause extra energy consumption

due the process of gear shifting. Eliminating this kind of shifts could not compromise
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the overall efficiency much while greatly reducing the gear shift frequent [66]. Another
problem is the short gear shifting interval [67]. Basically, except for the aggressive
driving pattern which requires for frequent gear shifting to satisfy the acceleration and
braking demand, the interval between two gear shifts should not be too short [68]. In
other words, if not conflicts with the acceleration demand, the interval between two
shifts should be as long as possible [69]. By solving this problem, the driving comfort
will be significantly improved that there would not be gear shifts in rapid succession. In
order to overcome the problems in the proposed power sharing strategy and other
similar energy management strategies, a shifting stabilizer is designed and embedded

into the system to make a restriction on gear shifting events.

Another problem in achieving a desirable shifting performance is to optimize the
weighting factors of the designed shifting stabilizer. If the parameter is too large, the
shift frequent will be greatly reduced, together with the overall efficiency. If the value is
too small, the drivability improvement would be unnoticeable [70]. To solve this
problem, multi-objective optimization methods should be adopted to keep the balance
between the drivability and the overall efficiency [71]. In recent years, applying
evolutionary algorithms into multi-objective optimization problems is a popular
research topic [72,73]. Non-inferior solution is the most important concept in
conducting multi-objective optimization. It refers to an improvement in one objective
does not cause degradation in other objectives, and all the non-inferior solutions form
the non-inferior set, which is also called the Pareto optima [74]. By adopting the multi-
objective optimization method, the parameters of the stabilizer could be adjusted co-

ordinately and an improved drivability could be achieved.
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2.4 A novel uninterrupted multi-speed transmission for hybrid electric

mining trucks

Mining trucks are widely used as a main transportation for mining and water
conservancy projects [75]. However, the operations of the mining trucks have the
following characteristics [76]. The daily operational time is usually over 20h, the trucks
travel to and fro between the loading point and the unloading point with a relatively
fixed route, the road slope and truck load change greatly, and the trucks frequently drive
uphill and downhill, which will cause serious pollution emissions, harsh noises, and
poor economical performances [77]. Therefore, it is important to reduce the fuel
consumption and emissions of mining trucks by developing more efficient drivetrain

system [78].

Moreover, the special performance requirements for mining trucks are quite different
from those of normal passenger vehicles [79], making the design of a hybrid

transmission system for mining trucks of great importance.

Currently, series, parallel, and series-parallel or power-split hybrid system are well
known [80]. Among them, power-split hybrid system possesses the advantages of the
first two types [81-84], and it has been widely applied to passenger cars and transit
buses, as a result, it is adopted here as the basic structure. The merits and demerits of
several well-known power-split systems are illustrated. The Toyota Prius hybrid system
(THS) has been popular for its high fuel efficiency since 1997 [85,86], and it is a single-
mode configuration [87,88]. Many studies have proved that THS is comparatively

simple and it is suitable for regular passenger cars [89]. However, due to the limitation
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of the single-mode [90], THS may cause excessive fuel consumption if the vehicle
drives in diversified conditions, such as variations of slope and payload [91]. Therefore,
dual-mode hybrid systems are proposed. In [92], 12 configurations are evaluated by
adding clutches in THS, and the results demonstrate that Prius+ has better fuel economy
and drivability. In [93], The structure of the electronic continuously variable
transmission of Timken (ECVT) is shown. Two clutches and two brakes are added to
achieve higher efficiency at mid-high speed compared to THS. However, ECVT makes
the system much more complex and difficult to control. Therefore, in [94] and [82], GM
and Allison hybrid system (AHS) is introduced. Compared to ECVT, only two clutches
and one brake are adopted, and one of the two clutches is used to eliminate the engine
impact during all-electric driving mode. Compared to AHS, China hybrid system (CHS)
only use a one-way clutch and one brake, which makes system more simple and easy to
control [95]. Due to the high cost of wet or dry clutch, two dog-tooth clutch are used in
infinitely variable transmission of Renault (IVT) [96]. Ford hybrid system (FHS)
replace the planetary gear with spur gear to reduce manufacturing cost. Modelling and
experimental validation has been carried out and prove that FHS still possesses
excellent fuel economy and dynamic performance [97]. Zhang proposed a novel multi-
mode hybrid system, which is composed of a planetary set and corresponding lay-shaft
gears [98]. The merit of the structure is that only one motor is used which serves both as
a generator and a motor. It overcomes the disadvantage of THS that the engine cannot
directly drive the vehicle at high-speed. However, the system cannot satisfy the torque

requirement when the vehicle operates in low speed and steep slope situation, unless
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increasing the gear ratios of lay-shaft gearbox, which will significantly increase the

manufacturing cost.

From the aforesaid solutions, the planetary gear set interacted with spur gears seem to
be a good way to design a novel hybrid configuration. Therefore, a novel uninterrupted
multi-speed transmission is proposed, which consists of a planetary gear set and a lay-
shaft transmission. Although single-speed transmission makes system simple [99,100],
it is still not considered because the motor torque has to be large to meet the climbing
requirements of mining trucks. Meanwhile, the motor cannot always operate in high-
efficiency area [101,102]. Many researchers have proved that multi-speed transmission
can adjust the engine or motor working points to improve the fuel efficiency by gear-
shifting. Two-speed transmission is widely equipped with the electric cars at present
[29,103]. However, it may be not feasible for mining trucks. The performance indexes
of mining trucks include: 1) maximum speed of full-load truck is not less than 56km/h;
2) maximum grade-ability of full-load truck is more than 30%; 3) the engine output
shaft must be coaxial with the driving shaft. To meet the demands, assuming the gear
ratios are 1 and 3.46, the large gear-ratio gap would cause shifting difficult or large
shifting jerks during shifting process [104,105]. Unfortunately, overmuch gear ratios
will also make the control system too complex and unreliable [106]. Moreover, the
overall efficiency of dual clutches transmission is relatively lower compared with
automatic manual transmission [107]. By comprehensive consideration, three-ratio

AMT (3-AMT) is more applicative and proposed.

The torque interruption of AMT severely affects drivability, and it cannot be ignored.

Given this, many optimized system configurations and shift control strategies are
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proposed to enhance driving comfort. Some approaches and testing criterion have been

introduced in the authors’ previous studies [108,109].

To evaluate overall performance of the proposed uninterrupted multi-speed transmission
(UMST), drivability is not the only criterion, as fuel economy must also be considered
[110]. Two types of energy control strategy including rule-based control strategies and
optimal control strategies are usually used [111]. The merit of rule-based energy
management strategy is the easy and robust implementation [112-115]. However, it
mostly depends on the experiences of the researcher. As a result, the ability to obtain the
optimal solution is compromised [116]. The optimal strategies could solve the problem
encountered with rule-based strategy [117-119]. Therefore, dynamic programming is
adopted to calculate the optimal solution for evaluating a novel design, which is usually
regarded as a benchmark [120,121]. However, it is well-known that DP requires much
time of calculation and is hard to be applied in real time. Therefore, a real-time control

strategy (RTCS) is also proposed.

According to the characteristics of mining trucks, a novel non-interrupted multi-speed
transmission with energy and shift control strategy is proposed. More specially, the key

novel contributions include:

1. An uninterrupted configuration consisting of a planetary gear set integrated with 3-
AMT is proposed;
2. Shift control strategy with an adjunct function is proposed to compensate or

alleviate the torque hole smoothly;
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3. DP and RTCS are applied to evaluate the fuel economy of the proposed UMST,

respectively.
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CHAPTER 3 : Investigation of dual input powertrain

configurations for electric vehicles

3.1 Introduction

As the regulation for vehicle exhaust emission becomes stricter and the price of fossil
fuel keeps rising all the time, the development of electric vehicle and hybrid electric
vehicle has attracted worldwide attention [122]. Due to the different characters between
conventional inter combustion engine and electric motor, the development of adequate
transmission system for electric motor which can both achieve drivability and comfort is
imperative [123]. Taking advantage of the electric motor, this chapter investigates a
novel dual input power-shifting system, and possible variations, which are efficient,
robust and cost effective and could achieve torque hole compensation with the
assistance of the second motor. With different configurations, the proposed system

could serve both electric vehicle and hybrid vehicle.
3.2 Configuration investigations

To achieve the goal of making cleaner and more efficient vehicles without losing
drivability and comfort, many innovative designs have been brought out and proved to
be successful [124]. Prius earned its reputation by greatly reducing its fuel consumption
in the meantime maintaining the smoothness in driving, but the ECVT transmission
system in Prius is only for hybrid electric vehicle. There are also some successful pure

electric vehicles such as Nissan Leaf, Mitsubishi iMIEV and early stage Tesla. They all
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adopt single fixed ratio transmission system which has the advantages of lower
manufacturing cost, relatively smaller powertrain volumes and less drive-train mass
[86]. The limitations of this kind of transmission are also obvious. Firstly, the dynamic
performance is poor because the speed and torque range are compromised; secondly,
overall operating energy efficiencies are lower as the motor has its own efficiency curve

that varies with torque and speed.

To overcome the problems that single fixed ratio transmissions have encountered, the
development of multi-speed transmission attracts considerable attention. It entitles
electric vehicles to higher efficiency [101] and better longitudinal behaviour [125]. For
multi-speed transmission [126], manual transmission (MT) has the highest efficiency
which is around 96%, the efficiency of automatic transmission (AT) is about 86% but it
can transmit large torque as MT. Continuously variable transmission is famous for its
smoothness but the overall efficiency is 85%. Based on the fundamentals of these
transmissions, many novel configurations have been designed. In [36], detailed shifting
mechanisms and control strategy for clutchless automated manual transmission
(CLAMT) has been carried out, and the experiment results prove it is possible to
remove the friction clutch of an AMT in the electric vehicle without compromising the
dynamic performance. A planetary transmission is adopted in [127] to construct a
seamless two-speed power split system. Walker et al. [128] introduce the dual clutch
transmission to a pure electric vehicle and evaluate its detailed transient dynamic
performance by both simulation and experiment. Fang et al. [129] bring out a new
concept of uninterrupted mechanical transmission by modifying traditional planetary

gearbox. In [130], a novel 4-wheel-drive two-speed electric vehicle layout is proposed.
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Two sets of electric drivetrains are designed for the axles and by controlling the
behaviours of both drivetrains, torque hole compensation is achieved which both
improves the drivability and the driving comfort. Besides the novelty in transmission
configuration, many researchers improve the drivability and the comfort by adding a
various numbers of motors [131]. In [132], an on-board configuration is brought and in
[133], the motors are mounted on the wheels which will directly provide the required

speed and torque.

Among the aforesaid configurations, automated manual transmission is a promising
solution to meet both requirements of dynamic performance and riding comfort, it has
the advantages of high efficiency, low manufacture cost, and light in weight as a manual
transmission and auto shifting ability as an automatic transmission [134,135]. But AMT
also has its own drawbacks, which are the jerks during gear shifting, the excessive wear
of the friction components and the torque interruption in the shifting process. To
improve the drivability, Galvagno et al. proposed torque assisted AMT in [31], it uses a
servo-assisted clutch to replace the fifth gear synchronizer which will provide certain
power while the engine is disconnected from the powertrain, but the assisted clutch
doesn’t have its own power source which means it can’t eliminate the torque hole but
alleviate it. In [32], a modified AMT called Inverse-AMT is proposed, it puts the
friction clutch after the gears instead before them. Experiment results prove it to some

extent solves the torque interruption problem.

Extensive study has proved that the two major parasitic loss sources in transmission
system are friction clutch elements and electro-hydraulic actuators [136]. The overall

efficiency is compromised by 4% to 6% because of clutch drag and oil pumping. By
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comparison in [29,30], it is feasible to greatly minimize the reduction in overall
efficiency for the transmission using clutchless variants. For a conventional vehicle
which adopts internal combustion engine, the clutch in the AMT is inevitable because of
the speed and torque adjustment delay caused by the poor controllability of the engine,
which also entails long speed synchronization duration and exacerbates the wear of the
friction plates. But it is not the case for electric vehicles [137], there are three reasons
[36]. First, the inertia of a motor is much smaller than that of an ICE which makes it
capable of changing speed swiftly. Second, due to the excellent low-speed control
capability, by controlling the motor, the vehicles can be launched smoothly. Third, it’s
easy to change the motor from torque mode to speed mode and vise versa. Therefore,
after the synchronizer disengages the gears, the motor could change into speed mode
which outputs little torque but reaches target speed immediately and then changes back
to torque mode. Thus, the friction clutch is removed. Furthermore, because of the wide
high-efficiency range, excellent speed regulation capability and fast torque response
characteristics, transmission systems for EV need fewer gear ratios [138]. Zeroshift
[139] is an example to remove friction clutch by re-designing the dog clutches to engage
different gears without the need for speed synchronization. In [140], a series of
controllable one-way clutches are employed to realize gear selection. In terms of the
control strategy, [141] not only removes the friction clutch but also the synchronizer by
refining the control algorithm. And in [8], the speeds and torques of the engine and

motor are coordinately controlled to make it not necessary to have a clutch.

Aiming at designing a transmission system which could maximize energy efficiency,

minimize emissions, and has certain drivability and comfort, this chapter brings out a
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novel clutchless two motor power-shifting transmission where a single fixed ratio motor
is utilized in parallel with a multi-speed transmission and second motor to balance the
needs for improved motor efficiency in conjunction with power-on shifting capabilities.

The structure of the system is presented below in Fig. 3-1.
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Figure. 3-1 Fixed-Multispeed transmission with synchronizer configuration.

The first motor drives the wheels through a multispeed transmission, with gear actuation
achieved through a combination of motor speed control and synchronizer actuation [37].
This is a cost-effective and efficient method for achieving multispeed functionality
without power-on shifting functionality. The second motor drives the transmission
output shaft using a fixed reduction ratio and must be designed to achieve torque hole
compensation through all of the gear shifts and also act as a driving motor under

specified driving conditions. Such configurations have applications for both pure
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electric and hybrid electric vehicle powertrains. This would include HEV variants with
a conventional engine upstream of EM1 would allow for both series and parallel

operation of the vehicle.

The possible working conditions are shown in Fig. 3-2.
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Figure. 3-2 Working conditions for the Fixed-Multispeed transmission with

synchronizers.

It can be seen that for each gear, motor 1 could word alone as it is connected to the
multispeed structure which will have a high efficiency. Moreover, it could work
together will motor 2 when the torque demand exceeds its capacity or the overall

efficiency will be higher if motor 2 is included.
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3.3 Possible variations of the transmission configuration

Based on the ideas of choosing the most efficient fundamental transmission structure

and achieving torque hole compensation to both improve the drivability and driving

comfort, the proposed structure can be further improved through various variations.
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Figure. 3-3 Multispeed-Multispeed transmission with synchronizer configuration.

From the perspective of improving the overall efficiency of motor 2, the Multispeed-

Multispeed transmission with synchronizer configuration is proposed and shown in Fig.

3-3.
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The difference between the basic configuration and this structure is that a synchronizer
and an additional gear pair is added to assist motor 2, and motor 1 is only connected
with the odd gears and motor 2 is connected with even gears. Actually, this is pretty like
the structure of a dual clutch transmission. The idea of a dual clutch transmission is to
improve the drivability by connecting the odd gears and the even gears to different
clutches that during the disengagement of one clutch, the other clutch can be energised
at the same time. As a result, the torque hole during gear shifting can be compensated
and the drivability will be improved. However, due to the different basic structures, the
proposed system has more advantages. The first one is that clutch, with could cause
considerable energy loss, is not necessary in the proposed system due to the dual input
idea. The second one is that the proposed system could eliminate the torque hole
completely with relatively simple control strategy while dual clutch transmission can
only alleviate the torque hole problem by implementing complicated control algorithm

which has to be optimized. The possible working conditions are listed in Fig. 3-4.
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Figure. 3-4 Working conditions for the Multispeed-Multispeed transmission with

synchronizers.

It can be seen that with the engagement of one synchronizer, the corresponding motor is
activated to provide certain driving torque. It should be noted that beside the listed
working conditions, the two motors could actually work together to assist each other in
high demand scenario. To achieve this, a proper power sharing strategy should be
developed to distribute the total power demand between the two motors and choose the
proper gear position for each motor. The power sharing strategy is discussed in Chapter

5.

Fig. 3-5 shows a modified structure replacing the synchronizer with dog clutches.
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Figure. 3-5 Multispeed-Multispeed transmission with dog clutch configuration.

The purpose of this design is to completely remove the friction components which is the
synchronizer in the aforesaid configuration. This configuration could avoid the wear of
the friction components, improving the robustness, and improve the overall efficiency
slightly. However, it requires advanced motor control strategies, as the engaging speeds
of the two motors should be as accurate as possible to avoid undesirable vehicle jerks.
The design of the dog clutch is also very important as an advanced design could help a

lot to achieve the smoothness of clutch engagement [108].

The operating conditions for this configuration are shown in Fig. 3-6 and are very

similar to the aforesaid configuration.
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Figure. 3-6 Working conditions for the Multispeed-Multispeed transmission with dog

clutches.

The further improved configuration is shown in Fig. 3-7. It can be seen that one more
dog clutch is adopted between the output shafts of the two motors. This design gives
both motor the ability to operate in all gear positions. For example, the torque demand is
relatively high which requires the activation of both motors. However, for the aforesaid
configuration, it is only possible for the two motors to work in different gear positions,
which may compromise the overall efficiency as one of them may work in low
efficiency area. For the proposed structure, the output torque of the two motors can be
combined and work in any single gear position which could possibly provide the best

fuel economy.
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Figure. 3-7 Multispeed-Multispeed and combined motor transmission with dog clutch

configuration.

Due to the changes of the structure, the possible working conditions are also more
complicated and are shown in Fig. 3-8. It can be seen that for each gear position, there is
a subclass depends on the condition of the fifth dog clutch. Take the first gear as an
example, when D5 is not engaged, only motor 1 will be activated and motor 2 will stay
idle. However, if D5 is engaged, motor 2 will also be activated to provide the required
torque. For gear 2 and gear 4, it is the opposite, the activation of motor 1 depends on the

condition of D5.
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Figure. 3-8 Working conditions for the Multispeed-Multispeed and combined motor

transmission with dog clutches

3.4 Conclusions

This chapter introduces the possible variations based on the basic configuration.
Actually, there are more variations and it is even possible to add a third power input.
Motor 1 could be replaced with a more complex structure which consists of an engine, a
motor and a planetary gear box. One of the planetary component could be connected to
the input shaft of the proposed system and the other two can be connected to the power
sources. This idea will converter the pure electric powertrain system into a hybrid

electric system which makes the configuration more adaptive.
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CHAPTER 4 : Gear shifting control strategy for the

dual input system

4.1 Introduction

The purpose of this chapter is to study the practical application of a two-motor electric
vehicle powertrain utilizing a combination of fixed and multiple speed gear ratios. To
realize power-on shifting without torque hole and maximize overall efficiency [140], a
high-speed motor is adopted as the primary motor connecting to the multiple speed
clutchless automated manual transmission and a low-speed high torque electric motor is
employed as the assisting motor connected to the final shaft with fixed gear ratio [142].
Motor torque and speed are controlled using improved model predictive flux control
method [143] in conjunction with synchronizer mechanism actuation to best fill the
torque hole to improve both drivability and driving comfort. To evaluate the proposed
system, a complete mathematical model is built and compared with a conventional
single motor transmission system. The detailed transient dynamic results in terms of
final shaft torque, acceleration and vehicle jerk demonstrate the effectiveness of the

proposed powertrain. Fig. 4-1 shows the structure of the proposed system.
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Figure. 4-1 Proposed dual input clutchless transmission system.

4.2 System modeling and control methodology

To fully study and verify the dynamic performance of the proposed architecture and its

shifting control strategy, a detailed powertrain model is built in this section as follows:

1. Electric motor with improved model-predictive flux control

2. Simplified synchronizer mechanism, that assumes once speed synchronization is
complete the engagement process is successful

3. Multibody powertrain model using lumped torsional elements

4. Vehicle model
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4.2.1 Electric motor model and control

In order to maximize the drivability and driving comfort, the electric motor should be
precisely controlled to follow torque and speed profile to accomplish a seamless gear
shifting process. There are many existing high-performance control methods [144] such
as field oriented control (FOC), direct torque control (DTC) and model predictive
torque control (MPTC). FOC decomposes the stator currents into torque and flux
components, which will be regulated by proportional integral controllers separately, in
synchronous frame and uses a modulation block to generate the final gating pulses. It
would achieve high torque and flux control performance but also requires fine-tuning
work. DTC is an effective way to give quick dynamic responses with a simple structure,
but it generates high steady-state torque ripples. MPTC takes credits for an intuitive
concept, high flexibility and easy incorporation of constraints but the tedious stator flux

weighting factor tuning work limits its application.

To overcome the aforesaid drawbacks in motor control methods, an improved model
predictive flux control (MPFC) method is adopted. Not as conventional MPTC which
needs to generate a proper weighting factor between control variables of torque and
stator flux, MPFC converts these two components into a stator flux vector in which they

have the same unit, eliminating the use of weighting factor.

The electric motor can be expressed as:

xX=Ax+ Bu (1)
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. T . . . .
where x = [lS l/IS] are state variables, ¥/, stator flux and i, is stator current, #=u_ is

the stator voltage. Matrix 4 and B are defined as:

The electric motor can be expressed as:

P ~AMRL +RL)+jo, AR —jLw)
- -R 0

N

(2)

AL (3)

where R and L are stator resistance and inductance and subscripts s, », and m are stator,

rotor and mutual, respectively, and @, is electrical rotor speed, 1 = S .

(LL-L,)

m

In order to predict x at the next control instant, second-order Euler discretization is

adopted instead of the first-order one to improve accuracy:

xl'j“ =x"+T_(Ax" + Bu") (4)

T
xk+1 — xk+l +iA(xk+l _xk)
p 2 p

where T, is the control period and x**' = [ik . l//f“] is the predicted state vector.

sc N

The accuracy of state estimation will directly affect the performance of MPFC, here a

full order observer is adopted:
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- A (5)
%:Ax+Bu+G(i§ —iy)

2b
where x is the estimated state and G =— y is a constant gain matrix used to
(18,)

improve the stability and b is a negative constant gain.

Because of the delay compensation, not only reference w'? at (k+1)th instant should be

calculated but also reference l//f’ ~at (k+2)th instant. The procedure can be summarized

as:

k+1 L k+1 1 o k+1 ( 6 )

= ——1
ll,r L Ws //LL K

m m

(7)

N

L R
Q/’f+2 :‘//fﬂ +TSC(RrL_mik+l _(L_r_ja)r)'llfﬂ)

r r

After acquiring ', the phase angle of w'! ~ at (k+2)th instant could be expressed as:

" . T (8)
Ly’ =y +arcsin( <

oL

v,

where 79 is the torque reference. The final stator flux vector reference can be obtained

as:
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ref

W exp(jLy!?) (9)

— |y
- ‘,,,S

Although eliminating the weighting factor saves much offline time, torque ripples and
current harmonics still exist if selected voltage vector is applied during the whole

control period. In order to further improve the electric motor performance, it is

imperative to optimize the switching instant of the selected vector during [O, ZC] which

can be expressed as:

_ W -y - T O (S = ) (10)
f _fk+l 2
old i

opt

where f,,, is the stator flux slope for voltage vector, subscript old means it is applied at

the end of the previous control period, fik+l is for the selected voltage vector in this

control period and © is the dot product.

For a given voltage vector u'", stator flux at (k+2)th instant can be obtained after

getting the optimal switching time ¢, as:

k+2 o k+l k+1 k+1 . 11
Vg, =Y, + (uold —U )topt + (usi - ers )T;c ( )

In order to force stator flux to track its reference and prevent high deviation of stator

flux, a cost function can be built as:

ref k+2 (12)

J=|y? —y! v

ref |, 1
S

+y
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where ' =y +u 1, is the stator flux vector at the optimal switching instant.

The whole control strategy is summarized in Fig. 4-2.

ref ref
@, 4 et
Transforming V. Cost function Uos Lo urwr [ 7 1 o 2-level EM
a, —»  Reference (9) minimization (12) |_| VSI
ref k ]
‘ ) k+1
v, Optimal switching |, U
instant (10)
1 k41
U, /A
k+1 k+1 w
v, v, i
| Torque/flux . 5
2 estimation and i"
prediction (4)-(7) | :
),

Figure. 4-2 Proposed switching instant optimized electric motor control diagram.

A simulation comparison has been made in Fig. 4-3 which shows torque response
performance between DTC, FOC and MPFC, to demonstrate the effectiveness of the

proposed MPFC.
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Figure. 4-3 Torque response performance of (a) DTC, (b) FOC, (¢) MPFC.

It can be seen in Fig. 4-3 that DTC and MPFC take only about 0.0003s to reach 10Nm

while FOC takes about 0.0015s which means that DTC and MPFC are better in terms of

dynamic performance. As to static performance, FOC is better with a ripple amplitude

around 1 Nm while DTC has the largest amplitude of 2.5 Nm. MPFC has an acceptable

ripple amplitude which is 1.5 Nm.
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Figure. 4-4 Current response performance of (a) DTC, (b) FOC, (c) MPFC.

In the current response performance in Fig. 4-4, FOC and MPTC have similar
performance with no obvious harmonic ripple in 0.4s while DTC has significant

distortions, which will cause more losses.
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4.2.2 Synchronizer model

For the purpose of this study the synchronizer mechanism is simplified to capture the
main actuation characteristics. It includes only the speed synchronization stage of
engagement, and post-synchronization is considered to be completely locked, with the
other states of engagement ignored. This is a consequence of the speed synchronization
component being critical to ensure actuation, whilst other stages, such as dog clutch

engagement, are not critical to the duration of shifting [37].

Thus the synchronizer model is reduced to a cone clutch. The cone clutch torque is

described as follows:

_upRFs (13)
sina

T

SYN

where Ty, is the cone torque, u,, is the dynamic friction coefficient, R. is the mean

cone radius and « is the cone angle.

An ideal actuation process is considered for the synchronizer mechanism. The energized
and neutral states of the synchronizer mechanism results in two possible engagement

states, these are simulated as follows:

" P Energised (14)
10 Neutral

where F§ is the synchronizer load and P is the magnitude of the applied load. Values

for P are set based on the duration of actuating the simplified mechanism and are
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consistent with typical values. To compensate the time required to release or engage the
synchronizer after an actuation request, a small-time delay will be employed to maintain

these characteristics.

4.2.3 Powertrain dynamics model

The proposed transmission system is shown in Fig. 4-5.

TmCD he s <1>
Ca é Tyv/2

Figure. 4-5 Clutchless AMT multi-body model.

In Fig. 4-5, J represents the inertia of each component and M1 and M2 are for the first

motor and the second motor, respectively. K is the stiffness of each shaft and C is its

damping coefficient. i, and i, are the chosen gear ratio for motor 1 and the fixed gear

ratio for motor 2, respectively. Subscripts S, la, 15 and 2 are for the synchronizer, the
chosen gear for motor 1, the fixed gear for motor 2 and the driven gear, respectively,
and subscripts 3 and 4 represent the half shafts. Finally, the tires are represented by
subscript 5 and 6. The first motor is directly connected to a multi-speed transmission
through an input shaft by pairs of synchronizers without using flywheel, clutch or

torsional dampers due to the merits of electric motor. This simplification cannot be
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achieved in conventional ICE transmission system because the inertia of ICE is much
larger and the speed and torque control cannot be as precise as electric motor. The

second motor uses another power path directly connect the differential with a fixed gear.

Based on free body diagram and assuming there is no eccentricity existed in the

transmission system, the equations of system inputs are expressed as follows

; : S (15)
JMl 9M1 = TMl _CMI 9M1_K1(9M1 _93)_C1(6M1_0s)

.. - | - (16)
Jvi2 0y =T, —Coyy 04, K, (0, —1,6,) — C,(0,,,—1, 6,)

where @ is the angular displacement and the first and second derivative of & are

angular velocity and angular acceleration.

If the synchronizer is not completely closed, the dynamic equation for the synchronizer

should be like

. . . (17)
JS ‘9S =K1(9M1 _QS)—'_CI(QMI_@S)_TS‘YN

where Ty, is the torsional force from the cone of the synchronizer. As the chosen

driving gear 1a and motor 2 output driving gear 1b are engaged with output driven gear

noted as 2, the lumped dynamic equation for these three parts can be summarized as

) ) S ) L . 18
(J2+l12']1a+122‘]1b)92:llTS)W+[K2(9M2_l292)+C2(0M2_12 0,)1i, (18)

_K3(02 _03)_C3(92_93)_K4(02 _04)_C4(92_94)
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For the half shaft and vehicle tires, as they are symmetrical and the equations are the

same for both sides, only one side will be illustrated as

. o o 19
J393:K3(92_03)_C3(02_03)_K5(03_95)_C5(03_95) ( )

. . 20
J595:K5(€3_05)+C5(€3_05)_TV/2 ( )

where T, is the driving resistance. When the synchronizer is completely engaged, the

transmission is closed and the lumped inertia of the synchronizer and the driving gear la

are rigidly connected, Eq. (17) and Eq. (18) can be reduced as

.2 .2 N . ’ N . (21)
I:J2+ll (J1a+JS)+12J1b]02_ Kl(eMl_1192)+C1(9M1_1102) L

+|:K2(0M2 —i202)+C2((9A'“—i2 92)}2 —K3(6’2 _‘93)_C3(‘92_‘93)

~K,(0,-6,)-C,(6,-6,)

4.2.4 Vehicle model

For a driving vehicle, there are generally three main sources of resistance which are the
incline of the road, aerodynamic drag, and tire rolling resistance. These resistances can

be expressed as

1 22
T, = (m,,gsin¢+5pA,,Cdv2 +mng,)Rw (22)
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where m,, is the mass of the vehicle and ¢ is the degree of the road incline, p is the air
density, A4, is the area of the vehicle front side and C, is the drag coefficient, v is the

current vehicle speed, C, is the tire rolling friction coefficient and R, is the tire radius.

The speed of the vehicle v can be calculated as

v=3.6R,0,/y, (23)

where the coefficient 3.6 makes the speed unit as km/h and y, is the ratio of the final
differential.
The key parameters of the transmission and the vehicle are listed in Table 4-1.

Table 4-1 Key parameters for the proposed system

Symbol Name Value Unit
Jin Motor 1 0.045 kgem’
Jur Motor 2 0.065 kgem’
Jy Synchronizer 0.025 kgem’
Ji Driving gear 0.02 kgem’
J Driving gear 0.02 kgem’

J, Driven gear 0.2 kgem’
J, Half shaft 1 kgem’
G Damping 50 Nmes / rad
C, Tire damping 100 Nmes/rad
K, Motor output 50000  Nm/rad
K, Half shaft 50000  Nm/rad
K, Tire stiffness 10000  Nm/rad
my, vehicle mass 1200 kg

R, tire radius 0.3 m
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Air density 1.127 kgen?
7 Road incline 0 °
u, Dynamif: friction 03

coefficient
” Static friction 0.35

coefficient

4.2.5 Electric motor selection

The purposes of the two motors are slightly different, for the first motor, it will be
working as the primary power source in relatively low speed conditions where frequent
starts and stops are required like urban traffic because it is connected to a multispeed
transmission which will greatly improve the driving efficiency under a wider speed
range. For the second motor, it would help compensate the torque hole, which happens
in conventional AMT transmission system, during shifting process to improve the
dynamic performance of the vehicle and the driving comfort. The second motor would
also help provide certain torque when the power demand from the driver exceeds the
capability of the first motor in prompt acceleration either in low or high speed, or under
certain driving condition that the second motor could work in its high efficiency area.
The combination output from both motors will together provide the system with

demand power.

As the second motor should achieve torque hole compensation during gear shifting, the
peak torque and speed for the second motor should meet some constraints which are

expressed as
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(24)

(25)

where i,,, is the current gear ratio for motor 1 and i,,, is the direct gear ratio for motor

2.

It is worth pointing out that Eq. (24) and Eq. (25) are not strict constraints choosing the
motor because gear shifting is a process within 2 seconds or less, for most motors, it is
allowed to work beyond their preference working area for a very short time. As a result,
a balance can be achieved to choose a motor that both can work together with the first
motor in its high efficiency region and provide enough power during gear shifting. Fig.

4-6 shows the efficiency map of the first and the second motor.
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Figure. 4-6 Motor efficiency maps, (a) first motor, (b) second motor.

It can be seen that the power of both motors are very similar about 42 kW which is
designed to maximize the usage and efficiency of both motors and reduce the overall
cost and the volume. It should be noted that the power of two motors should be similar
in order to achieve torque hole compensation. In order to meet the requirements from
Eq. (24) and Eq. (25), the peak torque of motor two should be larger than that of motor
one as the gear ratio range for the first motor is larger which is the advantage of
multispeed transmission. The first and second gear ratio for the first motor are designed
for low speed situation which happens in city driving condition and the third gear ratio
is meant to meet high speed cruising requirements. The gap between the second and
third gear are filled with the gear ratio of the second motor, which means motor 2 will
provide most of the power demand in medium-high speed condition like the speed

profile in HWFET driving cycle. In acceleration condition which demands a lot of
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power, both motors will work together, decidied by the PSC, helping guarantee the

drivability and efficiency. For this system, the corresponding gear ratios are listed in

Table 4-2.

Table 4-2 Designed gear ratios

Symbol Name Value
Iy Counter gear for Motor 1 4.62
I, Counter gear for Motor 2 2.16
Ly First gear for Motor 1 3.46
Iy Second gear for Motor 1 2.08
lys Third gear for Motor 1 1.32
I Gear for Motor 2 3.46

4.3 Gear shifting control

Compared with conventional AMT, the proposed system could achieve torque hole
compensation during gear shifting process under appropriate shifting control strategy

which is shown in Fig. 4-7.
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Figure. 4-7 Shifting control strategy.

The proposed strategy can be roughly divided into 7 steps including shift initiation and
torque reinstatement. Before the initiation of gear shifting, the torque demands for both
motors and activated gears are decided by the PSC strategy, if the PSC gives an order to
change gear ratio, the gear shifting control unit will take over the control of motor
speeds and torques and the actuation of synchronizers. The five main control phases are

listed as follows:
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Motor torque preparation. In this stage, the torque of the first motor should drop to
zero as the situation of conventional AMT to prepare for synchronizer
disengagement. The final driving shaft torque will plunge evidently which would
cause perceivable vehicle jerks. To compensate the torque hole, the torque of motor
2 should rise simultaneously according to the torque drop of motor 1, maintaining
adequate torque output during shifting, to improve the drivability and driving
comfort.

Synchronizer release. After the torque of motor 1 drops to zero, the synchronizer
would move to neutral position preparing for the following engagement. The whole
power of the powertrain is provided by motor 2 alone which guarantee the vehicle
could accelerate as desired.

Motor speed synchronization. Motor 1 should switch into speed control mode after
the synchronizer is released. As motor 1 is not connected to the powertrain in this
stage, the torque pulse here to match the motor speed with the target gear speed will
not affect the final shaft torque.

Synchronizer engagement. After the speed of the first motor is the same with target
gear speed, the actuator of the synchronizer will push the sleeve towards the new
gear hub. The cone clutch in the synchronizer will help eliminate the speed
difference within tolerance.

Motor torque reinstatement. Motor 1 would switch back to torque control mode if
the synchronizer is completely locked and then increase its torque to target level
which is decided by PSC strategy while motor 2 would reduce its torque to

guarantee there is not torque overshot in the final shatft.
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The proposed gear shifting steps alone cannot guarantee a smooth power-on gear
shifting, a more specific torque and speed change profile for torque preparation, speed
synchronization and torque reinstatement should be proposed. To avoid sudden torque

change in the final shaft, a modified bump function is used as

-1 26
T, = Ae" (26)

where A4 is the coefficient for the bump amplitude to fit the input torque, and x is a

t, —

. . C t
variable to control the duration of torque change which is defined as x = . Here,

tD
f, is the time when the torque phase begins and 7, is the designed duration for the phase.

At the beginning of the stage, the profile will change slowly making it easier for the
final shaft torque to maintain as steady as possible. Then, the torque profile will drop
quickly to the target value which shortens the duration of whole gear shifting process.
Finally, the profile reaches the target value slowly to end torque preparation phase.
During the same phase, the torque of the second motor will rise to exactly make up for

the equivalent torque loss in the final shaft because of the first motor.
For the torque reinstate phase, the bump function should be

-1
T, =B— Ae (27)

where B is the target torque for the first motor. To demonstrate how the torque control
strategy works to guarantee a smooth power-on shifting, a simulation has been

conducted and shown in Fig. 4-8.
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Figure. 4-8 Torque reference controlled by bump function.

It can be seen that although the torque from the first motor reduces to zero, the torque in

the final shaft doesn't change, a smooth power-on shifting can be realized.
The speed synchronization phase is also controlled by a modified bump function as

: . . -1 (28)
s o . 1- 2
0, =iz, 0,,%1,i, 921;,0 e

where T and A4 are for target and actual gear, respectively, and subscript 0 is for the
initial value at the beginning of this phase. This control profile is only for the first motor
because the second motor is directly connected to the final shaft through a pair of fixed

ratio gears.
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4.4 Driving comfort and drivability improvement

In this section, the proposed dual input clutchless transmission system with its shifting
control strategy is verified in terms driving comfort and drivability, which are improved
by torque hole compensation and measured in vehicle accelerations and jerks.
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Figure. 4-9 Shifting control for both motors.

To demonstrate the torque hole compensation performance, an acceleration from 0 to 70
km/h in 8 seconds has been conducted, and it experiences gear shifts from idle state to
the third gear during the linear acceleration. In order to see the detailed shifting process

clearly, a segment is taken out and shown is Fig. 4-9.
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For the first motor, the seven stages mentioned before can be easily seen. The torque
reduction phase takes about 300 ms to bring down the torque from 48 Nm to O,
meanwhile, the torque of motor 2 rises up by around 60 Nm. The difference between the
reduction and rise is caused by the gear ratios for both motors. After the completion of
synchronizer disengagement which takes about 70 ms, the first motor switches into
speed control mode. Because it is an up shift from 2nd gear to 3rd gear, the speed of
motor 1 should be reduced and the torque for speed synchronization goes negative. It
will be the opposite for down shift. The slight torque rise for the second motor during
torque hole compensation is caused by the vehicle acceleration demand given by the
driver according to the speed reference, because from this stage, motor 2 is designed to
provide all the required power. The speed synchronization phase takes about 450 ms to
match the speed of motor 1 with the speed of target gear, then the actuator pushes the
synchronizer towards the hub of the new gear to accomplish re-engagement. At the final
stage, the first motor switches back to torque control mode and restores its output

according to the torque profile decided by the proposed bump function.

In terms of driving comfort criteria, vehicle acceleration changes and jerks from this
segment are shown in Fig. 4-10. It can be seen that there are four main fluctuations
which come from motor 1 torque reduction, synchronizer disengagement, synchronizer
engagement and motor 1 torque restoration, respectively. The maximum acceleration
change amplitude is around 0.18 m /s® which is very small and the change is very
smooth due to the advantages of the modified bump function. The peak of the vehicle
jerks is around 4 m / s® which is greatly lower than 10 m / s* which is recommended in

[145]. It should be pointed out that the reason why synchronizer engagement generates
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the peak jerk is the actual rotation speed of the target gear can just be approximately
measured in real situation and there could be fluctuations in the motor output speed,

here, the engagement launching tolerance is set to simulate real driving condition.
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Figure. 4-10 Vehicle acceleration and jerks for the proposed system.

In order to demonstrate the improvements of our proposed system, comparisons are
conducted with a conventional one input AMT system with same acceleration demand
and torque adjusting profile. In the first comparison, two systems work in exactly the

same situation and conduct the shifting process in same duration.
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Figure. 4-11 Acceleration and jerk comparisons in same shifting duration.

It is demonstrated that the acceleration change in Fig. 4-10 (a) is very small and smooth
compared to that of conventional one motor model in the same shifting process. The
acceleration for the conventional model drops to zero as the driving motor is
disconnected from the powertrain while the proposed system keeps its acceleration
nearly constant. Fig. 4-10 (b) shows the vehicle jerk performance of both systems, in the

same shifting duration, the jerk amplitude of conventional method is about 16.87 m / s°

which is much larger than the proposed 4.46 m / s° .

The shifting control strategy doesn't only solve the problem of driving comfort but also

greatly improves the vehicle drivability. In conventional one input model, the vehicle
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completely lost traction force as the motor is disconnected from powertrain for gear
shifting. In the proposed model, motor 2 will continuously drive the vehicle to keep

desired acceleration.
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Figure. 4-12 Speed comparison in same shifting duration.

Fig. 4-12 (a) shows the shifting schedule for both models and Fig. 4-12 (b) shows the
speed comparisons. It can easily be seen that there are pauses of acceleration in every
gear shift for the conventional model while the proposed model could accelerate linearly.
The difference between the final speed demonstrates the superior accelerate capability

of the proposed system. For the conventional model, in order to achieve same final
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speed as the proposed one, the acceleration should be greater which will further amplify

the torque change during shifting causing uncomfortable feelings.

As to the second comparison, the shifting duration of the comparison model is
lengthened to make the vehicle jerk as small as the proposed system. The results are

shown in Fig. 4-13.
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Figure. 4-13 Shifting duration comparisons with similar amplitude.

In Fig. 4-13, the peak of the conventional method is reduced similar to that of the
proposed method but the shifting duration has been largely lengthened to 2.88 s. This

again verifies the effectiveness of the proposed model.

4.5 Conclusions

The objective of this chapter is to propose a high efficient transmission system which
has the merits of efficient, robust, low manufacture cost and could achieve torque hole
compensation and improve drivability and driving comfort. In order to maximize the

overall efficiency and the robustness, a modified clutchless AMT is adopted as the basis



59

of the multi-speed transmission part for the primary motor. To guarantee the quality of
gear shifting without traditional friction clutch, an advanced motor control strategy is
designed to follow its torque and speed references more accurately and swiftly. As to
achieving torque hole compensation to improve the drivability and driving comfort, an
assisting motor is designed to provide the required torque during shifting with a control
strategy that maintains constant torque. It also provides torque when the torque demand
exceeds the capacity of the primary motor. To verify its effectiveness, a detailed
mathematical model has been built. The transient shifting dynamics has been studied
and the outcomes are compared with those of a traditional single motor CLAMT
transmission in terms of torque, acceleration and vehicle jerk. It is demonstrated that the
proposed system could adequately achieve the goal to compensate the torque hole
during gear changing to realize power-on shifting with cost-effective and low mass

CLAMT system.
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CHAPTER 5 : Energy management strategy for the

dual input system

5.1 Introduction

Although the proposed dual input cltuchless transmission system and the corresponding
shifting control strategy, which could achieve torque hole compensation, could improve
the overall efficiency from the structure perspective and achieve better drivability and
driving comfort, the real energy efficiency depends on the performance during normal
driving condition other than the shifting process [146]. The most important difference
between a single input system and a multi-input system is the energy management
strategy [147]. However, the energy management strategies discussed by most
researchers cannot be directly adopted here as the power usually comes from different
power sources, while the power in the proposed system only originates from the
onboard battery. This means that the overall efficiency only depends on the instant

energy consumption rate other than the optimal solution of the whole trip [148].

To solve this problem, the power demand distribution between the two motors becomes
important [149]. Only an adequate power sharing strategy which can achieve the highest
efficiency at the same time under certain power demand can help guarantee the overall

efficiency of the whole trip [150] .
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5.2 Proposed power sharing control strategy

Solving the problem of shifting control only guarantee the driving comfort and the
continuity of power flow during shifting, to maximize the overall efficiency and meet
acceleration demand, a proper power sharing control strategy should be designed to
distribute power between the two motors. Both motors can work alone and if needed,
they can cooperate with each other to provide the demand power with desirable
efficiency. For example, when the speed of the vehicle is relatively low and the
acceleration demand is not large, the first motor will work alone to provide all the
power in the first gear and the second motor will be idle because it is in the low
efficiency area. If the acceleration demand is huge at low speed which exceeds the
capacity of the first motor, the second motor could jointly provide the power. If the
vehicle speed is already very high, the second motor may work alone to provide all the

power.

There are two design variables of the PSC strategy in this system, one of which is the
desired gear state and the other is the torque of the first motor because once the gear
ratio and the torque of motor 1 are decided, the torque of motor 2 is settled. For a certain
speed and throttle demand where the acceleration is decided, the speeds of the motors

can be expressed as

v : v, (29)

As to the torque, there is only one independent design variable which is the first motor

torque in this study, once it is decided, the torque of the second motor can described as
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. - 30
Jeq3aFinal +Tv - (TMI _JeqlaMl) ( )
Ty = . +Jeq2aM2

)

where J,, is the equivalent inertia connected to the first motor and J, , is for motor 2
driveline and J,, is for the following transmission components including the vehicle
body. The equivalent inertia and the demanded angular acceleration «,,, and ¢,,, for

motor 1, motor 2 and final shaft can be calculated according to the given information.

Once the equations of speeds and torques for both motors are decided, the sum of power

consumption for both motors can be expressed as

: : ~ ~ (31)
P,=T,0,/m,+T,,06,,/mn,,,86,>0&T,, 0, >0)

out

where 77,,, and 77,,, are the specific efficiencies under the demanded speed and torque

for motor 1 and motor 2, respectively.

The charging power under the situation of braking or one motor charges the other one is

as follows

. . . . (32)
P, =T, 0,m,+T1,,0,,/nT,06,<0&T,,0, <0)

m

The total energy consumption is

P=P +P (33)
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For any driving cycles where the target speed V and acceleration ¢ are given, the

optimization model is expressed as

b Ml)

min, P.(v,a,T,,,5) (34)
st.— HMlma'c\ eMlgeMlmax’
_TMl,max (eMlngMl,mangMl,max (eMlj’

0

M2max’

MZmax 9M2j TMZmangMZ,max (GMZJ

N

M2max< 9M2

Since there are several local optimal points contained in the design space, it is hard to
seek the global optimal point by using traditional derivative based optimization
algorithm. Here enumerating method is adopted to search the approximately global

optimal point, which also does not need much computational cost. In the enumerating

method, the design variable 7),, is discretized by a regular dense grid with 2 Nm

interval in its design space. Then compute the objective function value P, and

constraints values at these discretized points. After getting rid of the points located in
the unfeasible region, the final optimal design point will be chosen as the remaining
discretized point which has the minimum objective value. The plot of objective function
under different driving demands in the feasible region is shown in Fig. 5-1. It shows that
the shapes of the objective function and the feasible solution spaces would be adjusted

adaptively according to the driving condition.
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Figure. 5-1 The PSC objective function under different driving demands.

It can be seen that the shapes of the objective function change according to different

driving conditions and the ideal driving point varies too. The vehicle speed and

acceleration are given by the driver and the suitable gear state is decided by the

proposed PSC strategy. In Fig. 5-1 (a), as the speed is very slow and acceleration
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demand is small, the possible working torque for motor 1 is from -70 Nm to 70Nm and
the ideal working point, which renders the minimum energy consumption, is very close
to zero. If the acceleration is set to 1 m /s”, Fig. 5-1 (b) can be generated and it can be
seen the possible working space is narrowed down only starts from -40 Nm. The power
in Fig. 5-1 (¢) and Fig. 5-1 (e) is constant because motor 1 is disconnected from the
powertrain according to the PSC strategy. In Fig. 5-1 (f), the torque of motor 1 can only
be positive because the speed and acceleration are already very high. The overall energy
consumption would rise dramatically if the torque of motor 1 drops below 10 Nm, the
reason is that the corresponding torque of motor 2 has reached its limit and the

efficiency changes fiercely in that area.

The proposed PSC strategy is summarized in Fig. 5-2. In order to make the shifting
frequency more reasonable, a delay function is added into the system to avoid

undesirable frequent gear changing.
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Figure. 5-2 Proposed power sharing control strategy.
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Although the proposed transmission structure and shifting control strategy could

considerably improve driving comfort and drivability, it encounters the problem of how

to distribute the whole demanded power among the two motors. If not properly solved,

the overall efficiency could be compromised and the drivability could also be affected

as the assigned power for one motor may exceed its rated power in certain acceleration

conditions.
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Figure. 5-3 Acceleration performance, (a) gear states, (b) torques, (c) power.
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In this section, a typical rapid acceleration test is conducted to reveal how the proposed
PSC strategy works to meet the power demand while keeping the energy consumption
as low as possible. The acceleration is linear, takes 12 s and ends up with a final speed

of 80 km/h. The gear state, torque and power are shown in Fig. 5-3.

It can be seen in Fig. 5-3 (a) that gear stays idle before 4.4 s and then starts shifting, the
shifts could cover most of daily driving shift situations and the shifting pattern can be
explained by the illustrations the aforesaid section that the gear ratios for the first and
second gear are designed for low speed city driving condition and the third gear ratio is
for high speed cruising, the gear ratio for the second motor is for mid-high speed

cruising.

Fig. 5-3 (b) shows the torque distribution for both motors during this acceleration. The
second motor starts first to launch the vehicle at 4 s while the first motor stays idle
before 4.4 s as the speed during launching is very slow and both motors will be working
in low efficiency area and according to the proposed PSC, which will minimize the
overall energy consumption, the second motor should provide all demanded power. At
4.4 s the torque of motor 1 rises quickly and drops to zero again to adjust to the
engaging speed and prepare for the synchronizer engagement. After the completion of
engagement, the torque of motor 1 rises, according to the torque change profile, to the
target value to provide all the power alone for the next 3 seconds, which is decided by
the proposed real-time PSC. Since the vehicle speed rises, in order to maintain the
lowest energy consumption, PSC strategy gives the order to switch to the second gear
and re-distribute the power demand for both motors at around 7.5 s. After a standard

shifting process demonstrated in the previous section, motor 1 and motor 2 work
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together to drive the vehicle. It should be pointed out that at 13.7 s motor 2 has reached
its torque limit so the PSC strategy decides to activate motor 1 to compensate the torque
demand, because it takes around 0.5 s for motor 1 to accomplish gear shifting, motor 2
couldn't follow its torque reference during that time. The torque drop for motor 1 is to
slow down to match the target engagement speed because the damping coefficient for

the motor is relatively small which couldn't slow it down in around 3 seconds.

Fig. 5-3 (c) shows the output power for both motors, as power is the product of motor
torque and speed, the pattern of output power is similar with that of the torque.
Although the distribution of power for the two motors, which is decided by the real-time

PSC strategy, is varying, the total output power rises linearly with the vehicle speed.

In order to further investigate the performance of the proposed real-time PSC strategy,
Fig. 5-4 shows the efficiency maps for both motors during the acceleration. It can be
seen motor 2 launches the vehicle when the speed is very slow and as soon as motor 1
could work above the efficiency of 65%, the real-time PSC shuts down motor 2 and
shifts to the first gear to improve the efficiency performance. Due to the changeable
gear ratios, motor 1 could work along around its highest efficiency line, providing all
the power alone while motor 2 stays idle. Then, as a best distribution scheme that can be

achieved, motor 1 switches to the second gear and motor 2 restores its output torque.
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Figure. 5-4 Actual efficiencies for both motors.
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It can be seen in this period, motor 1 could work exactly alone its highest efficiency line
between 2500 rpm and 3800 rpm while motor 2 could also work alone its highest
efficiency line between 2000 rpm and 3000 rpm. Because the efficiency of motor 1 is
very sensitive to its torque change when its torque and speed are relatively high, which
can be seen from the efficiency map, while motor 2 is less sensitive, motor 2 provides
all the power alone between 11 s and 14 s with an efficiency above 90%. When motor 2
reaches its torque limit at 4200 rpm, motor 1 is activated to share the power load. Again,

both motors could work alone their highest efficiency line.

This acceleration test adequately demonstrates the effectiveness of the proposed real-
time PSC strategy to guarantee the drivability while keeping the whole system at a

relatively high efficiency level.

5.4 Energy consumption

In order to further demonstrate the effectiveness of the proposed PSC strategy in terms
of efficiency improvement, two driving cycles which are LA92 and HWFET are
adopted and various fixed distribution ratios are used for the same system as
comparisons. As overall efficiency and power distribution are mainly focused on how to
control the power flow and would not be affected by the detailed gear shifting process
which is demonstrated in the previous section, the detailed shifting dynamic responses
are ignored here to make the simulations under different driving cycles possible.
Because the model with detailed shifting dynamic responses is much more complicated
than the energy verification model and runs very slowly in steps of 0.001 s, only by

removing this part will it be possible to accomplish a driving cycle over 1000 seconds.
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5.4.1LA92

LA92 is used as a standard testing driving cycle for light-duty vehicles as it covers most
driving situations in daily life. It runs about 1435 s and the total distance is 15.8 km
with an average speed of 39.6 km/h. Fig. 5-5 (a) shows the profile of the driving cycle

and how the proposed system could follow the reference speed.
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Figure. 5-5 Energy consumption of LA92.
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It can be seen that the speed profile contains many starts and stops which simulate the
signals from traffic lights and has adequate cruising stage over 300 seconds. The

proposed system could exactly follow the speed reference.

Fig. 5-5 (b) shows the overall energy consumption by the proposed system and various
fixed distribution system. It can be seen that the total energy consumption is not
monotonically increasing because when the vehicle decelerates, the motor will switch
into generator mode and recover this part of energy. In Fig. 5-5 (¢), the proposed system
generates the best performance followed by the performance of 100% and 0 distribution.
This is due to the wide high efficiency speed range from the multispeed transmission of
motor 1. The performance of 0 and 100% distribution comes third as a considerable part
of speed in this driving cycle is around 40 km/h or above which just meets the design of
gear ratio for motor 2. Other distributions relatively have lower overall efficiencies
because the accelerations and decelerations in this driving cycle are not rapid, if both
motors share the power demand equally or similarly in light duty condition, none of
them could work in high efficiency area. In high speed rapid acceleration situations, the
result would be different as two motors must work together to drive the vehicle as

demonstrated before.

The power distributions for both motors of the proposed system and 100% and O
distribution system are shown in Fig. 5-6 (a). In order to show the details clearly, a part
of Fig. 5-6 (a) is amplified in Fig. 5-6 (b). It can be seen that the power demand of
LA92 is not large, one motor alone can cover that and stay in its high efficiency area.
For the proposed system, motor 1 and motor 2 work alternately, which can be clearly

revealed by the seemingly vertical blue dash line in Fig. 5-6 (b), and for the 100% and 0
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distribution system, motor 1 is working according to fixed ratio. It should be noted that
higher power load ratio for the first motor doesn't always guarantee higher overall

efficiency, it depends on the driving pattern and the driving load.

(@)
| 1 I I 1 |
10
< 0
X,
@ -10
g — Motor 1 of proposed system
O -20 |— — - Motor 2 of proposed system =
— == Motor 1 of 100% and 0 distribution
=30 |~~~ Motor 2 of 100% and 0 distributi i
otor 2 0 6 an is ﬂbm’mn/ |
0 200 0 600 800 1000 1200 1400

Time [s]

5

X 0
| -
g

s -5
o

-10

1040 1060 1080 1100 1120 1140 1160
Time [s]

Figure. 5-6 Power sharing comparisons for LA92.

5.42 HWFET

To further demonstrate how the proposed real-time PSC strategy works, HWFET
driving cycle is adopted as a mid-high speed cruising comparison. Fig. 5-7 shows the

speed profile and energy consumption comparisons.
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Figure. 5-7 Energy consumption of HWFET.

As the driving pattern switches to mid-high speed cruising, the performance of each
fixed ratio distribution system changes a lot. Motor 1 alone and motor 2 alone exchange
their positions because the gear ratio for motor 2 is exactly designed for this kind of
situation where speed is relatively high, and in the mean time, the acceleration demand

is very small that only motor 2 could cover. This feature can also be seen in other
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distributions that the overall efficiency drops with the rises of the load allocation for
motor 1. It can be seen motor 2 alone strategy renders similar results as the proposed
real-time PSC strategy because in the proposed system, motor 2 also covers most of the

power demand as it is the best scheme.

5.5 Conclusions

This chapter proposed a detailed real-time PSC strategy for a novel dual input clutchless
transmission system which could achieve desirable overall efficiency, at the meantime,

provide adequate drivability and driving comfort.

To improve the efficiency and drivability of the proposed system, a real-time PSC
strategy is designed and verified under different driving conditions including different
driving cycles and a typical linear acceleration. The proposed PSC strategy doesn't
require complicated tuning work by experienced engineers which makes it easier to be
implemented and the results proved that it could deal with various driving conditions

with high overall efficiency.
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CHAPTER 6 : Shifting stability control strategy

6.1 Introduction

Excessive gear shifting is a very common phenomenon residing in most existing
energy-oriented energy management strategies as improving the overall efficiency is to
some extent contradict to the shift frequent. To solve this problem, this chapter
proposed a shifting stabilizer which can significantly reduce the shift frequency while
compromising little overall efficiency. As a balance between the shift frequency and the
efficiency should be achieved, the stabilizer parameters are optimized using a multi-
objective optimization method. In order to verify the effectiveness of the proposed
stabilizer, two typical driving cycles revealing daily driving scenarios are adopted and
the results demonstrate that considering the gear shift energy losses, the stabilizer could

even improve the overall efficiency while reducing the gear shift frequency.
6.2 The design of shifting stabilizer

Since the proposed PSC as well as most energy management strategies focusing on the
minimization of power consumption, attributes such as vehicle acceleration
responsiveness and smoothness are often overlooked. However, these strategies impact
the quality of gear shifting, particularly for real-time strategy where decisions are made
instantly as the global minimization problems are divided into instantaneous
minimization steps. As a result, optimal gear ratio will change frequently with the

driving conditions, which leads to excessive gear shifting. Moreover, excessive gear
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shifting not only influences drivability but also increase energy consumption because

the shifting actuator consumes energy as well.

In order to reduce excessive gear shifting encountered by the proposed energy
management strategy, drivability constraints should be considered. A shifting stabilizer
is built to make a trade-off between the energy consumption and the gear shifting
frequency, which can significantly reduce the gear shifting events with insignificant

extra energy consumption. It is written as the following

1
feost = aP + Ae 1-x7 (35)

subject to

{ 0<x<1)
g_ratio # 0ldG

The first part of the shifting stabilizer is designed to avoid unnecessary gear events by
improving the shifting margin. Initially, to improve energy efficiency, the gear change
schedule is set to follow the trajectory of minimum power consumption. However, the
disadvantage is that sometimes the power consumption between the current gear and the
next gear is quite close, which means that the saved energy consumption from gear
shifting is insignificant. To solve this issue, a shifting margin controller is designed to
increase the threshold required for shifting, which only allows for gear changes when

energy saving is obvious.

The shifting margin controller can be expressed as the following
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where a is the weight factor and P is the

state.
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Figure. 6-1 The schematic diagram of the designed shifting margin controller.

Fig. 6-1 illustrates the conceptual principle of the shifting margin controller, in which

Fig. 6-1 (a) represents the instant power consumption of each gear directed by PSC.

Based on the minimum power consumption principle, the intersections of the lowest

curve are the points where gear shifting occurs. Accordingly, the determined gear

shifting schedule is showed in Fig. 6-1 (b). However, it is worth noting that the saved

energy from changing gear 1 to gear 2 is insignificant but this causes unnecessary gear

shifting. To avoid this condition, the shifting margin controller will impose a penalty to

all other non-working gears, which causes overall elevation in their power consumption.

As shown in Fig. 6-1 (c), gear 1 (green line) is the working gear in the initial stage, so

that the power consumption of gear 2 (blue line) and gear 3 (orange line) is modified to
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a higher level by the shifting margin controller. In consequent, the unnecessary gear

shifting is reduced and there is no gear change, as shown in Fig. 6-1 (d).

The second part of the shifting stabilizer is designed to avoid undesired gear events by
extending the shifting interval. This means to avoid successive and frequent gear
shifting in a short period, which is not desired even though it could save much energy.
Furthermore, a modified bump function is introduced to prevent too short shifting

interval.

The shifting interval controller can be expressed as the following

1
f, = Ae 1-x2 (37)

where A4 is for the designed amplitude coefficient of the bump function, and x is to

Time—tq

control the duration of gear shifting which is defined as x = , Where Time is the

ta
system time, t; is the last gear shifting time, t; is the designed duration coefficient of

the bump function.

Bump function

Figure. 6-2 Diagram of the bump function
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As shown in Fig. 6-2, the bump function declines slowly in the early stage but fast at the
late stage. According to this, the shifting interval controller will impose a large penalty
to the non-working gears when gear shifting is just completed. As a result, the system
prefers to maintain the working gear when searching for the minimum power
consumption of each gear. Moreover, the penalty value will decline fast to zero to

reduce the continuous influence.

Power Power — Gear 1
= Gear 3
o) i
A 1 A 2
"“"-,.u_ e
Time : Time
shift duration I
(a) ()]
Power’ i Power’
Power'=Power+4de 1-x*
; - ¥ . Gear 1
i - N pEm——— Gear 2
P ¥ N | e Gear 3 )
2 \ 2T . Gear 1+cost function
“ Ay » 5 Gear 2+cost function
5 \\ I Gear 3+cost function
. \
~ AY
“ - \
~a, '
- N\ e .
-~ :
| Nl & 2 1 4 2 .
'\\w .«"‘ ~ > /’/ /\\‘\‘ ”p : /’
mhE"'*m-.._,.,.,sf"“' = : 'i"--._-" \\"z...___,..-»""” r---—”
Time Time
New shift duration with cost function |
|
(e) (@

Figure. 6-3 The schematic diagram of the designed shifting interval controller

Fig. 6-3 illustrates the conceptual principle of the shifting interval controller, in which
Fig. 6-3 (a) represents the instant power consumption of each gear directed by PSC, in
which three curves cross frequently in a short period. Based on the minimum power

consumption principle of PSC, the intersections of the lowest curve are the points where
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gear shifting occurs. Accordingly, the working gear changes frequently in a short
shifting duration, as shown in Fig. 6-3 (b). To avoid this condition, the shifting interval
controller is designed to impose a large penalty to all other non-working gears right
after gear shifting occurs. As shown in Fig. 6-3 (c), gear 2 (blue line) is the working
gear in the initial stage, then the working gear changes to gear 1 at the intersection.
After this gear shifting, a penalty is imposed to the non-working gears immediately,
causing a large elevation in their power consumption from the solid lines to the dotted
ones. Then, the proposed PSC will search for the minimum power consumption through
the modified power consumption (dotted lines). As a result, in Fig. 6-3 (d), the shift
duration of gear 1 is longer than that in Fig. 6-3 (b). Moreover, every time gear shifting
occurs, the shifting interval controller will intervene to avoid successive and frequent

gear shifting.

With the two points elaborated above, the original objective function focusing on
minimum energy consumption in the energy management strategy is developed to take
shifting stability into consideration. The final objective function can be written as the

following:

Psubopt =P + feost
1 (38)

=P+ aP + Ae 1-x?

6.3 Multi-objective optimization

From Eq. (38), in order to filter out undesired gear shifting while minimizing the extra

energy consumption, the weight factor a, amplitude (A) and the duration (t;) play
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important roles. To compromise between energy consumption and gear shifting, a

multi-objective genetic algorithm is introduced to optimize these coefficients.

In a 3-dimensional domain, the multi-objective functions and constraints are expressed

as
) _ ® éEMl éEMZ _1_—1tz
min (f;) = (1 + «a) Tep1——+ Teue + Ae d (39)
0 NEM1 NEm2

min (f;) = Z Gearyym (40)

subject to
0< a <1
0<< A<200

0=t d<100
where f; and f, represent the total power consumption and gear shifting times
respectively, and Geary,,, 1s a counter for gear shifting. The bounds of the variable are
set below certain values because with larger values, the weight of shifting stabilizer will

be too strong so that there are no gear changes anymore.

Since f, < f;, the fitness value should be normalized by dividing its values by the
average value of all children in the generation. For example, if f;; is the fitness value for
it" generation, and f; is the average value of all children in this generation, the

normalized fitness f;; is expressed as:
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. _fu (41)
fi=%

Similarly, for the second objective, the normalized value is expressed as

. _fa (42)
fZl sz

As for the multi-objective optimization, the most important part during the iteration
process is the population evolution. In the multi-objective optimization problem, if an
individual X has at least one feature better than Y while the rest features are not worse
than that of the individual Y, individual X is non-inferior to Y and the rank value of Y is
set lower than that of X. In the condition where X, Y is non-inferior to each other, X
and Y are set to have the same rank value. The rank system is showed as Fig. 6-4. The
ranking value depends on the numbers of the individual within the rectangle formed by
the fitness value [f;,f>] and the axes. The individuals within this rectangle indicate that
their fitness values are inferior to the current individual. For example, there is only 1
individual falls in the rectangle formed by the fitness value of individual i [f3;, f>;], then

its rank is set to 2.
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Figure. 6-4 The principle of fitness ranking.

Besides the rank value, population diversity is also important because the selection and
replacement of individuals are based on rank value and diversity. When the rank values
are different, the individuals with the smaller rank value will be selected, regardless of
their diversity. When the rank value is the same, individuals with better diversity will be
selected so that those elite individuals are automatically retained in the selection and

replacement process.

Since gear shifting is based on minimum energy consumption, reducing gear events will
definitely increase energy consumption. The goal is to reduce the undesired gear
shifting while ensuring that there is not much increase in energy consumption. Hence,
the weight of energy consumption should be higher than reducing gear shifting. In order
to alleviate the penalty against individuals concentrating around an attractor, individuals

are divided into subpopulations. Based on a combination of uniform distribution and
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Gaussians probabilistic distribution, the individuals I(X) is expressed by m and 6

respectively.

C (43)
100 = woU(XIm) + ) wi I(X16)
i=1

where ¢ denote the number of Gaussians, {w;} denote the weights, subject to Y,{_,w; =

1.

Then entropy is introduced as a measure of population diversity. For a populationX =

{f;li = 1,2}, the entropy is defined as the following

13 (44)
HOO = 5> p(f) log n(f)

As p(f;) logp(f;) is higher at the distribution margin, individuals will not be punished
for being congested until most of the population converges.

Besides the population, to describe the distribution of objective function, the Gaussians

is introduced as the following:

p(f}) = N(u,0) =

1 1(f = w)? (45)
Vzmo P\72 o2

where

(46)
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2 (47)
0t =D (f =
i=1
The differential entropy of N(y, 6) is calculated as the following
(48)

H(N) = f N(u, o) log N(i, o) df

Then, through crossover and mutation, the non-inferior solution will converge to the

Pareto front. In order to include all driving conditions as much as possible, some typical

parts of different driving cycles are chosen as a hybrid driving condition, where the

energy consumption before optimization is 2.3698 kw -k, and the total shifting time is

352. After optimization,
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the Pareto solutions, are selected as shown in Fig. 6-5.

Pareto front

2.4 2.5 2.6 2.7 2.8
Power (kwh)

6-5 The optimization results of the Pareto front.

Fig. 6-5 shows that there are five sets of feasible solutions. However, for specific

situation about the balance between energy consumption and gear shifting times,

limitations of less than 5% extra energy consumption (the vertical dotted line) and more
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than 70% gear shifting reduction (the horizontal dotted line) are used as index to decide
the final optimization results, which is within the lower left corner. The corresponding

coefficients are listed in Table 6-1.

Table 6-1 Optimization results

a A td
0.0818 157.8525 48.9767

6.4 Driving cycle results analysis

In this section, the proposed shifting stability control strategy is verified by using two
typical driving cycles, LA92 and HWFET. The LA-92 driving cycle is used to validate
the effectiveness of these strategies in low-speed conditions, while HWFET driving
cycle is used to validate the vehicle performance in medium to high-speed cruising
conditions. These two driving cycles cover most situations for light-duty vehicles from

daily use to traveling.

6.4.1 LA-92 driving cycle

The LA-92 driving cycle is a light-duty chassis dynamometer schedule and a
representation of urban driving patterns. This cycle has a distance of 15.8km and an

average speed of 39.6km/h in1435s.

Fig. 6-6 (a) shows gear shifting events and corresponding angular speed of both motors,

directed by the proposed PSC without shifting stabilizer. It shows that the minimum
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power consumption oriented PSC often leads to excessive gear shifting. Fig. 6-6 (b)
shows the results directed by PSC with shifting stabilizer, in which the undesired and
unnecessary gear shifting are reduced heavily. Besides, both figures show that motor 1
and motor 2 work in a complementary way to provide power. The motor speed figure
demonstrates that the motor 1 mainly works when vehicle speed is below 40km/h while
the motor speed is high to achieve high efficiency. In low speed conditions, the motor 1
works together with AMT to achieve high economic efficiency, because AMT provides

high starting torque without compromising the efficiency at high operating speed.
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Figure. 6-6 Gear shifting with and without shifting stabilizer.

When the vehicle speed is above 40km/h, motor 2 will take over to provide power due
to the design of fixed gear ratio for motor 2. Moreover, the performance of motor 1 in
Fig. 6-6 (a) appears more aggressive with discontinuous working and frequent
starting and stopping. With the designed shifting stabilizer, not only the excessive gear
shifting is significantly reduced, the working pressure of electric motor is also lessened.
As shown in Fig. 6-6 (b), the performance of motor 1 works in a steady and continuous

way with less frequent launching and stopping.
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Figure. 6-7 Motor 1 efficiency map with and without shifting stabilizer.

Fig. 6-7 (a) shows the efficiency map of motor 1 without shifting stabilize, in which
most working points concentrate around (1500 rpm, 35Nm). This is because the power
distribution strategy directed by PSC keeps the motor working in an efficient area as
much as possible, but this also leads to excessive gear shifting. In comparison, Fig. 6-7
(b) shows the efficiency map of motor 1 with shifting stabilizer, where the working

points are more scattered. This is because many working points remain the same gear
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ratio instead of changing gear. Accordingly, the working points with low speeds and
high torques will move towards high speed and low torque area driven by the shifting
stabilizer. These results show that the shifting stabilizer not only reduces the number of
gear shifting but also improves the usable speed range. Moreover, it is worth noting that

the overall efficiency with and without the shifting stabilizer is quite similar.

Fig. 6-8 (a) shows the actual power consumption of each gear at every instant. The solid
lines refer to power consumption oriented PSC without shifting stabilizer, while the
dotted lines refer to PSC with shifting stabilizer. Since the power distribution strategy is
still working when the gear ratio is fixed, the power consumption in each gear state is

quite close, which verifies the effectiveness of the proposed PSC.
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Figure. 6-8 Power distribution with and without shifting stabilizer.

According to the PSC, the gear state with lowest power consumption will be set as the
working gear. As shown in Fig. 6-8 (b), gear 0 and gear 1 alternate to have the lowest
power consumption, so that the corresponding working gear switches between them
frequently. However, the shifting stabilizer will keep the power consumption of the

working gear unchanged while imposing a penalty to the non-working gears. This is
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showed in Fig. 6-8 (c), having the lowest power consumption makes gear 1 the working
gear in early state. Therefore, the power consumption of the non-working gears is
modified to a higher level by the shifting stabilizer. As a result, the gear 1will remain to

have the lowest power consumption, and gear states will be stable during this period.
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Figure. 6-9 Power consumption with and without shifting stabilizer in LA-92.

Fig. 6-9 compares the power consumption with and without shifting stabilizer in LA-92
driving cycle. The goals of saving-power consumption and reducing-gear shifting are
contradictory, which means the reduction in gear shifting causes the increase of power
consumption. As a result, while the gear changes are reduced significantly, the extra
power consumption caused by shifting stabiliser is relatively small. However, it should
be noted that the shifting process also consumes energy. Considering the cumulative
energy consumption caused by gear events, the reduction in excessive gear shifting

saves energy as well.

In the whole LA-92 driving cycle, the number of gear events reduces from 392 times to
60 times (84.693% down), while the energy consumption rises by 3.387%. Considering

the shifting process, the hydraulic cost and motor loss are about 120w and 180w
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respectively, and the shifting duration is set to be 1.2s. Thus, the shifting cost is about
0.0001kw - h. Adding the cost, from all gear shifting, the total energy consumption is

saved by 0.532% instead.

6.4.2 HWFET driving cycle

HWFET driving cycle is a representation of high speed cruising with a distance of 16.45

km and an average speed of 77.7km/h in 765s.

Fig. 6-10 (a) shows the gear shifting events and corresponding angular speed of both
motors directed by the proposed PSC without shifting stabilizer. Compared to LA-92, as
the driving condition is simple, the overall gear shifting is much less. However,
excessive gear shifting still exists when speed changes. Fig. 6-10 (b) shows the results
directed by PSC with shifting stabilizer, in which the excessive gear shifting is further
reduced. The motor speed figure demonstrates that the motor 1 only helps provide
power during acceleration and deceleration. But the angular speed of motor 1 is high to
guarantee high efficiency. At the same time, motor 2 works as the main power source
because the designed fixed gear can not only satisfy the dynamic performance but also
guarantee high efficiency of motor 2 in high speed cruising. In comparison, the number
of gear shifting is reduced significantly, while the performance of motor 1 becomes

steadier without on and off interruptions.



3.46

D
S
)

Gear ratio
o
[ )

10000

8000

6000

w (rpm)

4000

2000

3.46

Gear ratio
.[\)
o
[o2e]

—
w
)

10000
8000
6000

(rpm)

3 4000

2000

(a)
T T T T T T T
I | Mlﬂ —ﬂ]‘m !
—— EMI i
— EM2
e N N =
/m\ jIWn/ |
J d I 1 L 4L L
100 200 300 400 500 600 700
Time (s)
(b)
T T T T T T T
; 4 t t { {
1/ EMI1 7]
EM2 |
L~ e |
| ] U L ] 1 1
100 200 300 400 500 600 700

Figure. 6-10 Gear shifting reduction with and without shifting stabilizer.

95



96

Fig. 6-11 (a) shows the actual power consumption of each gear at every instant.The
solid lines refer to energy consumption oriented PSC without shifting stabilizer, while

the dotted lines refer to PSC with shifting stabilizer.
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Figure. 6-11 Power distribution with and without shifting stabilizer.

Since the power distribution strategy is still working when the gear ratio is fixed, the
power consumption in each gear state is quite close, which verifies the effectiveness of
the proposed PSC. According to the PSC, the gear state with lowest power consumption
will be set as the working gear. As shown in Fig. 6-11 (b), the working gear change
frequently in a short period from gear 0, gear 2, gear 3, gear 1, gear 0 and to gear 1.
With the shifting stabilizer, the strategy will keep the instant power consumption of the
working gear unchanged while imposing a penalty to all the non-working gear states,
which is showed in Fig. 6-11 (c). Having the lowest power consumption makes gear 0
the working gear in the early state. With the shifting stabilizer, the power consumption
of the non-working gears is modified to a higher level by the shifting stabilizer. As a
result, the gear 0 will remain to have the lowest power consumption so that short

shifting intervals are avoid.
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Figure. 6-12 Power consumption with and without shifting stabilizer in

HWFET.

Fig. 6-12 compares the power consumption with and without shifting stabilizer in the
HWFET driving cycle. Since the basic overall efficiency of the HWFET driving cycle is
higher than that of the LA-92, the power consumption with and without shifting
stabilizer is closer. In the whole HWFET driving cycle, the gear events reduce from 122
times to 31 times (75.590% down), while the energy consumption rise by 0.811%. Since
the driving condition is simpler than that of LA-92, the shifting times and the shifting
reduction is less. At the same time, as the average speed is much higher than that of LA-
92, both motors are easy to work in their high efficiency area so that the extra energy
consumption caused by gear shifting reduction is much less. The extra energy
consumption will be further minimized when taking shifting cost for each gear change

into account. After this, the total extra energy consumption is saved by 0.111%.
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6.5 Conclusions

Since the energy management strategy is based on minimizing the energy consumption
of the two motors at every instant, excessive gear shifting will be a problem. To avoid
undesired gear shifting, a shifting stabilizer is proposed to improve shifting stability. To
reach a balance between gear shifting and energy consumption, a multi-objective
optimization algorithm is adopted to determine the optimal coefficient of proposed
shifting stabilizer. Two driving cycles covering from urban driving conditions to mid-
high cruising driving conditions are used to demonstrate the improvement of the shifting
stability. With the designed shifting stabilizer, the excessive gear shifting is reduced
significantly by improving the shifting margin and interval. The results show that the
reduction of unnecessary gear shifting makes motor 1 operate in a more stable and
continuous way. Moreover, considering the shifting cost from actuator, it also save

energy by reducing the number of shifts.
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CHAPTER 7: A novel uninterrupted multi-speed

transmission for hybrid electric mining trucks

7.1 Introduction

As the working conditions and specification requirements of mining trucks are different
from commercial passenger vehicles [76], and the improvement of mining truck fuel
efficiency could lead to more significant economic benefits, the investigation of hybrid
transmission system becomes significantly important. Considering the energy
consumption and specific performance requirements of mining trucks, a novel
uninterrupted multi-speed transmission is proposed in this chapter, which is composed
of a power-split device, and a 3-speed lay-shaft transmission with a traction motor. The
power-split device is adopted to enhance the efficiency of the engine by adjusting the
gear ratio continuously. The combination of the power-split device and 3-speed lay-
shaft transmission can realise uninterrupted gear shifting with the proposed shift
strategy, which benefits from the proposed adjunct function by adequately
compensating the torque hole. The detailed dynamic models of the system are built to
verify the effectiveness of the proposed shift strategy. To evaluate the maximum fuel
efficiency that the proposed UMST could achieve, dynamic programming is
implemented as the baseline. Due to the “dimension curse” of DP, a real-time control
strategy is designed, which can significantly improve the computing efficiency. The

simulation results demonstrate that the proposed UMST with DP and RTCS can
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improve fuel efficiency by 11.63% and 8.51% compared with conventional automated

manual transmission system, respectively.

7.2 System description

. The configuration of the proposed UMST is illustrated in Fig. 7-1.

mg mc

A

Engine

O O Output

Figure. 7-1 Structure of the proposed UMST for mining truck.

The planetary gear set is treated as a power-split device between the engine and the
generator (mg). The engine and generator are connected to the carrier and sun gear,
respectively. The ring gear can directly drive the truck, and the traction motor (mc) is
connected to the input shaft of 3-AMT. The purpose of generator is to adjust the engine
speed to improve the engine efficiency according to the various external conditions,
which is not completely the same as the traction motor. Meantime, the output torque of

the ring gear can also improve the shift quality by offsetting or alleviating the torque
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hole, which is unavoidable during shifting process of traditional AMT. The traction
motor is designed to drive the truck in low-speed and high-torque conditions.
Meanwhile, the traction motor can also adjust the speed of synchronizer to achieve
quickly shifting. According to the authors’ previous research, the parameters of the
various components are calculated to meet the performance indicators proposed by the

enterprises, the technical specifications are shown in Table 7-1.

Table 7-1 Technical specifications of the hybrid electric mining truck

Component Parameter Value
Rated power 243kW
Engine Max torque 1282Nm
Speed range 0-2200r/min
Generator/m Rated/Peak power 100kW@1800r/min
£ Speed range 0-3500r/min
Traction Rated power 150kW@800r/min
motor/mc Speed range 0-3500r/min
C it 65Ah
Battery apacty
Voltage 460v
Planetary gear Ratio 3.6
3-speed AMT Ratio 1.32/2.08/3.46
7.2.1 Dynamic Modeling

Fig. 7-2 shows the dynamic model of the planetary gear in detail, where, J,o,T

represent the inertia, the angular speed, and the torque, respectively.



103

| R1 Jr1
. *’ !*—
T : Fi* Ry | Tra
* € ! TCl !
!* I
T 1 .
Je — Jea < ¢ Planetary gear set :
Ter Fy+S1+F; - Ry |
; L T
. |
: S1 Js1 . Jmg
- .
. I
I F,- S, . Is1

Figure. 7-2 The planetary gear model.

Assuming that both the sun gear, the ring gear, the carrier and the planet gears are

properly intermeshing, and there is no slip between each other. Considering the moment

of inertia, the output torques and the speeds of the engine and the generator, the

expressions can be as:

Je a.)e :T - TCI

e

L%Q@=—E%+Q1

a)e:a)Cl
a)mg :a)Sl

(49)

where subscripts e,mg,C1,S1 are the engine, the generator, the carrier and the sun gear

respectively.
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Euler’s formula is applied to demonstrate the relationship of the three components for

the single planetary gear set. The dynamic equations are expressed as follows:

. (50)
JRI Wpy = ER1 _TRl

Ja WOcy = _ERI _ESI +TC1

JSI Wg = ES1 _T51

where, subscripts Rl is the ring gear, the carrier, and the sun gear, F1 is the internal

force of planetary gear set, R,,S, are the radius of the ring gear and the sun gear,

respectively.

According to Eq. (49) and Eq. (50), the dynamic equation of the torque and speed for

the engine, the generator, and the planetary gear set can be obtained as follows:

. (51)
(J,+Jo) o, =—FR —FS +T,

(ng +JS1)a)mg = FISI _ng

Due to the intermeshing linear velocity between the sun gear and planet gear is equal to

the linear velocity between planet gear and carrier, the equations can be as
— — (52)
@, Tkoy —(1+k)w, =0

where £ is the ratio between the ring gear and sun gear.

There are still two input variables in 3-AMT including the ring gear output and the

traction motor output. The free-body diagram of 3-AMT is demonstrated in Fig. 7-3,
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where K,C represent the stiffness and the damping coefficient of the coupling shaft,
respectively, € represent the angular displacement, J,®,T represent the inertia, the

angular speed, and the torque, respectively.

Ky
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Figure. 7-3 The layout gear model.
Similarly, the input of them can be described as follows:

' (53)
Jr1 Oy =T =K (Opy —0,) = C(@ —0,)

‘]mca);nc:Tmc_C o, _KZ(gmc_eS)_CZ(a)mc_a)S)

mc mc

where, subscripts 1,2, fr,mc,S are for the connecting shaft, the spur gear, the final

drive, the traction motor, and the synchronizer, respectively.

The variation of gear ratio depends on the engagement or disengagement of the

synchronizers, which affects the vehicle jerk. Therefore, the torque calculation is

essential. Assume S, is the state of synchronizer, S.=0 means the synchronizer is

completely disengaged. On the contrary, S,=1 means the synchronizer is engaged.
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When S, €(0,1), more especially, the synchronizer is in disengaging or engaging

process, the transfer functions are:
Jsws =K, (0,. —0,)+Cy(@,. —a5) — Ty (54)

' (55)
(/5 +Ji7i2)a)fr = Vilsyy + K (O = 0,) + C(@p — @)

-K,(0, -6,)-C (0, — ;)
-K(0, - 0,)-Cs(w, — ;)

where subscripts i,3,5 are the gear ratio, the left haft axle, and the right haft axle,

respectively, Ty, is the cone clutch’s torque.

When S,=1, namely, the synchronizer is completely engaged, the transfer function is

as:

. (56)
(Jfr +7i2JS +7/i2Ji)a)fr =7.K,(6,, _Vief‘r)"'?/icz(a)mc _7/ia)fr)

+K1(‘9R1 _efr) + Cl(a)Rl - a)fr)
—K5(0, -6,)-C(0, - o))
-K; (‘9ﬁ~ —6;)-C; (a)ﬁ — o)

Considering the symmetry of the half shafts and the tires, only the equations of one side

are given, as follows:
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. (57)
Jy0,=K,(0, -0,)-Ci(0, — o)
_K4(‘93 _04)_C4((03 —(04)

Jy0,=K,0,-6,)+C(0,—0,)-T, /2

where subscript 4 is the left tire, 7, is the resistance torque.

7.2.2 Vehicle model

According to the longitudinal dynamic performance, the resistance force of the rear axle
can be analysed. Here, the damping and compliance are ignored to simplify the analysis.
Due to the truck speed is relatively low, the aerodynamic resistance is also ignored. The

expressions are as follows:

: dv 58
TV/RVZy(m+M)gcos(go)+(m+M)gsm(go)+§(m+M)E (58)
where R, is the effective radius of the tire, u is the rolling resistance coefficient, m is
the truck curb mass, M is the truckload mass, g is the acceleration constant of gravity,

¢ 1s the road slope, V' is the vehicle speed and s is the rotation component coefficient.

7.2.3 Battery model

According to previous study, the battery module is simplified to the first order
approximated internal resistance model, and the impact of temperature and battery life

are ignored [151], as shown in Fig. 7-4.
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Figure. 7-4 The first order approximated internal resistance model.

Hence, the battery power is derived where a positive value represents discharging

process and a negative value represents charging.

According to the battery equivalent circuit, state of charge (SOC) is calculated as:

1V, V2 —4R,P,, (1) (%)

2R,

SOC(t) = —

max

where p,

batt

(1) 1s the battery power varying with SOC, V,,. is the open-loop voltage, V,

is the output voltage, R, is the internal resistance, O, is the maximum electrical

max

charge.

7.2.4 Power model

Because the engine is a time-varying nonlinear system, the complicated internal
dynamic process of the engine is not considered. The throttle, speed, and torque of the
engine are used to calculate instantaneous fuel consumption with the fuel consumption

contour map, as shown in Fig. 7-5.
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Figure. 7-5 The fuel consumption contour map of the engine.

The equation can be expressed as follows.
mezf(we,Te) (60)

As the motor cannot only drive the truck but also recover the braking energy, the motor

power can be calculated with the following expression.

T, (61)
mca)mc Tmc 2 0
Pmc = 77m
Tmca)mcnr Tmc < 0

where 7, 1s the motor output torque, o, 1s the motor output speed, 77,,77, are the

discharging and charging efficiency, respectively.
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The efficiency of motor varied from 0.6 to 0.96, so it can largely affect the battery
consumption. Here, the efficiency is determined by using a two-dimensional map whose
data are obtained by the measurement during discharging and charging process, as

shown in Fig. 7-6.

7.3 Implementation of shifting control

7.3. 1 Shift process

The coordinated control of shifting process is illustrated in Fig. 7-7.

ECU directive

Y

»!| 3. adjust me speed to

5. increase mc torque

" |
L. decrease me torque Yes target speed - to target torque
¢ No ¢ No Yes ¢ No
T]]]L‘:O I‘1IIIL‘:n'!S TI]]E‘:TII
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h 4
> 2. d|scngjfigc > . 4. engage & ishid
synchronizer synchronizer
No v|’ No ¢
— S.=0 - b— §.=1

Figure. 7-7 The coordinated control of the shift progress.

After receiving the command from electronic control unit (ECU), the shifting process
will be implemented. In the first step, the traction motor torque reduces to 0 step by step,

and the motor operates in the torque mode at this moment. At the same time, the ring
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gear output torque increases with opposite variation of the traction motor output torque
to counteract the torque hole by controlling the generator, which can improve the shift
quality. However, due to the limitation of engine output torque, the ring gear output
torque cannot exceed the maximum value. In the second step, when the motor torque is
0, and the operating mode turns into the free mode, the synchronizer of current gear
ratio can smoothly disengage in no-load condition. The output torque of ring gear
remains unchanged. In the third step, the motor turn to operate in the speed mode, which
can adjust the motor speed to target speed to reduce the speed gap. The ring gear output
torque stays the same. In the fourth step, when the motor speed is close to the target
speed, the motor turns to operate in the free mode again, the synchronizer of the target
gear ratio can accomplish non-shock engagement. The output torque of ring gear
remains the same. In the fifth step, when the synchronizer is completely engaged, the
motor turn to operate in torque mode, and gradually increases the output torque to the
target value. Meanwhile, the ring gear output torque reduces according the demand

torque.

According to the foresaid shifting process, the output torque of the traction motor and
the ring gear must be properly controlled to improve driving comfort during shifting
process. Therefore, an adjunct function is proposed to control the variation of torque

during the five stages of shifting progress, as shown in Fig. 7-8.
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Figure. 7-8 Torque variation during the shifting progress.

Stage 1 represents that the motor torque decreases and the ring gear output torque
increases at the same time. Stage 2 indicates that the synchronization disengages within
0.1s. Then the process of speed synchronization is implemented in the stage 3. The
negative motor torque can make the synchronization time shorter. When the slip is close
to zero, the synchronization will be engaged in the stage 4. The ring gear supplies the
demand torque in the stage 2 to 4, but the maximum torque is limited to 1200Nm. At
last, the ring gear torque decreases and the motor torque increases to demand value in

the stage 5. The expressions are given as follows.
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T are the initial input torque of traction motor and the ring gear,

respectively, 7, is the starting time of the synchronizer disengagement, 7, is the

duration time of the synchronizer disengagement, f is the starting time of the

synchronizer engagement, f, is the duration of the synchronizer engagement.
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7.2.2 Drivability performance analysis

To verify the feasibility of proposed shift control strategy and the adjunct function, an
acceleration process is designed, as shown in Fig. 7-9 (a). According to the actual
working conditions, if the traction motor output torque is 560Nm and ring gear output
torque is 240Nm, then the transmission output torque should be 2177.6Nm, 1404.8Nm,

and 979.2Nm, in the first gear, second gear, and third gear, respectively.
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Figure. 7-9 Torque variation during upshifting process.
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Fig. 7-9 (b) shows that the traction motor output torque varies with the gear position, the
torque is close to 0 during the shift process, that is what caused the power interruption
of traditional AMT. It can be seen that the ring gear output torque smoothly increases to
compensate the torque hole within the limitation in Fig. 7-9 (c). Fig. 7-9 (d) shows the
comparison of the proposed dual input control configuration and single input control
configuration. It can be obviously seen that the output torque of single input
transmission is zero during shifting process, the dual input transmission can adequately
compensate the torque hole. For instance, the ring torque is limited to 1200Nm when
gear ratio upshifts from the first to the second, which should be 1404.8Nm. At this
moment, the torque hole can be partially offset. When gear ratio upshifts from the
second ratio third, the demand torque is 979.2Nm, and it is less than the maximum
torque that the ring gear can output where there is no torque interruption. Therefore,
compared to the single input transmission, the proposed dual input UMST can improve

the drivability significantly.

The shift jerks of two configurations are shown in Fig. 7-10. It can be seen that the jerk
of proposed dual input UMST is obviously smaller than the single input configuration.
The jerk occurs in three aspects: 1). Synchronizer disengages, 2) synchronizer engages,
3) demand torque recovers. The torque absence during shifting process cause large jerk
for single input configuration, because the torque varies between 0 and the demand

value. However, proposed UMST can supply partial or the entire demand torque.
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Figure. 7-10 Comparison of vehicle jerk.

For instance, when gear ratio changes from the first ratio to second, although the
limitation of ring gear output torque causes that the torque hole cannot be completely
offset, the jerk is still small because the torque varies between the limitation value and
the demand value. In particularly, the jerk causing by the demand torque reconversion
can be eliminated for the proposed dual input UMST, because the ring gear output
torque can meet the demand torque, as shown in shifting process from the second gear

to the third.

7.4 A real-time control strategy

According to the operation datum of mining trucks given by the enterprise, a speed

cycle is established, as shown in Fig. 7-11.
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Figure. 7-11 The working cycle of a mining truck, (a) truck speed varying with time, (b)

road slope changing with time, (c) truckload varying with time.

Dynamic programming is a numerical algorithm to solve multi-stage decision issues,
which is based on Berman optimization principle. The basic idea is to obtain the
performance index of each state and each control variable in the reverse process, and
then the control variables corresponding to the optimal performance index in the
forward process can be found. Therefore, DP is usually applied to get the global optimal
solution for evaluating the novel design, which is regarded as a benchmark. According
to the reference 6, the state variables and control variables are selected based on the
different kind of vehicles with DP. Assuming that the fuel consumption is zero if the

demand power is less than 0, the fuel consumption of proposed UMST and AMT is
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7.0341kg and 6.2164kg, respectively. It should be noted that the engine (Commins
QSL9) and the transmission (MRT-11710B) are equipped with the traditional

mechanical truck.

However, it is well-known that DP easily causes “dimension curse” and requires much
time of calculation, so it is hard to be applied in real time. To overcome the drawbacks
of DP, a real-time control strategy based on equivalent consumption minimization
strategy (ECMS) is proposed. The RTCS aims at minimizing the sum of engine fuel
consumption and electricity consumption at every moment. Therefore, the cost function

can be expressed as follows.
Je(t) = min(m,,, (t) +m,, (1)) (64)

where, m,,, (t), mp,.(t) are the engine fuel consumption and equivalent fuel consumption

of battery at some point, respectively.

Due to the traditional ECMS cannot guarantee the balance of SOC, PI controllers are

applied to balance the wave range [152]. The expressions are as follows.

A, P(SOC@)I(SOCH)—ED p(1y>0 (65)
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Thv
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where, 1., 1s equivalent fuel coefficient, P,(t) is battery power, ny(t) is discharge

efficiency, n.n,(t) 1s charge efficiency, SOC, is initial value of SOC, a,b,c are all fit

coefficients.

According to the proposed RTCS, the simulation results are shown in Fig. 7-12.
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Figure. 7-12 The simulation results with RTCS, (a) engine speed, (b) engine torque, (c)

SOC variation.

Fig. 7-12 (a) and Fig. 7-12 (b) illustrate that the engine speed and torque vary in the

whole cycle, respectively. The engine drives the generator to generate the electric power
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for supplying the motor or charging the battery. Fig. 7-12 (c) shows that SOC varies
with time. Because the truck is driving uphill before 900s, the battery is discharging in
this time and SOC drops from 0.7 to 0.58. During the loading point, SOC is lightly
increased. When the truck drives downhill, the motor can recover the braking energy

and store the electricity in the battery.

According to the aforementioned simulation results, the fuel economy of proposed
UMST is evaluated during the given cycle with DP and RTCS, which is shown in Table

7-2.

Table 7-2 Comparison of fuel economy

Configuration Fuel consumption Improve
economy
AMT with DP 7.0341 -
UMST with DP 6.2164 11.63%
UMST with RTCS 6.4357 8.51%

Compared to the AMT system, the proposed UMST with DP and RTCS can enhance
fuel economy by 11.63% and 8.51, respectively. The reason why the proposed UMST
can reduce the fuel consumption is because of the improvement of energy efficiency. As
the above description, the proposed UMST can make the engine work in high-efficiency

region by adjusting the generator speed, the gear ratio, and the motor torque.

7.5 Conclusions

A novel non-interrupted multi-speed transmission with power and shift control strategy

is proposed for hybrid mining trucks. The purpose is to improve fuel economy and shift
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quality. The proposed UMST consists of a planetary gear set integrated with 3-AMT,
which can save manufacturing cost, achieve non-interruption, and enhance system
efficiency. Compared to traditional mechanical mining truck, the proposed UMST with

DP and RTCS can improve fuel efficiency by 11.63% and 8.51%, respectively.

To reduce vehicle jerk, the shift control strategy with an adjunct function is proposed,
which can adequately compensate the torque hole during shifting process. Sometimes
only partial torque is compensated in shifting process, but the simulation results indicate
the proposed shifting strategy still can meet the jerk demand and be superior to the

single input control.
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CHAPTER 8 : Thesis conclusions

The development of electric and hybrid electric vehicles has attracted the attention both
from the academic and industry world. In order to develop a complete powertrain
solution to achieve high overall efficiency and desirable drivability performance,
improve the driving comfort and the powertrain robustness, novel and advanced

methods have been investigated and designed in this thesis.

Considering the efficiency of the fundamental structure of the transmission system,
automated manual transmission is adopted as it has higher efficiency, lower
manufacturing cost, more compact and less weight compared with other multispeed
transmission systems. Based on the automated manual transmission system, a novel
dual input clutchless transmission configuration is proposed with many variations. The
removal of the friction clutch will further improve the overall efficiency by avoid the
corresponding hydraulic loss. In order to overcome the drawback of automated manual
transmission which is the torque hole during gear shifting, a novel modified bump
function based gear shifting control strategy is designed. With the proposed gear
shifting control strategy, the torque hole can be eliminated, improving both the
drivability and driving comfort. As there are two motors in the proposed system, a
suitable power sharing control strategy is in need. The designed real-time power sharing
control strategy could properly distribute the power demand between the two motors
and achieve a sub-optimal efficiency performance. However, the proposed power
sharing control strategy suffers from excessive gear shifting problem just like other

solutions. To solve this problem, a shift stabilizer is designed and embedded into the
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system. With the proposed stabilizer, frequent gear shifting has been avoided without
compromising the overall efficiency. Moreover, a powertrain configuration for mining
trucks is also proposed as the requirements of mining trucks are very different from

those of passenger vehicles.

Further Research

Although the related emerging problems such as motor efficiency, energy management
strategies and the associated control systems have been significantly alleviated, the
long-lasting problem of low battery energy and power density still prevent the battery
based electric vehicles from dominating the market. As a result, together with the
limited battery life, high initial cost, relatively long charging time and limited driving
range per charge, the large-scale commercialization of battery based electric vehicles is

still hindered.

In general, about 42% of energy is consumed in rolling, 25% wasted in the form of heat
during deceleration, 23% by air drag and 10% in other forms. As the consumed energy
in rolling cannot be notably reduced and the energy wasted by air drag depends on the
shape of vehicles, the kinetic energy during braking becomes very important. If the
kinetic energy could be recaptured and transformed into electrical energy stored in the
battery again during braking, the driving range per charge and the overall efficiency

would be significantly improved.

As a result, in order to further improve the overall efficiency of the transmission system,
un-interrupted gear shifting control strategy during regenerative braking will be focus of

the investigations.
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