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Abstract:



The great development of engine technologies can help to improve the engine characteristics and performance: a better thermal efficiency and an extending fuel economy area, which will subsequently decrease the fuel consumption and thus influence the overall architecture of the vehicle. In this paper, an investigation is carried out to assess the influence of the high-efficiency engine on the transmission gear numbers. First, according to the relevant studies and the integration of the advanced engine technology, a future engine fuel consumption map is obtained, based on which, the preliminary simulations are applied to explore the best match between the transmission and the proposed future engine from the perspective of fuel consumption. The simulation results indicate that the transmission with four gears is the best option to match the future engine while maintaining good fuel economy and meeting the driving demands. Then, based on this conclusion, a new hybrid powertrain architecture, which includes four gears for the engine, is introduced and analyzed in detail, with the advantage of seamless gear shift due to the compensation torque of the motor. Finally, to further examine the fuel economy and gear shift quality of the proposed powertrain, the dynamic model is established and the simulation results demonstrate that the new powertrain architecture shows a good fuel consumption performance and the gear shift process can be achieved without power interruption.
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1. Introduction


The internal engine, as an important power source in our daily life, successfully transfers the energy stored in the fossil fuel into the power and energy required for the mobile applications. However, as non-renewable energy resources, the fuel storage and availability on the planet are limited and the increasing depletion has aroused people’s attention [1], which in return inspires and motivates automotive companies to focus on the advanced engine technologies to improve the engine characteristics. Besides, hybrid electric vehicle (HEV), combining the merits of motor and engine, also shows a promising potential of fuel-saving capacity [2,3,4]. When the vehicle operates in a low load and in low speed conditions, only the motor supplies the required torque, and in the high load and high speed conditions, both the motor and engine get involved in the operation to satisfy the power requirements.



As for the improvements of the engine performance, numerous actions have been done, such as the optimization of engine structure and the utilization of advanced and sophisticated control strategies. Atkinson cycle is the most commonly used technology, where more energy is transferred into the useful work, especially for hybrid electric vehicles, which can compensate for the weakness of the Atkinson engine through the help of motor [5,6]. Apart from the Atkinson cycle, other technologies, such as the cooled exhaust gas recirculation (EGR) and optimized cylinder structure are also helpful to enhance the efficiency. Some of the technologies are fully explored and exploited by the relevant automobile companies such as Toyota (Toyota, Aichi, Japan), Honda (Minato City, Tokyo, Japan), Chevrolet (Detroit, MI, USA), Mazda (Fuchu, Hiroshima, Japan), Hyundai (Seoul, South Korea) and Kia (Seoul, South Korea) et al. The engine designed by Honda R&D Co. Ltd. (Tokyo, Japan) could achieve 38.9% thermal efficiency and operation at a compression ratio of 17 and an EGR rate above 30% could achieve the target brake thermal efficiency of 45% [7,8]. Hyundai and Kia Corp. also claimed that the new Kappa 1.6 L gasoline direct injection (GDI) engine could obtain the engine thermal efficiency of almost 40% [9]. In addition, as to engines with different specifications and displacements, Toyota Motor Corp. applied different methods and technologies to improve the fuel consumption characteristics [10]. According to the results, the area with low fuel consumption extended greatly and a better brake specific fuel consumption (BSFC) value was obtained, thus the engine thermal efficiency was further enhanced, and even 45% engine thermal efficiency was achieved with the technology of the lean boosted concept [11].



In addition to conventional spark ignition (SI), low temperature combustion (LTC) is promising to improve the fuel economy, especially for the HEVs, where the powertrain electrification can offer extra power to drive the vehicle and decouple the engine and the vehicle, facilitating the engine to work in a high-efficiency area. A great amount of work has been done to explore the LTC engines from various aspects. In [12,13], a homogeneous charge compression ignition (HCCI) engine was utilized in a series HEV, and three kinds of energy management controls (EMC) were designed to investigate their influence on the fuel economy of series HEVs. In [14], a dual-fuel, reactivity controlled compression ignition (RCCI) engine was used in a series HEV to estimate the influence on fuel economy and emissions performance. Solouk, A. et al. applied a HCCI/RCCI/SI multi-mode engine in a series extended range electric vehicle, and the results under city driving cycle showed that the multi-mode engine had a better fuel economy compared with the engines which had only one combustion mode [15]. Similarly, for a mild HEV, a multimode engine (SI/HCCI) was also applied by Nuesch, S. et al. [16]. In addition, the HCCI/RCCI/SI engines were integrated with parallel hybrid electric configurations in [17,18] to select the optimal electrification level.



Nowadays, electro-mechanical compound hybrid transmission is another effective way to improve the overall vehicle performance. Due to the characteristics of fast response, wide speed range and pollution-free, the motor is suitable to serve as another power source for the HEVs. Commonly, the HEVs can be divided into three types: series configuration, parallel configuration and parallel-series combined configuration [19,20,21,22,23], and extensive research has been done to improve the performance of these HEVs, such as drivability [23], fuel economy and emissions [24]. In [25], a novel powertrain architecture for the HEV is proposed and the full utilization of its function investigated. Except for these HEV architectures, from the viewpoint of industrial application, Toyota hybrid system (THS), which currently is the best-selling and leading hybrid system, realizes the transmission function through the planetary gear set. Similarly, two planetary gear sets are adopted by General Motors to accomplish the powertrain function [26]. Moreover, a new sports hybrid series is developed by the Honda R&D Co., Ltd. to realize a better fuel efficiency [27]. Compared with the powertrain architectures mentioned above, automated manual transmission (AMT), with a much simpler structure and lower cost, has a higher efficiency of 92–98% [28]. Therefore, taking these merits into account, AMT is still a good choice for the HEVs.



Generally speaking, the appropriate match between the engine and the transmission can increase the engine efficiency, reduce the fuel consumption and enhance the powertrain performance. How to optimize the integration between the advanced future engine and various kinds of HEV configurations is also a research hotspot. In [29,30], engines with high efficiency were applied on numerous vehicles with different powertrain configurations, and the results depicted that with the increase of hybridization, HEVs could provide more opportunities for engines to operate in higher efficiencies. From the overall findings in [31], the optimal gear selection is highly dependent on vehicle and engine application. In [32], a range of hypothetical gasoline engines with lower and wider BSFC contours in the core operating region were created, and the influence of these hypothetical engines on the transmission gear selection was conducted, as well as the fuel consumption improvement.



Based on the research mentioned above, this paper mainly focuses on the following two points:



First, the influence of the high-efficiency engine on the transmission gear numbers is investigated. With the help of LTC technology, an experimental BSFC map for a 2.0 L engine, with 202.5 Kw maximum power, is obtained by Solouk, A. et al. [18] and is shown in Figure 1a. In addition to LTC technology, the gasoline direct injection compression ignition (GDCI) engine is also used in Delphi company (Gillingham, Kent, UK), which pre-heats the air before flowing it into the throttle to satisfy the gasoline compression ignition condition, thus improving the overall engine efficiency. In addition, by using GDCI technology, a simulated BSFC map for a 1.8 L engine with 130 Kw maximum power is generated in [33], which can be seen in Figure 1b. Brake mean effective pressure (BMEP) can be considered as another way to represent the engine output torque. Integrating these two generated engine BSFC maps, we propose a synthesized hypothetical engine BSFC map with extending fuel economy area and low BSFC value, which is illustrated in Section 2. In addition, for the transmission architecture, the gear numbers will vary in accordance with different engines to meet the corresponding power and fuel economy demand. So, for the HEV equipped with the proposed future engine, the influence on the transmission architecture is investigated with the implementation of dynamic programming (DP) algorithm.


Figure 1. Engines with extended fuel economy area and low brake specific fuel consumption (BSFC).
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Then, based on the conclusions of the first point, a novel HEV powertrain architecture, supplying four gears for the engine operating condition, and two gears for the motor operating condition, is proposed. This powertrain can also realize seamless gear shift with the aid of the compensation torque of the motor. To further testify the working performance of the proposed HEV powertrain, the dynamic model is established in software AMESim (Version 10, Siemens Product Lifecycle Management Software Inc., Munich, Germany) and simulations are conducted.



The structure of the paper is organized as follows: Section 2.1 is the overview of the optimization problem, and Section 2.2 introduces the modeling process of the vehicle, engine, motor, and battery. Then, dynamic programming algorithm is introduced and adopted in Section 2.3 to analyze the influence of future engine on the AMT structure. Furthermore, the simulation results are displayed in Section 2.4. In Section 3, based on the DP simulation results, a novel powertrain architecture is proposed, and the working modes and the gear shift process of the new powertrain architecture are explained and analyzed. In Section 4, the fuel consumption and gear shift quality are verified with the help of software AMESim. Finally, conclusions are given in Section 5.




2. Optimization of Gear Numbers for HEVs


2.1. Overview


The parallel HEV is applied in this paper, which is shown in Figure 2, and the torque flow shown in the figure represents the condition in which the engine and the motor work simultaneously to drive the vehicle. Furthermore, the vehicle technical parameters used in this paper are shown in Table 1.


Figure 2. Configuration of the HEV (hybrid electric vehicle, [image: ] is the engine output torque; [image: ] is the transmission output torque; [image: ] is the motor output torque; [image: ] is the output torque of coupling gear; [image: ] and [image: ] are the torques on the left half shaft and right half shaft, respectively).
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Table 1. Parameters of the vehicle and the components.





	
Vehicle






	
m

	
Vehicle gross mass

	
1800 (kg)




	
r

	
Tire radius

	
0.37 (m)




	
S

	
Face area

	
2.10 (m2)




	
[image: ]

	
Rotational mass coefficient

	
1.2




	
[image: ]

	
Main reducer ratio

	
4.235




	
f

	
Rolling resistance coefficient

	
0.01




	
[image: ]

	
Road gradient

	
0




	
[image: ]

	
Air resistance coefficient

	
0.32




	
[image: ]

	
Engine coupling ratio

	
1




	
[image: ]

	
Motor coupling ratio

	
1.5




	
Engine




	
[image: ]

	
Maximum engine speed

	
5000 (rpm)




	
[image: ]

	
Maximum engine power

	
85 (Kw)




	
[image: ]

	
Maximum engine torque

	
241 (Nm)




	
Motor




	
[image: ]

	
Maximum motor power

	
70 (Kw)




	
[image: ]

	
Maximum motor speed

	
8000 (rpm)




	
[image: ]

	
Maximum motor torque

	
350 (Nm)




	
Battery




	
C

	
Battery capacity

	
19.5 (Ah)










The investigation about the influence of the future engine on the HEV powertrain architecture can be seen as an optimal control problem, whose mathematical optimization formulation is as follows:


[image: ]



(1)




where [image: ] and [image: ] are the initial and final time, [image: ] is the control variable, [image: ] is the state variable, [image: ] is the fuel consumption and [image: ] is the penalty function.




2.2. Modeling Process


2.2.1. Vehicle Mathematic Model


The longitudinal motion dynamic equation of the vehicle can be described as:


[image: ]



(2)







The torque equation is:


[image: ]



(3)




where [image: ] is the demand torque at the wheel, m is the vehicle gross mass, g is the acceleration of gravity, [image: ] is the road gradient, f is the rolling resistance coefficient, [image: ] is the air resistance coefficient, S is the face area, v is the vehicle velocity, [image: ] is the rotational mass coefficient, [image: ] is the vehicle acceleration, r is the tire radius, [image: ] is the output torque of the engine, [image: ] is the output torque of the motor, [image: ] is the gearbox ratio, [image: ] is the main reducer ratio, [image: ] and [image: ] are the coupling ratio of engine and motor, respectively.




2.2.2. Engine Mathematic Model


According to the literature and research reviews in the introduction, engine fuel consumption will continue to decrease with future engine designs as engineering and technologies progress [34]. Therefore, inspired by the previous research in literature [18,33], in addition to the consideration of the transition fuel penalty between different modes mentioned in [35], a hypothetical engine BSFC map is proposed, with the lower BSFC value and extending fuel economy area whereas the operating ranges (speed range and output torque range) are held fixed. The proposed engine BSFC map is shown in Figure 3a, and as a contrast, a conventional engine BSFC map is applied in Figure 3b.


Figure 3. Engine fuel consumption map.
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2.2.3. Motor Mathematic Model


In terms of the diverse driving conditions and states of vehicle components, the role of the motor in the HEV can be different. When the vehicle operates at the low speed and low torque condition, the motor works as a traction motor to supply the required power, and the function is:


[image: ]



(4)







Moreover, in the low state of charge ([image: ]), the motor serves as a generator to charge the battery, and the function is:


[image: ]



(5)




where [image: ] and [image: ] are the efficiency of the motor and the generator, respectively, [image: ] is the power of the motor, and [image: ] is the power of the generator. The motor efficiency map is shown in Figure 4.


Figure 4. Motor efficiency map.
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2.2.4. Battery Mathematic Model


The equivalent circuit model of battery is depicted in Figure 5.


Figure 5. Battery model.
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Just like the different role of motor, the working states of the battery also change accordingly, namely, the charging state and discharging state, so the battery internal current equations are:


[image: ]



(6)






[image: ]



(7)




where U is the battery voltage, I is the battery current, P is the battery power, and R is the battery internal resistance. Moreover, the subscript C and D represent the charging state and discharging state of the battery, respectively.



The characteristic curves of battery open circuit and battery internal resistance versus [image: ] are shown in Figure 6.


Figure 6. The characteristic curves of battery.
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2.3. Dynamic Programming


Dynamic programming algorithm is one branch of the operational research and supplies a new approach to the multi-stage decision-making process [36,37]. The key of DP algorithm is decomposition and discretization, namely, the complete multi-stage process is divided into a series of subproblems. In solving any subproblem, the principle is to find the optimal solution from a variety of possible solutions, and in this way, all the subproblems are solved sequentially and useful information can be used for the next subproblem. Finally, when every subproblem is resolved, the whole process is achieved and the optimal result is obtained.



Just as formulated in Equaiton (1), the optimal control problem is composed of the following parameters: stage variable, state variable, and control variable [38], and the optimal solution is to find the minimum of Equation (1).



In this paper, for a given driving cycle, the whole driving cycle is divided into N stages, and the time interval at each stage is 1 s. In addition, the state of charge ([image: ]) of the battery is then chosen as the state variable, whose range of value is [0.4, 0.8]. Furthermore, the working states of the engine and the motor are mainly determined by two factors: one is the torque distribution between the engine and the motor, and the other is the gear state of the transmission, so the engine torque and the gear state are selected as the control variables. Furthermore, the basic inequality and equality constraints on state variable, control variables and other parameters are listed as follows:


[image: ]



(8)






[image: ]



(9)






[image: ]



(10)






[image: ]



(11)






[image: ]



(12)






[image: ]



(13)




and the transfer function of the state variable is:


[image: ]



(14)






[image: ]



(15)




where [image: ], [image: ] and [image: ] are the battery [image: ], battery current and battery [image: ] increment at kth stage, respectively; [image: ] is the battery [image: ] at (k+1)th stage, C is the battery capacity, [image: ] is the time interval between two stages; and the subscripts min and max are the minimum and maximum values of the variables.



In each stage k and each state m, the fuel consumption [image: ] is decided by the engine speed and engine torque:


[image: ]



(16)




where [image: ] can be obtained from the engine BSFC map.



Moreover, the penalty function [image: ] is requested to limit the high frequency of gearbox shift:


[image: ]



(17)




where [image: ] is the penalty coefficient, [image: ] and [image: ] are the gear states at ([image: ])th stage and kth stage, respectively.



Then, for each state m, the cost function from stage N to stage k is:


[image: ]



(18)







So, the final optimal solution is the minimum of the cost function:


[image: ]



(19)







When all the subproblems are resolved, the backward process of the DP algorithm is completed and all the relevant optimal parameters sequences are obtained. Then, the next step is the forward calculation process of DP algorithm to find the optimal strategy. Finally, the optimal results based on the DP algorithm can be achieved.




2.4. Simulation and Results


In order to fully reflect the real road conditions and make the results more pervasive and convincing, three driving cycles have been selected including New European Drive Cycle (NEDC), J1015 and Urban Dynamometer Driving Schedule (UDDS). The vehicle speed trajectories of each driving cycle are shown in Figure 7.


Figure 7. NEDC, J1015 and UDDS driving cycle.
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Five groups of transmission gears are applied to find the best match between the transmission and the proposed future engine. There are two principles for the transmission gear ratios selection in this paper:

	
Considering the utilization rate of each gear (the vehicle has less opportunities to work under lower gear states), the ratios between adjacent gears satisfy: [image: ], where [image: ] is the ith gear ratio.



	
The highest and lowest gear ratios are selected to satisfy the vehicle driving performance, that is, the maximum speed can be reached when the vehicle is driving under the highest gear; the vehicle can drive under the maximum grade when it is under the lowest gear.








In terms of these principles, different gear ratios of each transmission are selected in Table 2.


Table 2. Gear Numbers and Gear Ratios.





	Gear Numbers
	Gear Ratios





	Six Gears
	3.994 2.482 1.582 1.112 0.912 0.795



	Five Gears
	3.769 2.095 1.433 1.079 0.851



	Four Gears
	3.526 1.956 1.247 0.892



	Three Gears
	3.165 1.739 1.087



	Two Gears
	2.910 1.140









All the simulations are conducted in the MATLAB software (Version R2012b, The MathWorks, Inc., Natick, MA, USA) and a total of 30 simulations are required to run all combinations of two engines, three driving cycles and five groups of different gear ratios. Here, we take four gear numbers as an example to illustrate the simulation results in the NEDC condition. The simulation results are shown in Figure 8 and Figure 9, where Figure 8 represents the simulation results with the conventional engine and Figure 9 represents the results with the future engine.


Figure 8. Results of the conventional engine.



[image: Energies 11 01148 g008]





Figure 9. Results of the future engine.
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For a fair comparison, the charge-sustaining condition is applied where the final [image: ] value does not change significantly compared with the initial [image: ] value. The results comparison between Figure 8 and Figure 9 are listed as follows:

	
As can be seen from the first subplots of these two figures, for the conventional engine, only parts of the operating points are located in the fuel economy area. However, for the future engine with the extended fuel economy area, through the appropriate selection of gear ratios, most engines working points fall in the fuel economy area, thus increasing the working efficiency of the engine.



	
For the whole NEDC driving cycle, the fuel consumption of the conventional engine under four gear transmission is 477 g, while for the future engine, the result is about 342 g, illustrating a great fuel consumption improvement.



	
The engine and the motor could work in a coordinated manner to supply the required torque. The [image: ] value of the battery is closely related to the vehicle condition (required speed and torque) and the motor/generator conditions (output speed and torque), and the charge-sustaining condition could be achieved when finishing the whole driving cycle.








Similarly, the simulation results of other gear numbers can be obtained in the same way. For convenient comparison between different driving cycles, the final fuel consumption is chosen as the evaluation criteria and all the data are converted into the 100-kilometer fuel consumption. The relevant results are shown in Figure 10.


Figure 10. Simulation results. The blue line is the fuel consumption of the conventional engine, and the brown line is the fuel consumption of the future engine.



[image: Energies 11 01148 g010]






As can be seen from Figure 10, no matter what the driving cycle is, the final fuel consumption of the future hypothetical engine decreases greatly, compared with the results based on the conventional engine. In addition, with the increase of gear numbers, the corresponding fuel consumptions decrease because more gear numbers mean the engine has more opportunities to work in the fuel economy area. However, the decrease rate of the fuel consumption in different gear numbers is not always the same. Under all the three driving cycles, four gears are the turning point of the fuel consumption decrease rate, where the decrease rate from two gears to four gears is more obvious than that from the four gears to the six gears. The fuel consumption differences among four gears, five gears, and six gears are very small and the fuel consumption value can almost be seen as the same. Therefore, it can be assumed that a future transmission with four gears can be deemed as a reasonable choice to match the future engine with extended fuel economy area to achieve a satisfactory performance. Besides, the four-gear transmission also has great advantages from the viewpoint of cost and control complexity. Hence, in the next section, we first propose a novel architecture of powertrain, and construct an AMESim model of this powertrain. Based on this model, simulations are conducted to evaluate the fuel consumption and gear shift quality.





3. Working Modes and Gear Shift Process of the Proposed Powertrain


The parallel hybrid electric vehicle has been applied in various research [17,18], and in this paper, a novel parallel HEV powertrain architecture [39] is proposed, as is shown in Figure 11a. Figure 11b shows that the powertrain gear ratio [image: ] consists of engine gear ratio [image: ] and motor gear ratio [image: ], and can be calculated as [image: ]: (1) The engine torque is transmitted through the synchronizer 10 located in the engine output shaft. The engine gear ratio is [image: ] when the synchronizer 10 is locked with the low speed gear, and is [image: ] when the synchronizer 10 is locked with the high speed gear; (2) The torque on the motor output shaft is either transmitted through the synchronizer 4 or the clutch. The motor gear ratio is [image: ] when the synchronizer 4 is locked and the clutch is released, conversely, the motor gear ratio is [image: ]. Thus, this automated manual transmission can provide four gears for the engine operating condition, and two gears for the motor condition, which can fully maximize the engine’s and motor’s capacities. A starter motor is equipped with the engine (which is not shown in the figure), so that the engine can be started when necessary. Besides, the dry clutch is located behind the transmission so as to realize the seamless gear shift process, which is a major problem of conventional AMT. Both the fuel consumption and gear shift quality are analyzed to verify that the transmission with four gears can guarantee the vehicle driving performance.


Figure 11. Powertrain architecture and gear ratios [39]. 1. driven gear wheel of main reducer; 2. half axle; 3. first gear wheel; 4. first synchronizer; 5. driving gear wheel of main reducer; 6. second gear wheel; 7. electric motor; 8. third gear wheel; 9. first input transmission shaft; 10. second synchronizer; 11. fourth gear wheel; 12. engine; 13. fifth gear wheel; 14. second input transmission shaft; 15. six gear wheel; 16. dual-plate dry clutch; 17. output transmission shaft; 18. differential; [image: ]: engine gear ratio; [image: ]: motor gear ratio.
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3.1. Working Modes


There are three modes that the powertrain architecture can operate: electric vehicle (EV) driving mode, HEV under-powered driving mode and HEV over-powered driving mode.



3.1.1. EV Mode


When the vehicle operates in EV mode, only the motor supplies the demand power and the engine is not involved; there are two gears, as shown in Figure 12, which are called low speed gear and high speed gear. In the low speed gear, the motor torque is transmitted to the vehicle through the synchronizer, while through the clutch in the high speed gear.


Figure 12. EV mode.



[image: Energies 11 01148 g012]







3.1.2. HEV Mode


Similarly, in HEV mode, both the engine and motor get involved in the operation and the transmission supplies four gears to the engine. Moreover, there exists two different occasions in the HEV mode, which are labeled as the under-powered driving mode and the over-powered driving mode. In the under-powered driving mode, both the engine and motor act as the power source to supply the power, but in the over-powered driving mode, the motor serves as a generator to charge the battery and the engine not only contributes to the vehicle, but also drives the motor to charge the battery. Figure 13 and Figure 14 illustrate the power routes of these two driving modes.


Figure 13. HEV under-powered driving mode.



[image: Energies 11 01148 g013]





Figure 14. HEV over-powered driving mode.
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The working modes will change according to the different states of the relevant parameters, such as the demanded vehicle torque, [image: ] of the battery, and so on. Here, the transition process from the EV mode to the HEV mode is taken as an example to introduce the mode switch process. When the [image: ] value is sufficient, the engine is off and only the motor contributes to the driving power, which is called the EV mode. When the acceleration pedal is pressed or the vehicle resistance becomes larger, wherein the motor cannot provide the required torque individually, the engine is started by the starter motor. After the engine speed adjustment, the synchronizer on the engine output shaft is engaged and the required power is supplied by the engine and the motor together, which is the HEV under-powered driving mode.



When the [image: ] value is less than a specific lower threshold (e.g., [image: ] < 0.3), the starter motor also starts the engine; in this condition, however, the motor works as a generator and the engine not only contributes to the vehicle, but also drives the motor to charge the battery, which is the HEV over-powered driving mode.





3.2. Gear Shift Process


3.2.1. EV Mode


Here, the gear upshift process from the low speed gear to the high speed gear in the EV mode is taken as an example to be analyzed in detail. In the low speed gear, the power is transmitted through the synchronization of the first synchronizer 4, and when the gear upshift instruction is given, the torque phase begins, and the clutch starts to engage gradually. As a result, the torque transmitted by the clutch increases gradually while that transmitted by the synchronizer decreases. When the torque transmitted by the synchronizer is zero, the synchronizer separates with the low speed gear, which means the end of the torque phase and the beginning of the inertia phase. In the inertia phase, the clutch continues to engage, and the motor speed is regulated to guarantee the fast and smooth engagement of the clutch. Finally, the clutch is locked up and the gear upshift process from the low speed gear to the high speed gear is finished. Due to the function of the clutch, there always exist power transmitted to the vehicle and the gear upshift process can be completed without power interruption. Opposite to the gear upshift process, the gear downshift process begins from the inertia phase and ends with the torque phase. For more details about the gear shift process, refer to [39].




3.2.2. HEV Mode


Due to the high similarity of the four gear shift processes in the HEV mode, the gear upshift process from the low speed gear to the high speed gear is also taken as an example to be analyzed in this mode. Just like the EV mode, firstly, the clutch starts to engage gradually, and the torque transmitted by the clutch increases and transmitted by the first synchronizer 4 decreases, separately. When the torque transmitted to the vehicle through the first synchronizer is zero, the synchronizer separates with the low speed gear. At the same time, the torque from the engine decreases, and when engine’s torque goes to zero, the second synchronizer 10 is separated from the third gear wheel. Then, the engine speed adjustment process will occur. When the engine speed is close to the fourth gear speed, the second synchronizer engages and the gear shift process of the engine shaft is finished. In addition, the clutch continues to engage until it is locked up. Finally, the engine and motor continue to work together to drive the vehicle and the gear upshift process in the HEV mode is achieved.






4. Performance Validation of the Proposed Powertrain


To validate the quality and performance of the novel powertrain architecture, a simulation model is constructed in the software AMESim (Version 10, Siemens Product Lifecycle Management Software Inc., Munich, Germany), and the arrangement is shown in Figure 15. Apart from the data listed in Table 1, other parameters which are necessary to conduct the simulation are listed in Table 3.


Figure 15. AMESim model.



[image: Energies 11 01148 g015]





Table 3. Parameters of the AMESim model.





	[image: ]
	Air density
	1.2 (kg·m3)



	[image: ]
	Engine inertia
	0.15 (kg·m2)



	[image: ]
	Maximum friction torque of the clutch
	350 (Nm)



	[image: ]
	Inertia of motor output shaft
	0.015 (kg·m2)



	[image: ]
	Damp of motor output shaft
	4.19 × 10−5 (Nm/(rad/s))



	[image: ]
	Inertia of one tire
	0.805 (kg·m2)









4.1. Fuel Consumption


Similarly, NEDC is chosen as the operating condition, and the working states of the vehicle components, including the engine, the motor and [image: ] value of the battery, are depicted in Figure 16 and Figure 17, respectively.


Figure 16. Simulation results of Engine and Battery.



[image: Energies 11 01148 g016]





Figure 17. Simulation results of Motor.
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As shown in Figure 16 and Figure 17, the novel powertrain architecture can satisfy the driving demands through the cooperation between the engine and motor. The four gears for the engine and the two gears for the motor ensure that the two power sources can choose the appropriate gears so that they can work in a high-efficiency area, and for a 1.8 t vehicle operating under the charge-sustaining condition, the fuel consumption is 4.30 L/100 km.




4.2. Gear Shift Quality


4.2.1. Gear Shift Process


The shift process from the low speed gear to the high speed gear in the EV mode is taken as an example to be analyzed, whose gear upshift process can be divided into two phases: the torque phase and the inertia phase, and the dynamic characteristics of the powertrain can be listed as follows.



The torque applied on the wheels can be represented as:


[image: ]



(20)







Firstly, when the vehicle operates in the low speed gear:


[image: ]



(21)
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In the torque phase, the clutch starts to engage, and the equation between [image: ] and [image: ] satisfy:


[image: ]
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Then, when the torque transmitted by the first synchronizer is zero, the synchronizer separates with the gear and the torque phase is finished, so the torque equations become:


[image: ]
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where [image: ] is the torque applied on the wheels, [image: ] is the torque on the driven gear of the first synchronizer, [image: ] is the torque transmitted by the clutch, [image: ] is the torque transmitted by the motor, [image: ] is the main reducer ratio, [image: ] and [image: ] are the low speed gear and high speed gear ratio in the EV mode.



The next step is the inertia phase and the main task in this phase is the adjustment of the motor speed that further realizes the synchronization of the clutch.



At the start of the inertia phase, the motor speed equation is:


[image: ]
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When the speed of the clutch driving disk is close to the speed of the driven disk, the clutch is locked up, and the motor speed equation is:


[image: ]
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where, [image: ] is the motor speed, [image: ] and [image: ] are the rotational speed of the left and right wheels.




4.2.2. Gear Shift Results


The gear upshift processes in the EV mode from Figure 12a,b and in the HEV mode from Figure 13b,c are taken as examples and results are shown in Figure 18 and Figure 19, respectively.


Figure 18. Results of gear shift results in the EV mode.
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Figure 19. Results of gear shift results in the HEV mode.
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In the EV mode, the gear shift process starts at 5 s. As described before, in the torque phase, the clutch engages gradually so that the torque of the clutch increases, and the torque transmitted by the first synchronizer decreases, correspondingly. At the same time, the motor increases the output torque to compensate the torque hole. When the torque transmitted by the first synchronizer becomes zero, the synchronizer disengages completely and the inertia phase begins. In the inertia phase, the motor torque will decrease significantly so that the motor speed can be adjusted quickly to keep track of the output speed. Then, when the speed difference of the clutch is zero, the clutch engages completely and the gear shift process is finished.



The difference between the EV mode and HEV mode is that, during the gear shift process of HEV, the engine also needs to go through the speed adjustment process so that the gear shift in the first transmission input shaft can be achieved successfully. It can be seen from Figure 19 that motor speed and engine speed can both track the desired speed rapidly and smoothly without large fluctuation.



In addition, from the output torque in Figure 18 and Figure 19, it can be concluded that the gear shift process is accomplished without the power interruption, in spite of the output torque’s slight fluctuation due to the influence of engine torque and motor torque adjustment. Furthermore, the maximum vehicle jerk in the EV mode and the HEV mode are 1.66 m/s3 and 2.12 m/s3, respectively, which guarantee the drivability during the gear shift process.






5. Conclusions


Inspired by the engine developments and improvements, the effect of high-efficiency engine on the powertrain architecture is considered and the main conclusions can be summarized as follows:

	
According to the massive studies, advanced technologies and developments, a future engine model with better thermal efficiency and extended fuel economy area is set up.



	
The relation between the future engine and the gearbox gear numbers are explored, and the simulation results indicate that for the HEVs, the gearbox with only four gears can satisfy the driving demand and the future engine shows a better performance of fuel consumption compared with the conventional engine.



	
Based on the simulation results, a new powertrain architecture is introduced which can supply four gears for the engine operating condition and two gears for the motor operating condition. Besides, one highlight of this powertrain architecture is the gear shift process which can be achieved without power interruption.



	
The fuel consumption and gear shift process of this new powertrain architecture are simulated in the AMESim software, and the simulation results demonstrate that the fuel consumption for a 1.8 t vehicle operating under the charge-sustaining condition is 4.30 L/100 km. In addition, the gear shift process in the EV mode and HEV mode can be completed without power interruption and the maximum jerk are 1.66 m/s3 and 2.12 m/s3, respectively.
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