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Abstract

:

Increase of non-renewable energy consumption and CO2 emissions has brought heavy burdens to our planet. Heavy-duty vehicles as a large energy consumer benefit a lot from platooning due to reduced air drag. Comparing to ICE trucks, electric trucks can gain more energy savings from platooning while also reducing CO2 emissions. This paper explores the energy consumption of electric HDV platooning under highway situations and proposes an adaptive downhill coasting speed method with regenerative braking. Simulations show that electric HDV platooning can reach at most 33.4% energy savings with our proposed adaptive coasting speed profile. With a sacrifice of 22.2% travel time, the energy savings can be further increased to 49.3%.






Keywords:


electric trucks; heavy-duty; fleet; downhill coasting; regenerative braking












1. Introduction


Due to the increasing number of vehicles all over the world, the amount of non-renewable energy consumption and CO2 emissions has increased drastically, which has brought heavy burdens to our planet. According to the report [1], although medium-duty vehicles (MDVs) and heavy-duty vehicles (HDVs) only account for 4% of all operating vehicles, they consume almost 20% of the transportation energy. The HDV industry is even more sensitive to fuel consumption mainly due to the large vehicle mass, long operating range and heavy loads [2]. Considering the energy consumption of HDVs, especially for highway applications, air drag is an important factor to be considered. In literature [3], the air drag constitutes approximately 23% of the total energy consumptions of a 40 ton truck under average road and driving conditions. It is necessary to establish a good control strategy to realize the reduction of energy consumption for HDV users.



The topic of highway platooning of conventional HDVs has been the subject of intense research over the years due to its potential for reducing air drag and improving fuel efficiency. Researchers from Auburn University and Peloton Technology proposed a prototype of driver-assistive truck platooning (DATP) and showed that the platooning system has significant positive safety and fuel savings potential for heavy truck operations [4]. Daimler Trucks implemented a truck platoon with three identical Mercedes-Benz Actros trucks and participated in the European Truck Platooning challenge [5]. Volvo leads the SARTRE project and developed a platoon of one truck and four cars with a relative distance of 4 m between vehicles [6]. The work in [7,8] show the fuel consumption reduction for ICE trucks via platooning is between 4.7% and 7.7% depending on speed, vehicle type, vehicle mass and relative distance. A DATP system was tested in [9,10] and demonstrated the relationship between energy savings and relative distances. With a shorter relative distance, researchers in [11] proved 14.2% of energy savings in a three-truck platoon.



Platooning is a good way to help reduce the air drag, however, control of HDVs in a platoon remains a challenging problem in the real world. Due to large mass, heavy loads and limited engine power, maintaining a certain distance in the platoon is very hard for HDV users, especially when including different road grades [12]. Given the information of road topology, look-ahead control (LAC) [13] has been a popular method to deal with this problem. Given the information of road grades, the LAC method calculates the optimal speed profile for vehicles within a certain time interval. The model predictive control (MPD) method was used in [14] to obtain an optimal speed profile via dynamic programming. A cooperative look-ahead controller for platooning (CLAC) was proposed in [7] to reduce the fuel consumption of HDV platoons. This work considers the HDVs in a platoon to be a group and changes their speeds at certain road points together instead of maintaining a specific distance for each individual. They achieved a 14% energy reduction in a downhill segment. The work in [15] shows a connected cruise control method for HDVs considering motion information and vehicle to vehicle (V2V) communication without assuming car-following models for preceding vehicles. Around 10% fuel economy improvement was proved in their work. A predictive kinetic energy management (PKEM) scheme in [16] was conducted for large electric vehicles considering upcoming environment conditions and traffic state. They computed driver-assistive and corrective outputs in real time based on radar information and prove a 10–12% energy savings.



While platooning of ICE trucks provides a significant efficiency increase, platooning using electric drives has even greater potential for efficiency improvement. Considering the motor efficiency characteristics of an ICE vehicle, it has a very pronounced area in the efficiency map where thermal conversion efficiency is maximum (or the Brake-specific fuel consumption (BSFC) is minimum). Therefore, for an ICE vehicle, a reduction in air drag leads to a reduction in the required motor torque, which also reduces energy efficiency. This is because the operating point is moved towards lower torques in the torque versus speed map, thus reducing power and efficiency. In essence, the reduction in required power is partially masked by a reduction in efficiency. However, an electric drive system has a wide plateau of almost constant efficiency and therefore the effect of reducing air drag is much less pronounced in electric drives. Hence, electric platoons will have larger efficiency gains than conventional ICE platoons, for all but the lead vehicle. In addition, reducing energy consumption in electric drives in general has many secondary desirable effects: reduced time at charging stations, reduced carbon emissions at the power plant and an extended range. However, very little research was conducted based on electric HDV platooning [17]. Our paper aims to fill this gap through investigating the energy consumptions of highway electric HDV platooning.



Downhill coasting can be used to increase the energy savings for an HDV platoon. During the coasting period, HDVs can cut off the fuel and benefit from the kinetic energy stored in the vehicle. However, the coasting speeds for conventional HDVs in most cases cannot satisfy highway speed requirements. However, with the reduction of air drag in a platoon of electric HDVs, coasting speeds can be realized that fall in the range of acceptable highway speeds. This facilitates the implementation of downhill coasting speeds that adapt to different road grades in order to save energy. In this work, we present an adaptive downhill coasting speed control method with regenerative braking for electric HDV platooning under highway situations. This speed control method allows the electric HDV platoon to adaptively change coasting speeds based on different road grades and highway speed limits, which can help the platoon to realize more energy savings.



The remainder of this paper is organized as follows: The simulation model of road grades, air drag, and coasting speeds are presented in Section 2. The rules of realizing acceptable coasting speeds are explained in Section 3. Finally, the simulation results and conclusions are presented in Section 4 and Section 5, respectively.




2. Model and Assumptions


2.1. Profile of Road Grades


In order to decide if it is realistic to implement coasting during highway travel, typical values of road grades are approximately calculated by using the elevation contour map of most cities and highways in the US [18]. Road grades are roughly 2–4% in the mountain areas of the US, while in other areas, road grades are mostly less than 2%. Therefore, the range −3% to 3% is used as typical values of highway grades in our simulations. Positive values represent uphill while negative values represent downhill.




2.2. Reduction of Air Drag


Platooning reduces the air drag coefficient of vehicles within a platoon depending on their position, speed, following distance, etc. [19]. To implement coasting in a platoon, all peer vehicles should have a similar ratio of mass and air drag coefficient so that the coasting speeds will be approximately constant [20]. Hence, only homogenous platoons are considered in this paper.



Relative distance is an important factor when considering the reduction of air drag coefficient in a platoon. According to Alam and Assad’s work [6], there will be more reduction in the air drag coefficient with less relative distance between vehicles. More specifically, they conducted the experiments in a platoon of three identical HDVs with an approximate average speed of 70mph. Results show that the air drag coefficient of the second and third vehicle can be reduced by more than 40% when the relative distance is around 15 meters. The reduction of air drag coefficient can reach at most 70% with a very small relative distance. Here in our paper, considering the application of highway HDV platooning, it is necessary to maintain certain gaps for safety, so we assume the relative distance is in the range of 15 meters and the air drag reduction is 40% for all vehicles in the platoon except for the lead vehicle.




2.3. Energy Model


Figure 1 shows the longitudinal forces balance on an HDV in motion. Denoting vehicle mass, vehicle speed, rolling resistance coefficient, air drag coefficient, front cross-sectional area, air density and road grade as  m ,    v  ,    f r   ,    C d   ,  A ,  ρ  and  α  respectively, the power balance at the wheel can be expressed as:


   P  w h e e l   = m a v +  1 2   C d  A ρ  v 3  + m g v  f r  c o s α + m g v s i n α    



(1)




where    P  w h e e l      and    a   denote the power at the wheel and vehicle acceleration respectively. An incline is associated with a positive  α , while a decline is associated with a negative  α .



The energy consumption on a distance segment   ∆ x   can be represented under steady state conditions as:


  E η =  1 2   C d  A ρ  v 2  ∆ x + m g  f r  c o s α ∆ x + m g s i n α ∆ x    



(2)




where   ∆ x   is the travel distance segment. The constant forward power flow efficiency is denoted by  η .  E  denotes the energy at the source, i.e., the battery.





3. Coasting Speeds


The coasting speed for conventional HDVs cannot satisfy the requirements of highway speeds in most cases, but the reduction of air drag increases the coasting speed of platoon vehicles to values that are often within the range of acceptable highway speeds.



With    P  w h e e l   = 0   and acceleration   a = 0   during coasting, Equation (1) can be simplified for steady state conditions:


   1 2   C d  A ρ  v 3  + m g v  f r  c o s α + m g v s i n α = 0          



(3)







The steady coasting speed is then given by


    v c  =     − 2 m g  (  s i n α +  f r  c o s α  )     C d  A ρ        for     f r  < t a n  (  − α  )    ,   α < 0     



(4)







Typical coasting speeds based on different ratios of   m /  C d  A   are shown in Table 1. According to the acceptable limits of highway speeds (50 mph–100 mph), we used four types of trucks with different masses to form platoons and calculated the coasting speeds respectively.




4. Simulations


4.1. Settings and Assumptions


In the simulations, all trucks in a platoon are assumed to be identical to each other and the gap between two trucks is 10 m, which causes approximately a 40% reduction of air drag according to [6]. The energy consumption is considered with/without regenerative breaking gain and a constant powertrain efficiency is assumed to be 80%. Ignoring the effect of wind, temperature and other factors, the gap between two trucks in a platoon is assumed to be constant in each segment. Table 2 shows the parameters of trucks used in our simulations and Table 3 shows the coasting speeds of e-platoons with different   m /  C d  A   ratios. Adapted coasting speeds in the platoon are implemented when the declines are −2% and −3%.



Figure 2 shows the profile of road segments with different grades in our simulations. The percentage represents different road grades where negative numbers represent declines and positive numbers represent inclines. The same road profile is used for all trucks with parameters in Table 2 and the total travel time for all cases is approximately constant.




4.2. Energy Consumption without Regenerative Braking


In this part, the energy gains from regenerative braking are ignored and the energy balance is considered for three cases: (a) a single vehicle with a constant speed; (b) a platoon with a constant speed; (c) a platoon with adapted coasting speeds. Table 4 shows the speeds used in different road segments for the three cases and the relative energy savings of case (b) and (c) compared to case (a). Figure 3 shows the energy consumptions at the battery for four different types of trucks.



From Table 4, relative energy savings of a platoon with a constant speed in case (b) can reach 32% compared to a single truck with a constant speed in case (a). Gains for heavier trucks are even higher and can reach 32.8%. For platoons with adapted speeds in case (c), relative energy savings are around 33% and depend slightly on truck mass. These numbers are significantly higher than in ICE platoons.




4.3. Energy Consumption with Regenerative Braking


In this part, the energy balance is simulated with regenerative breaking in three cases: (a) a single vehicle with a constant speed; (b) a platoon with a constant speed; (c) a platoon with adapted coasting speeds.



For case (a) and (b), trucks brake to the constant speed to obtain energy savings. For case (c), to get larger regenerative efficiency, trucks brake to the lowest acceptable highway speed limit (50 mph). The regenerative efficiency is assumed to be 25% for 12,000 kg trucks and 50% for 20,000 kg, 25,000 kg and 30,000 kg trucks. Table 5 shows the speeds used in different road segments for the three cases and the relative energy savings of cases (b) and (c) compared to the case (a). Figure 4 shows the energy consumptions at the battery for four types of trucks.



For 12,000 kg trucks, the relative energy savings with regenerative braking in case (b) increased slightly compared to the case without regenerative braking, since it gained some energy through regenerative braking when declines are at −3%. However, relative energy savings in case (c) decreased a little compared to the case without regenerative braking. This is because we need to meet the constraint of travel time. The constant speed in case (c) with regenerative braking needs to be larger than without regenerative braking, which leads to more energy consumption. For 20,000 kg, 25,000 kg and 30,000 kg trucks, both the relative energy savings with regenerative braking in case (b) and (c) decreased since the average speeds decrease compared to the case without regenerative braking.




4.4. Trade-off between Energy Savings and Travel Time


For commercial HDV fleets, travel time is a critical factor that needs to be considered. Obviously, there is a trade-off between energy savings and travel time. After presenting the energy consumptions for four types of trucks in a platoon with the constraint of travel time in Section 4.2 and Section 4.3, the constraint of time is now relaxed, and the energy savings are evaluated under different travel times. By changing the increase in travel time, the relative energy savings are simulated using four types of trucks for case (b) and (c) compared to the single truck with constant speed in case (a), and results are shown in Table 6.



From Table 6, the relative energy savings with speed adaption can be further increased to at most 49.3% with a travel time increase of 22.2%. Lighter trucks gained more energy savings with less sacrifice of travel time than heavier trucks in a platoon.





5. Conclusions


This paper investigated the energy consumption of electric HDV platooning. We proposed an adaptive downhill coasting speed control method for highway situations to realize more energy savings for electric HDV platooning. By forming platoons using electric HDVs, our simulation results showed that electric platooning can provide at most 33.4% energy savings, which exceed those of ICE platooning (4.7–14.2%) by a factor of two or more. In addition, by implementing our proposed adaptive downhill coasting speed profile, the energy savings of e-platooning can exceed by approximately 10% the case of constant speed. Moreover, we evaluated the trade-off between travel time and energy efficiency for the e-platooning with adaptive coasting speeds. It is shown that by increasing travel time by 22.2%, the energy savings can be further increased to 49.3% in certain situations. It should be noted that a 49.3% reduction in battery energy corresponds to approximately a doubling of the vehicle range.



In this paper, to approximate the wide operating ranges of electric HDVs, the powertrain efficiency was approximated to be constant, which can be modified in future research. In addition, the change of road grades is an important factor in realizing downhill coasting speeds, so proper path planning might be a promising future research direction.
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Figure 1. The longitudinal forces for an electric truck in motion. 
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Figure 2. Profile of road segments with different grades. 
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Figure 3. Energy consumptions of four types of trucks with different m/CdA. 
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Figure 4. Energy consumption of four types of trucks with different   m /  C d  A  . 
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Table 1. Coasting speeds (mph) with respect to different declines and ratios of   m /  C d  A   for the second truck in a platoon.






Table 1. Coasting speeds (mph) with respect to different declines and ratios of   m /  C d  A   for the second truck in a platoon.





	    m /  C d  A    (   k g  /   m  2   )     
	    α = − 1 %    
	    α = − 2 %    
	    α = − 3 %    





	1000
	15.1
	31.5
	41.8



	2000
	21.4
	44.5
	59.2



	3000
	26.2
	54.5
	72.5



	6000
	37.0
	77.0
	102.5










[image: Table] 





Table 2. Electric truck parameters.
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	Parameters
	Values





	  m  
	12,000/20,000/25,000/30,000 kg



	    C d    
	0.8



	  A  
	10    m 2   



	  ρ  
	1.29   kg /  m 3   



	  g  
	9.81   m /  s 2   



	    f r    
	0.007
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Table 3. Coasting speeds (mph) of trucks with different   m /  C d  A   in a platoon.
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	Mass (kg)
	    m /  C d  A    (   k g  /   m  2   )     
	    α = − 1 %    
	    α = − 2 %    
	    α = − 3 %    





	12,000
	2500
	23.9
	49.7
	66.2



	20,000
	4167
	30.8
	64.2
	85.5



	25,000
	5208
	34.5
	71.8
	95.5



	30,000
	6250
	37.8
	78.7
	104.7










[image: Table] 





Table 4. Speeds (mph) and relative energy savings of four types of trucks in three cases without regenerative braking.
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Mass

(kg)

	
Constant Speed in Case (a)(b)

	
Speeds in Case (c)

	
Energy Savings




	
    α ≥ − 1 %    

	
    α = − 2 %    

	
    α = − 3 %    

	
Case (b)

	
Case (c)






	
12,000

	
55.8

	
55.9

	
49.7

	
66.2

	
30.7%

	
33.2%




	
20,000

	
78.3

	
81.6

	
64.2

	
85.5

	
32.3%

	
33.4%




	
25,000

	
89.5

	
94.4

	
71.8

	
95.5

	
32.7%

	
33.3%




	
30,000

	
98.4

	
104.1

	
78.7

	
104.7

	
32.8%

	
33.2%
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Table 5. Speeds (mph) and relative energy savings of four types of trucks in three cases with regenerative braking.
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Mass

(kg)

	
Constant Speed in Case (a)(b)

	
Speeds in Case (c)

	
Energy Savings




	
    α ≥ − 1 %    

	
    α = − 2 %    

	
    α = − 3 %    

	
Case (b)

	
Case (c)






	
12,000

	
55.9

	
57.5

	
50.0

	
50.0

	
31.1%

	
32.1%




	
20,000

	
55.9

	
57.5

	
50.0

	
50.0

	
27.9%

	
28.7%




	
25,000

	
55.9

	
57.5

	
50.0

	
50.0

	
27.1%

	
28.2%




	
30,000

	
55.9

	
57.5

	
50.0

	
50.0

	
27.7%

	
29.0%
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Table 6. Relative energy savings of case (b) and (c) with respect to the increase of travel time compared to the single truck case with constant speed in case (a).
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Mass

(kg)

	
Increase of Travel Time

	
Energy Savings




	
Case (b)

	
Case (c)






	
12,000

	
3.9%

	
31.5%

	
34.5%




	
9.5%

	
33.6%

	
39.6%




	
22.2%

	
33.8%

	
49.3%




	
20,000

	
3.9%

	
27.9%

	
30.4%




	
9.5%

	
30.1%

	
35.1%




	
22.2%

	
33.8%

	
42.9%




	
25,000

	
3.9%

	
27.1%

	
29.8%




	
9.5%

	
28.7%

	
34.0%




	
22.2%

	
32.4%

	
41.3%




	
30,000

	
3.9%

	
27.7%

	
30.5%




	
9.5%

	
28.0%

	
33.7%




	
22.2%

	
31.2%

	
40.2%
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