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Abstract:



This paper presents a freeway driving cycle (FDC) construction method based on traffic information. A float car collected different type of roads in California and we built a velocity fragment database. We selected a real freeway driving cycle (RFDC) and established the corresponding time traffic information tensor model by using the data in California Department of Transportation performance measure system (PeMS). The correlation of road velocity in the time dimension and spatial dimension are analyzed. According to the average velocity of road sections at different times, the kinematic fragments are stochastically selected in the velocity fragment database to construct a real-time FDC of each section. The comparison between construction freeway driving cycle (CFDC) and real freeway driving cycle (RFDC) show that the CFDC well reflects the RFDC characteristic parameters. Compared to its application in plug-in electric hybrid vehicle (PHEV) optimal energy management based on a dynamic programming (DP) algorithm, CFDC and RFDC fuel consumption are similar within approximately 5.09% error, and non-rush hour fuel economy is better than rush hour 3.51 (L/100 km) at non-rush hour, 4.29 (L/km) at rush hour)). Moreover, the fuel consumption ratio can be up to 13.17% in the same CFDC at non-rush hour.
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1. Introduction


Vehicle road driving cycles provide data support for the inspection of vehicle emissions levels and their dynamic matching parameter design [1,2,3]. In the process of PHEVs’ design and development, sufficient road driving cycle analysis is the basis step related to whether the control strategy could meet the dynamic demand of the PHEV or not, as well as realizing the optimal allocation of energy, improving fuel economy [4].



The driving cycle varies in different conditions such as the countries, regions, road conditions and traffic flow distribution, and so forth. The traditional methods, including short trip method, cluster analysis method, and Markov process theory, are core unified ideas that mainly rely on random probability to construct the driving cycle [5,6]. Many scholars have done research in this field: Peng Jang proposed a method based on cluster and Markov to construct city mixed driving cycle [7]. Peng Jang, Qin Shi and Wuwei Chen using multiresolution signal decomposition algorithm based on discrete wavelet transform to realize driving cycle construction [8]. Hung W. T., et al. proposed a practical driving cycle construction method using data collection, route selection process to construct a Hong Kong driving cycle [9]. However, these driving cycles can only be used in the offline condition due to the fact that they do not consider real traffic information from the start location to the destination. Due to map traffic information, which in the past could not be accessed conveniently through the map application, the driving cycle construction field considering real-time traffic information is rarely studied. With the development of navigation system and real-time map application technology, obtaining the driving cycles between the start location to the destination has become possible. Therefore, it is essential to develop a novel driving cycle construction approach using both modern navigation system and map application technology.



Moreover, the driving cycle development promotes the development of control strategy technology, especially energy control strategy in automated electric vehicles and PHEVs. In this field, Zeyu Chen proposed a predictive energy management using future prediction driving cycle with dynamic neighborhood particle swarm optimization and an online correction algorithm [10]. Liang Li using historical driving data and an online estimation route of a city-bus route as an input for the optimal energy management with a dynamic programming algorithm [11]. Earlier research about real-time energy management control strategy mainly focused on rule-based or model predictive control strategy [12,13,14,15]. In terms of the dynamic programming (DP) algorithm used in energy management control strategy, it is well known as the one of the best control strategies and usually as the fuel benchmark compared with other control strategies [16]. However, this algorithm is not widely used in online energy control strategy mainly for two reasons: the lack of driving cycle from the start to the destination, and the calculation time cannot achieve online use standards.



Hence, we proposed a novel method called the economic driving system (EDC) in this paper to realize online DP optimal energy management control strategy for the first time. It contains two main parts: freeway driving cycle (FDC) construction process and DP optimal energy management control strategy process. Here is a brief explanation of the methodology: in terms of the driving cycle, we establish a local database using the historic driving cycle and access real-time map traffic information via the internet, while the construction of the driving cycle step is mainly based on a local database; in terms of the control strategy, we used a reasonable computation solving set and high-efficiency CPU to achieve fast calculation speed. The driving cycle approach, which considers real-time traffic information according to the navigation system and map application, is one of the highlights of this paper. Moreover, using the constructed driving cycle to achieve PHEV energy management control strategy using the DP algorithm, which optimally distributes the electricity and fuel, is a contribution as well.



The remainder of this paper is organized as follows. Section 2 shows the velocity database construction and Section 3 illustrates the freeway construction methodology. In Section 4, the optimal problem is depicted with the application of optimal management. A comparison of the results and discussion are in Section 5, and Section 6 is the conclusion of this paper.




2. Local Database Construction Method


2.1. Velocity Segments Database Construction


2.1.1. Driving Cycle Data Acquisition


The vehicle driving cycle is influenced by many factor, such as the road grade (main road, freeway, number of road lanes); traffic intensity (vehicle average velocity, vehicle volume, road saturation); cross density (cross type and quantity within the section); time influence (early rush, late rush, working day), and so on.



The driving cycles are downloaded from the California Department of Transportation performance measure system (PeMS), which were collected by floating cars on urban roads, suburban roads and freeways in California [17,18,19]. The acquisition period is approximately from 7:00 to approximately 22:00, and lasted for eight weeks.




2.1.2. Driving Cycle Data Classification Rule


The traditional kinematic sequences usually use the velocity segments from when the vehicle starts to its next idle for one velocity fragment, and this method is mainly used in the construction of urban public transport driving cycles or urban rush hour vehicles driving cycle construction [20,21]. However, with circumstance such as suburbs or urban highways with a high velocity and low idle time, they cannot well reflect true road driving conditions. In this paper, the working conditions are collected on different types of roads, so the kinematic parameters of the working conditions are obviously different. It is especially obvious in the morning and evening rush hours. According to the traditional kinematic segmentation method, this will lead to long kinematic fragments, moreover, there is only one kinematic segment in a construct driving cycle. To construct a more general-velocity database, the principle of this paper is as follows. Firstly, the collected data are divided into different velocity interval kinematic segments according to the ladder velocity interval. The velocity segments classification rule can be seen in Table 1.



Table 1. Classification rule of the velocity segments.







	
Classification Items

	
1

	
2

	
…

	
12






	
Velocity interval (km/h)

	
[0,0]

	
[10,10]

	
…

	
[110,110]










The velocity fragment database is constructed based on the average velocity of the kinematic sequences. Every velocity fragment set is classified by the average velocity range. The detail classification rule is shown in Table 2.



Table 2. The velocity fragment database.







	
Classification Items

	
1

	
2

	
…

	
11






	
Average velocity (km/h)

	
[0,10)

	
[10,20)

	
…

	
[100,+∞)










To prevent a long kinematic fragment leading the formation driving cycle that only has one velocity segment, the maximum velocity segment length based on the empirical method is set to 200 s.





2.2. Real-Time Traffic Information Model Construction


2.2.1. Tensor Introduction


Tensor, also known as N-mode matrix, is a high-order generalization of scalar, vector and matrix [22,23,24,25]. The scalar can be regarded as a zero-order tensor, the vector can be regarded as a first-order tensor and the matrix can be regarded as a second-order tensor. [image: ] can be regarded as a N-order tensor. The elements of A can be demonstrated as with 1 ≤ in ≤ In. When the In = 3, the third-order tensor can be shown as a cube. The zero-, first-, second- and third-order tensor is shown in Figure 1 below.


Figure 1. Zero-, first-, second- and third-order tensor.



[image: Energies 10 01796 g001]







2.2.2. Traffic Information Analysis


This paper constructs a traffic information tensor model from the perspective of multi-mode information mining. The freeway data in the model are from the data of the open source traffic information database of PeMS as well. The brief structure of the system is shown in Figure 2. The vehicle detector station (VDS), which uses traffic loop pre-placement under the road to collect traffic information, including vehicle velocity and number, and so forth. This information will be provided as reference to evaluates road traffic condition. All the traffic information uploads in the database every five minutes, which will record 288 traffic information in 24 h. The raw data through further processed by the system traffic information process can be accessed conveniently by selecting the required traffic information from the Caltrans homepage.


Figure 2. Brief structure of the performance measure system (PeMS).



[image: Energies 10 01796 g002]






In this paper, the traffic information is collected from the California section of the freeway for eight weeks, which contains 11 traffic loops, a total length of about 13 km. According to the multi-mode characteristic of traffic information, it can construct the five-dimensional tensor form of Time (288) × Day (7) × Week (8) × Location (11) × VQ (2) (Figure 3). Where Day has 288 dimensions, indicating the number of times the traffic is detected in the day; Day has seven dimensions, representing the week’s data, Week has eight dimensions, representing the tensor model for eight weeks’ mode; location has 11 dimensions, indicating that there are 11 vehicle detection base stations; VQ has two dimensions, indicating that the tensor model has two modes, namely, the average road velocity and road traffic volume. Based on the tensor model, the real-time traffic data is analyzed by using the multi-linear analysis. The relationship between the real-time traffic information and the real-time vehicle velocity can be clearly revealed by the tensor model.


Figure 3. Traffic information tensor model.



[image: Energies 10 01796 g003]






The reason we chose the tensor structure to store data is the convenience of the transform process. For example, based on the tensor model of Tensor_VQ, Tensor_VQ (:, 1, 2, 1, 1) means the velocity of the first day at the second week at position 1 in time domain form database, and Tensor_VQ (204, 1, 2, :, 1) means the road velocity distribution in the first day at the second week at 17:00 in the spatial domain. We can change the number to realize different kinds of data from the time domain to the spatial domain that we needed. Due to the convenience of the tensor model calculation, this paper uses the tensor model to store traffic information; the data structure can quickly construct the required data sets and reveals the relationship between the traffic information and vehicle velocity.



In probability theory, covariance is a parameter measuring the intensity and direction relationship of two stochastic numbers. It is widely used in linear relation between stochastic numbers. The calculation formula is given below.


[image: ]



(1)




where E(x) means the expected value of x, known, as the mean of x.



Correlation coefficient is a number quantifying the correlation and dependence between two or more stochastic numbers. The formula is


[image: ]



(2)




where cov(x, y) means the covariance between x, and y. σx is the standard deviation.



Correlation coefficient matrix is constructed by the correlation coefficient among the elements. The construction law is shown below.


[image: ]



(3)






[image: ]



(4)







The correlation coefficient matrix of the two most basic properties: correlation coefficient matrix is symmetric, and its angular elements are 1.



If we considering the whole traffic information as one part, then the correlation coefficient can be calculated by


[image: ]



(5)







Table 3 is the road average velocity correlation coefficient matrix from 8:00 to 8:40. The correlation coefficient distribute between 0.7 and 1.0, which means that the road average velocity has a strong correlation. Using average velocity to generate driving cycle based on high correlation can improve the accuracy of driving cycle parameters.



Table 3. Road average velocity correlation coefficient matrix.







	
Time

	
8:00

	
8:05

	
8:10

	
8:15

	
8:20

	
8:25

	
8:30

	
8:35

	
8:40






	
8:00

	
1.000

	
0.996

	
0.990

	
0.986

	
0.964

	
0.949

	
0.818

	
0.700

	
0.793




	
8:05

	
0.996

	
1.000

	
0.998

	
0.997

	
0.982

	
0.975

	
0.867

	
0.765

	
0.846




	
8:10

	
0.990

	
0.998

	
1.000

	
1.000

	
0.991

	
0.982

	
0.877

	
0.786

	
0.860




	
8:15

	
0.986

	
0.997

	
1.000

	
1.000

	
0.994

	
0.986

	
0.887

	
0.802

	
0.871




	
8:20

	
0.964

	
0.982

	
0.991

	
0.994

	
1.000

	
0.991

	
0.908

	
0.846

	
0.898




	
8:25

	
0.949

	
0.975

	
0.982

	
0.986

	
0.991

	
1.000

	
0.952

	
0.889

	
0.941




	
8:30

	
0.818

	
0.867

	
0.877

	
0.887

	
0.908

	
0.952

	
1.000

	
0.974

	
0.998




	
8:35

	
0.700

	
0.765

	
0.786

	
0.802

	
0.846

	
0.889

	
0.974

	
1.000

	
0.985




	
8:40

	
0.793

	
0.846

	
0.860

	
0.871

	
0.898

	
0.941

	
0.998

	
0.985

	
1.000










The Figure 4a below shows the average velocity of the road at different times on Monday, x-axis represents 288 velocity data which were collected in 24 h; y-axis shows the 11 VDS locations in the test road; z-axis represents the average velocity in the test road. Red color means high velocity and blue color means low velocity. The average daily velocity of the test road obviously changes: the average velocity of the test road is clearly declining at the early rush (about 7:00 to 9:00) and the late rush (17:00 to 19:00), for which the road average velocity is lower, approximately 30 km/h–60 km/h.


Figure 4. (a) Velocity on Monday; (b) Velocity on Sunday. Red color means high velocity and blue color means low velocity.



[image: Energies 10 01796 g004]






The Figure 4b shows the road average velocity on Sunday. Compared with the average road velocity on Monday (Figure 4a), the road velocity does not change obviously on Sunday. It has no obvious morning and evening rush, full-day velocity is relatively stable compared with workdays. The velocity is mainly distributed in the 100 km/h to 110 km/h range. And the average velocity is the same as the non-rush hour velocity on Monday. Overall, the road average velocity has a strong relationship with time, and the y-axis shows the whole road velocity changing slightly at non-rush hour; therefore, it is reasonable to generate the driving cycle considering the road average velocity according to the time.






3. Freeway Driving Cycle Construction


According to the 11 VDSs on the experiment road, the freeway was divided into 11 sections, recorded as di (i = 1, 2, …, 11). Each road section has its own average velocity in traffic information tensor model, which is the main driving cycle construction reference. According to the current time of the road section, the average velocity is randomly chosen from the velocity segments database to combine the real-time driving cycle. The specific real-time driving cycle is achieved as follows: supposing that the vehicle start at t, then the control unit calculated with each road section velocity form the current position to the destination at this time based on the traffic information tensor model. Then the selected velocity segments form the corresponding database to sequentially construct the first road section driving cycle. The construction will stop when the construction freeway driving cycle (CFDC) extends beyond current road section length. The next road section will construct until all the road section driving cycles are completely constructed. At the start and end phases of the vehicle, we selected the velocity segment database average acceleration synthesis rate from 0 to the segment average velocity of the fragment, and vice versa. Because of the sudden change in the velocity of the connection between the different velocity segments during the process synthesis, this is different from the actual driving velocity. Therefore, it is necessary to eliminate the error caused by the velocity changing suddenly by filtering. The filtered driving cycle can be used as a driving cycle at time t. Then, 300 s later, we updated the current position road section average velocity, repeating the method above to generate the current time driving cycle.



Figure 5a is an example showing how we constructed the minimum segment constructing driving cycle segment based on real-time. Note that Nspatial is the minimum segment in this method. When we get the average velocity set form PeMS at the t moment, assuming the average velocity on this road segments is 33 km/h in this example, then we stochastically choose the velocity segment in the corresponding database. Due to this segment are stored in the time domain (velocity changing with time), we should transform it to the spatial domain (distance changing with time).


Figure 5. (a) Nspatial flow chart; (b) Segment flow chart.



[image: Energies 10 01796 g005]






Figure 5b depicts the principle of generate a driving cycle between VDS. When we get the Nsptial, we use it to structure the road segments’ driving cycle, assuming the road segment is 1000 m and N equal to sum of N + Nspatial. Then, judging whether the distance of N is beyond the d1, if N is less than d1, we repeat the cycle until N is more than the d1 length. We then scratch the length equal to d1 from the beginning.




4. Global Optimal Energy Management Control Strategy


4.1. Economic Driving System


Figure 6 depicts the EDS methodology which contains four procedures to construct a closed-loop frame structure, including the local database construction process, PeMS data download process, FDC generation process and energy optimal control management process. Before the driver leaves the start position, the driver inputs the destination in the car navigation system, the navigation system will calculate the optimal route from the local position to the destination, and download the real-time traffic information stored in tensor model from the PeMS database through the internet; then, this information and velocity segments information, which download in advance in nearly all kinds of driving conditions, are provided as a database; the FDC is generated based on the classification rule and speed segments information, as well as real-time traffic information tensor model; finally, these FDCs are applied as the inputs of optimal energy management control strategy in PHEV with using a DP algorithm to calculate the optimal control sequence including state of charge (SOC) consumption curve to program the energy distribution. To achieve a closed loop, the vehicle real-time corresponding traffic information is collected by the vehicle detector system (VDS) on the freeway and uploaded to the PeMS in real time.


Figure 6. Economy driving system.



[image: Energies 10 01796 g006]







4.2. PHEV Transection Structure and Parameters


There are three kinds of power transfer structure in PHEV: series type; parallel type, and; mixed type. In this paper, the model vehicle adopts dynamic separation transmission with mixed type (Figure 7) [26,27,28], and the specific vehicle parameters are shown in the Table 4. M/G1 M/G2 are motor which has generator function to realize braking energy recovery.


Figure 7. Power transmission structure.



[image: Energies 10 01796 g007]






Table 4. Plug-in electric hybrid vehicle (PHEV) parameters in this paper.







	
Component

	
Parameters

	
Quantity






	
Engine

	
Displacement

	
1.8 L




	
Max Power

	
57 kw




	
Max Torque

	
110 Nm




	
Motor/Generator

	
M/G1 Max power

	
30 kW




	
M/G2 Max power

	
35 kW




	
Battery

	
C-LiFePO4

	
6.5 Ah




	
Transmission

	
E-CVT

	




	
Vehicle

	
Curb weight

	
1400 kg




	
Frontal area

	
2.23 m2




	
Drag coefficient

	
0.26




	
Drive wheel radius

	
0.287 m











4.3. Optiamal Problem Construction


DP algorithm is a method which decomposes a problem to some sub-problems, solving each of those sub-problems just one time, and storing the results [29,30]. Optimal substructure and overlapping sub-problems are the prerequisites for using DP. When the same sub-problem occurs again, the CPU does not need to repeat calculate it twice, only needing to look up the database which was stored before. Therefore, DP algorithm saves calculation time by using a storage database, and this idea in the academic field is called “memoization” (not to be confused with memorization).



Optimal substructure and overlapping sub-problems are the prerequisites for using DP. If an optimization problem solution can be solved by the combination of problems to its sub-problems. These optimal substructures are called recursion in the field of computing. For a classic problem of calculating the shortest path from the start to the end, if the recursive algorithm dealing with the problem computation method is the same as the sub-problems rather than computing a new sub-problem, these problems are called overlapping sub-problems. The recursive formulation for generating the Fibonacci series is a classic example.



As the global energy management based on DP can achieve optimal energy control compared to other energy management strategies, it is usually used to calibrate the effectiveness of other control strategies such as charge deleting, charge sustaining control strategy (CDCS), which uses electricity at first then maintains SOC to protect battery health (Figure 8).


Figure 8. State of charge (SOC) comparison between charge deleting charge sustaining (CDCS) and dynamic programming (DP).
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The application of this method requires the vehicle driving cycle in advance, but the global driving cycle construction method is seldom studied, which leads to the fact that this method has not been applied in real vehicles. From the method based on traffic information, the tensor model and velocity segment database we discussed above, this article realizes the online reconfiguration of the driving cycle, and provides data support for DP of online vehicle applications.



The methodology of DP using in PHEV energy management control strategy contains several parts, including state variable, control variable, simulation model and objective function. The working structure is shown below. In the current stage, the control variables act on the system model, which leads to the transfer of the state of the system and the transfer of the state cost to the objective function. At the next stage, the state of the system after the transfer will be the original state of the stage, thus cycle, and output the optimal set of control variables (Figure 9).


Figure 9. Schematic diagram of DP structure and operation process.



[image: Energies 10 01796 g009]






In the discrete time domain, PHEV is used as a system which can be described by the equation


[image: ]



(6)




where xk+1 is the system state at k + 1 moment, xk and uk are the system state and corresponding control variable, respectively.



The PHEV, which carries larger batteries, hopes to partially substitute fossil fuels with grid power. Therefore, the global optimal energy management problem of PHEV becomes the problem of minimizing the cost function of hybrid system control sequences. The cost function is shown in the formula below.


[image: ]



(7)




where J is the total fuel consumption in the optimization process; N is the number of phases after time domain discretization depending on the sampling step of the working condition; L(xk, uk) is the instantaneous fuel consumption at k moment.



The constraint conditions of the cost function are shown below.


[image: ]



(8)







The computation time affects the real-time application in the vehicle, therefore, it is one of the essential points to consider in DP energy control management strategy. Calculation time mainly depends on the computation velocity of the processor and computation amounts. With the rapid development of autopilot technology, efficient CPU is widely applied in automobile control systems. The control CPU used in this paper is i5-6500, with a main frequency of 3.2 GHz, and a maximum of 3.6 GHz.



For the computation amounts, the question is how to select the appropriate calculation set in relation to the amount of calculation time. According to the preview studies, we select an optimal calculation interval, which is show below.



The state calculation is 0.001, which will get the ideal calculation time based on experiment and previous research group studies [31].



According to the driving distance, we selected a reasonable SOC interval for the DP to compute. This interval selected rule is based on historical data and empirical formula. For instance, the vehicle will be driving for approximately 10 km, assuming the SOC is 0.8 at this moment, the control unit will set this driving process consuming 0.1 SOC according to historical data and the empirical formula, then the DP algorithm will calculate the optimal driving control sequence with the SOC interval from 0.8 to 0.6.



To save the DP calculation time, the parallel solve method (Figure 10) is applied instead of the traditional series solve method (Figure 11). The stage various calculation process is process at the same time. Therefore, the calculation time will be nearly 1/N compared with series solve method.


Figure 10. Parallel solver flow chart.



[image: Energies 10 01796 g010]





Figure 11. Series solver flow chart.
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5. Results and Discussion


5.1. Analysis of the Freeway Driving Cycles


It is reasonable to generate the overall situation at morning or evening rush hour due to the fact that the average velocity will obviously be reduced compared with other time. In this circumstance, the driving cycle has a typical parameter which has great influence on the diving construction process. The CFDC shows this method can indicate the RFDC when the road average changes due to the traffic congestion phenomenon. The CFDC and collection RFDC are shown in Figure 12a,b, respectively. The CFDC velocity changing tendency resembles the RFDC and this method responds efficiently when the average road velocity changes suddenly, such as at approximately 180 s to 280 s. The kinematic parameters of the various conditions are shown in Table 5. By contrast, it can be concluded that the construction conditions can be a good response to the actual operating conditions.


Figure 12. (a) Construction freeway driving cycle (CFDC) at rush hour; (b) real freeway driving cycle (RFDC) at rush hour.



[image: Energies 10 01796 g012]






Table 5. Characteristic parameters at rush hour.







	
Items

	
CFDC

	
RFDC






	
Avg. velocity (km/h)

	
70.85

	
70.75




	
Max. velocity (km/h)

	
99.87

	
100.51




	
Max. acceleration (m/s2)

	
4.06

	
3.21




	
Max. deceleration (m/s2)

	
−4.05

	
−3.77




	
Acceleration time proportion

	
52.25%

	
49.58%




	
Deceleration time proportion

	
47.75%

	
50.08%










The CFDC generated during the non-rush hour are compared with the RFDC in Figure 13a,b, respectively. The kinematic parameters are shown in the Table 6. The parameters are similar to the real vehicle acquisition parameters, and the generated future conditions can well approximate the real vehicle conditions.


Figure 13. (a) CFDC at non-rush hour; (b) RFDC at non-rush hour.



[image: Energies 10 01796 g013]






Table 6. Characteristic parameters at non-rush hour.







	
Items

	
CFDC

	
RFDC






	
Avg. velocity (km/h)

	
92.57

	
92.81




	
Max. velocity (km/h)

	
115.39

	
115.51




	
Max. acceleration (m/s2)

	
2.8

	
3.05




	
Max. deceleration (m/s2)

	
−2.5

	
−2.77




	
Acceleration time proportion

	
52.79%

	
50.63%




	
Deceleration time proportion

	
47.21%

	
49.19%










The following Figure 14 is the velocity-acceleration probability distribution (VAPD) map describing the acquaintance between the CFDC and the RFDC at rush hour. The velocity and acceleration distributions are similar at rush hours, and parameter probability are concentrated in similar acceleration and velocity intervals.


Figure 14. (a) CFDC velocity-acceleration probability distribution (VAPD) at rush hour; (b) RFDC VAPD at rush hour.



[image: Energies 10 01796 g014]






Figure 15 shows the VAPD at non-rush hour section, the kinematic parameters probability distribution is similar between CFDC and RFDC, and all the driving cycle velocity are concentrated at around 100 km/h. This means that the CFDC well reflects the RFDC. All these results proved that this method can properly construct the global real-time driving cycle.


Figure 15. (a) CFDC VAPD at non-rush hour; (b) RFDC VAPD at non-rush hour.



[image: Energies 10 01796 g015]







5.2. Update Construction Freeway Driving Cycle Error Analysis


When it has completed a set of global FDC, the vehicle can refer to it to realize optimal rational distribution of oil and electricity. After 300 s, the global FDC will be reconstructed from the current position to the end point. The starting velocity of the new generator starts from the current average speed. Due to the update traffic information compared with original traffic information, the new global FDC at the current moment can be more accurately (Figure 16) compared with previous global FDC. The global FDC (root mean squared error) RMSE after 300 s has obviously declined from approximately 0.141 to 0.065 (Figure 17a,b), which quite well reflects the actual road conditions.


Figure 16. Updated global freeway driving cycle.



[image: Energies 10 01796 g016]





Figure 17. (a) CFDC error and root mean squared error (RMES); (b) Updated CFDC error and root mean squared error (RMSE).
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5.3. Global Optimal Energy Management


We applied the global FDC which was mentioned above in the simulation PHEV model. The engine working points distribution map (Figure 18) shows that DP energy control strategy making the engine work, in a majority of conditions, in the high efficiency area. The corresponding fuel cost proportion of each CFDCs’ fuel is specifically shown in Figure 19.


Figure 18. Working point distribution of engine in different driving cycles.



[image: Energies 10 01796 g018]





Figure 19. Fuel cost proportion of different control strategies.
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Based on the driving distance, the SOC reduces 0.07 from 0.7 to 0.63 at rush hour and reduces 0.1 from 0.7 to 0.6 at non-rush hour (Figure 20). The SOC consumption curves have similar features in the same circumstances. Due to the vehicle velocity at rush hour being reduced at a rate of approximately 150 s to 300 s, the SOC consumption rate has a reduced tendency in the same time interval, and this proves that the vehicle model is reasonable, which reflects the optimal SOC curve with a different driving cycle.


Figure 20. (a) SOC comparison at rush hour; (b) SOC comparison at non-rush hour.



[image: Energies 10 01796 g020]






DP control strategy and rule-based control strategy with the same driving cycle are simulated with the PHEV model (Table 7 and Table 8).



Table 7. Energy consumption comparison at rush hour.







	
Item

	
DP

	
Rule Based




	
Driving cycle

	
RFDC

	
CFDC

	
RFDC

	
CFDC






	
Fuel cost (L/100 km)

	
4.15

	
4.29

	
4.63

	
4.75




	
SOC cost

	
0.1

	
0.1

	
0.1

	
0.1




	
Ratio of fuel cost

	
100.00%

	
103.37%

	
111.57%

	
114.46%










Table 8. Energy consumption comparison at non-rush hour.







	
Item

	
DP

	
Rule Based




	
Driving cycle

	
RFDC

	
CFDC

	
RFDC

	
CFDC






	
Fuel cost (L/100 km)

	
3.34

	
3.51

	
3.82

	
3.95




	
SOC cost

	
0.07

	
0.07

	
0.07

	
0.07




	
Ratio of fuel cost

	
100.00%

	
105.09%

	
114.37%

	
118.26%










Specifically speaking, compared with rule-based control strategy [32,33], the DP control strategy ratio of fuel cost is much lower: a reduction of almost 13.17% in fuel cost compared with ruled-based control strategy in the same CFDC at non-rush hour. This result proved control strategy based on DP has the best performance In rule-based control strategy, the fuel efficiency at rush hour is much more efficient than at non-rush hour (fuel cost 11.57% higher than DP compared with fuel cost 14.37% higher than DP). Moreover, in DP control strategy, the CFDC fuel consumption error (3.37%) at rush hour is less than at non-rush hour error (5.09%).



Overall, all of the CFDCs’ fuel consumption are higher than RFDCs. At nearly the same driving distance, non-rush hour fuel consumption is less than rush hour fuel consumption (3.51 (L/100 km) at non-rush hour, 4.29 (L/km) at rush hour); steady state is one of the reasons in this circumstance, which is like cruise control function in some vehicles and has great energy economy characteristics.





6. Conclusions


A novel FDC construction method and global optimal energy management is proposed in this paper to improve the fuel economy of PHEVs.



	
The history and real-time traffic information tensor model are constructed and the correlation between real-time traffic information from the perspective of time domain and spatial domain are deeply explored.



	
The variation law of road velocity and the change rule of working day and weekend are clarified. The validity of the FDC construction method is proved by comparing the CFDC and RFDC.



	
The FDC uses real-time traffic information, which is applied for the first time in the driving cycle construction method, and the parameter between CFDC and RFDC are in the reasonable error horizon.



	
The driving cycles are applied in PHEVs to achieve real-time optimal control strategy based on the DP algorithm. There are fuel economy rates of up to 14.37% compared with rule-based control strategy.






In the future, tensor filling algorithms with missing traffic information and road section completion will be further explored. Moreover, hardware-in-loop will be introduced to further verify the fuel economy as well.



In the future, we will explore how to construct the driving cycle with incomplete traffic information, which we preliminarily plan to solve by using tensor filling algorithm and explore a method to increase road sections to enhance FDC construction accuracy. Moreover, urban driving cycle construction method will be explored in the future as well.
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