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B. Drive Cycle Simulation 

Several typical drive cycles are introduced to validate the DP 

algorithm. UDDS, also called “LA4” or “the city test”, and 

SC03 drive cycles represent city driving conditions. HWFET 

and US06_HWY drive cycles represent highway driving 

conditions. NYCC and MANN drive cycles represent the 

congested city drive cycles [18]. Fig. 8 shows two of these six 

drive cycles. Table III presents total length, duration, maximum 

speed and average speed for each drive cycle. It needs to 

mention that as the NYCC and MANN cycle length is very 

short, we repeated them three times as new drive cycles. 

 

In order to compare the results, the default algorithm, i.e. CD 

and CS method, were applied in the simulation to get the fuel 

consumption under different drive cycles. During CD mode, the 

vehicle is powered by the battery only. When the SOC drops 

near 30%, the vehicle is powered by the battery and engine 

together, which makes the battery SOC maintain at the 

low-preset threshold. The battery power is detailed in (28), 
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TABLE IV  

THE FUEL CONSUMPTION BASED ON CD/CS STRATEGY 

Cycle Name UDDS HWFET 

No. of cycles 5 6 7 8 9 4 5 6 7 8 9 

Distance (miles) 37.22 44.66 52.10 59.54 66.98 41.02 51.28 61.53 71.79 82.04 92.30 

Fuel consumption (kg) 0.314 0.668 0.926 1.183 1.450 0.756 1.200 1.645 2.089 2.542 3.004 
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Fig. 8.  Highway and urban drive cycles. 

 

TABLE III 

DRIVE CYCLE COMPARISON 

Type Drive cycle 
Length 

(miles) 

Duratio

n 

(s) 

Maximu

m speed 

(mph) 

Average 

speed 

(mph) 

Freeway 
HWFET 10.26 765 59.9 48.30 

US06_HWY 6.24 368 80.3 61.00 

Urban 
UDDS 7.45 1369 56.7 19.59 

SC03 3.60 596 54.8 21.60 

Urban 

congested 

3 NYCC 3.54 1794 27.7 7.10 

3 MANN 6.21 3267 25.4 6.80 

 

TABLE II 

 CONSTANT SPEED DRIVE CYCLE RESULT COMPARISON 

Vehicle 

speed 

(mph) 

Trip 

length 

(mile) 

Duration 

(s) 

Ending SOC (%) 
Fuel consumption 

(kg) 
Fuel 

savings 

(%) Default DP Default 
DP (SOC 

corrected) 

30 30.26 3760 56.44 56.53 - 0.0016 - 

40 40.46 3780 31.94 29.76 0.118 0.113 4.24 

50 50.71 3800 32.21 30.68 1.083 1.045 3.51 

60 61.02 3820 32.44 30.92 2.164 2.139 1.16 

70 71.38 3840 32.63 31.08 3.503 3.546 -1.23 
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where min( )  and max( ) denotes the minimum and maximum 

value of the two values given in the parenthesis, and 
_ maxeP  is 

the maximum engine power. The engine’s output should satisfy 

the demand of driveline power and battery power. 

The initial battery SOC is supposed to be 100%. Figs. 9-10 

show the battery SOC variation and engine fuel rates under 

UDDS driving cycle test. Before 5300s, the engine is off and the 

vehicle is powered by the battery and motors. When the battery 

SOC decreases to 30%, the engine starts and the vehicle works 

in CS mode, and the battery SOC maintains at the vicinity of 

30%.

 

 
The fuel consumptions under UDDS and HWFET drive 

cycles are listed in Table IV. Fig. 11 show the optimal SOC 

curves with different beginning SOC values under nine 

US06_HWY drive cycles, and five UDDS drive cycles. In Fig. 

11, the beginning SOC is from 100% to 30% with 10% 

decrement for the next step. Fig. 12 compares the total fuel 

consumptions with different drive cycles, in which the fuel 

savings are 0.30%, 4.12%, 3.94%, 3.82%, 3.86%, and 3.77% 

with four to nine US06_HWY drive cycles, range from 12.63% 

to 2.85% with four to nine HWFET drive cycles, and from 

14.91% to 4.92% with five to nine UDDS drive cycles 

respectively. 

Fig. 13 compares the difference of the battery current in eight 

consecutive UDDS drive cycles when the different algorithms 

are applied. We can see that with the default algorithm, the 

battery is discharged more quickly than with DP method. Fig. 14 

compares the engine efficiencies based on different algorithms. 

It can be seen that when the DP method is applied, the engine 

average efficiency is higher than that when the default algorithm 

is applied. To some extent, the comparisons can explain why DP 

method can save fuel consumption. 
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Fig. 13.  Current difference. 
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(b) 

Fig. 11.  Optimal SOC curve. (a). The optimal SOC curve based on nine 

consecutive US06_HWY drive cycles. (b). The optimal SOC curve based on 

five consecutive UDDS drive cycles. 
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Fig. 10.  Engine fuel rate. 
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Fig. 9.  Battery SOC variation. 
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V. NEURAL NETWORK TRAINING 

As shown above, the DP result can improve fuel economy on 

conditions that the detailed trip information is known in 

advance. Besides, it also needs a large amount of computation. 

These limit the real-time application of DP algorithm. However, 

the optimal battery SOC and battery current values obtained by 

DP method can be regarded as a benchmark for further study. It 

is necessary to construct an online and effective controller based 

on the DP result to realize real-time control. It is difficult to get 

a deterministic equation or relationship as the energy 

management strategy is influenced by many factors, such as 

acceleration, speed, battery SOC, trip length, and trip duration, 

etc. NN can effectively learn the nonlinear relationship based on 

the optimized results and can generate an online controller to 

manage the energy distribution. Here, we apply NN to build an 

intelligent online controller to control the battery current, and 

consequently the engine torque and speed to improve the fuel 

economy. The controller, as shown in Fig. 15, consists of two 

NN modules, N1 and module N2 as shown in Fig. 16 and Fig. 

17, respectively. The major difference between N1 and N2 is 

that N1 needs the trip information, i.e., trip duration and trip 

length. The principle of the controller is detailed in the 

following steps. 

1) The beginning SOC is more than 30% and the trip length 

and trip duration is known or estimated before the trip starts. In 

this case, if the trip length is less than AER according to 

calculation based on the beginning SOC, the controller will 

adopt CD strategy and use the energy stored in the battery. 

Otherwise, the controller will select N1 as the controller to 

output the battery current commands to control the engine 

accordingly.  

2) The beginning SOC is more than 30% and the trip 

information is unknown. In this case, the controller will use the 

electric energy until the SOC drops to 30%. Then the controller 

will select N2 to output the battery current command. 

3) If the beginning SOC is not more than 30%, the controller 

will select N2 to output the battery current directly. 
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Fig. 12.  Fuel consumption comparison under US06_HWY, MANN, HWFET and UDDS drive cycles. 
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Fig. 14.  Engine operating efficiency map. (a) Based on CS+CD algorithm. 

(b). Based on DP method. 
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In order to validate the performance of the proposed 

algorithm, we considered four groups of parameters for trip 

length and duration for each drive cycle, which are shown in 

Table VII. Groups 1-4 parameters are for four Artemis cycles 

and groups 5-8 parameters are for seven NEDC cycles. Group 1 

parameters are the actual trip parameters, and group 2 and group 

3 parameters are smaller and larger than the actual parameters. 

In group 4, the trip length is larger, and the trip duration is 

shorter than the actual values. These three groups of parameters 

can reflect the differences of the estimated parameters. After 

simulation, the battery SOC curves based on different 

parameters are shown in Fig. 21. They are almost the same, and 

the ending SOC is 36.86%, 34.70%, 38.32%, and 34.03% 

respectively. From Table VII, with the SOC correction 

included, we can see that the proposed controller can save 

4.02%, 5.12%, 5.82% and 3.74% of fuel consumption, 

compared with the default control algorithm. Table VII also 

compares the results for different trip length and duration when 

seven consectuive NEDC drive cycles are simulated. The 

ending SOC is 31.43%, 33.42%, 31.54%, and 34.62%, 

respectively, and the proposed controller can save 2.49%, 

2.15%, 3.17% and 3.51% of fuel consumption, respectively. 

Therefore, the results show that the controller can improve the 

fuel economy based on the estimated trip length and duration. 

 

C. Simulation with Unknown Trip Length and Duration 

Suppose we do not know any information about the trip 

length and duration. Based on the proposed controller, the 

vehicle uses all the stored electric energy first until the SOC 

drops to 30%, then N2 starts to work to output the battery 

current command to manage the power distribution. In order to 

validate the performance, three consecutive REP05 and four 

consecutive Artemis drive cycles are simulated. 

The SOC variations based on the proposed controller and the 

default strategy are shown in Fig. 22 when three REP05 drive 

cycles are simulated. With the proposed controller, we can see 

the SOC first drops to 30%, which is the same as that when 

applying the default algorithm. Then the SOC maintains at the 

vicinity of 30%. Based on training of the optimal results 

obtained by DP method, N2 stores the optimal power 

distribution algorithm for different types of drive cycles, which 

makes the battery charge or discharge more frequently to ensure 

the engine works more efficiently. Fig. 22 shows that the SOC 

varies more obviously when the proposed controller is applied 

than that when the default controller is applied. The ending SOC 

based on the two algorithms is 32.5% and 30.08%. Table VIII 

lists the fuel consumptions based on different algorithms. The 

proposed algorithm can save 1.77% and 3.46% of fuel 

consumption with SOC correction included when three REP05 

and four Artemis drive cycles are simulated. When the total 

driving distance and total driving duration are unknown, the 

proposed algorithm can still save fuel consumption compared 

with the default algorithm. However, the saving is less than that 

when the trip distance and duration is known, as presented in 

Table V and Table VII. 
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Fig. 22.  SOC comparison. 
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Fig. 21.  SOC with different input parameters. 

 

TABLE VII 

THE FUEL CONSUMPTION COMPARISON AND SOC COMPARISON 

Drive cycle Groups 

Estimated trip 

length 

(miles) 

Estimated trip 

duration 

(s) 

Fuel consumption 

(SOC corrected) 

(kg) 

Ending 

SOC 

(%) 

Fuel 

savings 

(%) 

4 Artemis 

cycles 

Group 1 40.86 3924 0.693 36.86 4.02 

Group 2 40.00 3600 0.685 34.70 5.12 

Group 3 42.00 4200 0.680 38.32 5.82 

Group 4 42.00 3600 0.695 34.03 3.74 

7 NEDC 

cycles 

Group 5 47.88 8267 0.860 31.43 2.49 

Group 6 50.00 8500 0.863 33.42 2.15 

Group 7 45.00 8000 0.854 31.54 3.17 

Group 8 45.00 8500 0.851 34.62 3.51 

 

TABLE VI  

THE FUEL CONSUMPTION COMPARISON AND SOC COMPARISON 

Drive 

cycle 

Length 

(miles) 

Duration 

(s) 

Fuel consumption 

(kg) 

Ending SOC 

(%) 

4 Artemis 

cycles 
40.86 3924 0.722 31.36 

7 NEDC 

cycles 
47.88 8267 0.882 31.53 
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