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Abstract:



Energy management strategies (EMSs) are critical for the improvement of fuel economy of plug-in hybrid electric vehicles (PHEVs). However, conventional EMSs hardly consider the influence of uphill terrain on the fuel economy and battery life, leaving vehicles with insufficient battery power for continuous uphill terrains. Hence, in this study, an optimal control strategy for a PHEV based on the road grade information is proposed. The target state of charge (SOC) is estimated based on the road grade information as well as the predicted driving cycle on uphill road obtained from the GPS/GIS system. Furthermore, the trajectory of the SOC is preplanned to ensure sufficient electricity for the uphill terrain in the charge depleting (CD) and charge sustaining (CS) modes. The genetic algorithm is applied to optimize the parameters of the control strategy to maintain the SOC of battery in the CD mode. The pre-charge mode is designed to charge the battery in the CS mode from a reasonable distance before the uphill terrain. Finally, the simulation model of the powertrain system for the PHEV is established using MATLAB/Simulink platform. The results show that the proposed control strategy based on road-grade information helps successfully achieve better fuel economy and longer battery life.
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1. Introduction


Plug-in hybrid electric vehicles (PHEVs) achieve a longer all-electric range (AER) with a higher battery capacity compared to conventional hybrid electric vehicles (HEVs). Hence, the PHEV has improved fuel economy, as it replaces more fossil fuel with cheaper grid electricity [1]. The fuel economy and power battery are two important PHEV research fields.



Energy management strategies (EMSs) and driving conditions (such as road conditions, traffic conditions, and weather conditions) strongly influence the fuel economy of PHEVs. Hence, the EMSs of conventional HEVs, which aim at optimizing the power split rate between the engine and motor, such as the rules-based control strategy [2], the equivalent-consumption minimization strategy [3], and the EMS based on the driving-pattern recognition [4,5], have been extensively analyzed in previous studies. Furthermore, the vehicles can obtain considerable information of driving conditions, such as traffic lights, traffic congestion, and road grade, with the development of intelligent vehicle technologies. In previous studies, the terrain and trip distance were used to optimize the EMS of an HEV [6,7].



For the power battery of a PHEV, relevant studies focus on the battery state estimation and charging schedule designs. Several estimation approaches have been employed to estimate the accurate SOC of batteries, such as estimation approaches based on data-driven multi-scale extended Kalman filtering [8], battery SOC estimators using a bias correction technique [9] and an adaptive H infinity filter method [10]. Furthermore, optimization algorithms are employed for the charging schedule design; the objectives include load following/stabilization [11], battery health [12], etc.



Different from the EMSs of conventional HEVs, the EMSs for PHEVs are divided into two categories: the charge depleting–charge sustaining (CD–CS) control strategy and blended control strategy. For the CD–CS strategy, PHEVs can operate in either the CD mode or the CS mode. In the CD mode, the motor is the primary power source, consuming considerably cheaper and cleaner grid electricity. The PHEV switches to the CS mode to avoid excessive battery discharge when the state of charge (SOC) of the battery reaches the minimum boundary. In the CS mode, the PHEV is driven by both the engine and the motor to maintain the SOC near a specific value like conventional HEVs [13]. Figure 1 shows the trajectory of the SOC for the CD–CS control strategy. The advantage of the CD–CS strategy is that it has a simple control rule to achieve real-time control. However, the optimal fuel economy cannot be achieved when the range is not within the AER, which is validated [14]. A blended control strategy is developed based on the assumption that the entire driving cycle is known. The optimization algorithms, such as dynamic programming [15] and Pontryagin’s Minimum Principle [16], are utilized to achieve global optimization in the blended strategy. Prof. Xiong in Ref. [15] present a procedure for the design of a near-optimal power management strategy for the hybrid battery and ultracapacitor energy storage system in a plug-in hybrid electric vehicle considering battery durability and longevity performance, and this approach shows excellent performance against uncertain diving cycles and battery packs. In the blended control strategy, electricity and fossil fuel are blended for the consumption at the beginning of the range, and the minimum boundary of the SOC of the battery is reached until the end of range. However, the future driving cycle must be provided accurately. In recent studies, the future driving cycle was predicted using the Markov chain model [17] and the neural network mode [18] using historical traffic data. In addition, the future driving cycle can be predicted using the traffic information obtained from intelligent transportation systems [19,20]. However, an accurate prediction of the driving cycle usually requires considerable traffic data and involves complex calculations. For the blended strategy, the tradeoff between the accuracy of driving-cycle prediction and computational complexity needs further study.


Figure 1. The trajectory of the SOC in the CD–CS control strategy.
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Furthermore, for the real-time control strategies of PHEVs, a good vehicle performance, in terms of fuel economy, power, and battery life, cannot be ensured, if the driving conditions are not considered. The slope is proven to be an important factor that influences the fuel consumption of the HEV [21,22]. PHEVs usually operate in the hybrid-driving mode while driving uphill, and the engine and motor coordinately work together to ensure that the engine operates in the high-efficiency region. However, the SOC of the battery tends to reach the minimum boundary. Moreover, increasing the depth of discharge of the SOC will degrade the battery life [23]. Hence, the PHEV is driven only by the engine to avoid degrading the battery life when the SOC is lower than the minimum boundary. On the other hand, when the vehicle is driven only by the engine, both the power of the vehicle as well as the fuel economy are affected, because the engine cannot be ensured to operate in the high-efficiency region. Currently, to solve this problem, there are two major solutions: (1) maintaining the minimum boundary of the SOC at a higher level in mountainous terrain, such as 50%, to avoid excessive battery discharge during the hybrid driving phase in the CS mode [24]. However, this solution requires more battery capacity to satisfy the requirement of the AER, which will increase the cost of the vehicle; (2) temporarily extending the minimum boundary of the SOC to meet the requirement of excessive electricity during the hybrid driving phase in the CS mode [25]. However, to restore the power of the battery, it needs to be continuously charged by the engine after driving through the uphill terrain, which increases the fuel consumption. Moreover, the increased depth of discharge of the SOC will reduce the battery life. Hence, it is necessary to develop an optimal EMS that can improve the fuel economy and the battery life considering the condition of the road.



This study focuses on two problems for the basic control strategy while driving continuously uphill. Firstly, in the CD mode, the PHEV may switch to the CS mode in uphill terrain, as the SOC reaches the minimum boundary. Therefore, the engine becomes the primary power source to drive the vehicle, which increases the fuel consumption. Secondly, in the CS mode, considerably low SOC will reduce the power or cause excessive battery discharge while driving uphill.



In this study, an optimal EMS for the PHEV based on the road-grade information is proposed to improve both the fuel economy and battery life. The most important issues are analyzed, including the prediction of the electricity consumption for the uphill terrain and the planning of trajectory of the SOC. First, the electricity consumption for the uphill terrain is predicted based on the road grade and the average velocity of the traffic obtained from the GPS/GIS system. Moreover, the trajectory of the SOC is preplanned based on the target SOC for the uphill terrain in the CD and CS modes. The proposed EMS was simulated on the MATLAB/Simulink (R2014a, MathWorks, Natick, MA, USA) platform under the comprehensive driving cycle. The effectiveness of the proposed control strategy was validated by comparing with the results of the basic control strategy.



The rest of the paper is organized as follows: Section 2 presents the structure and the basic control strategy of the powertrain system. Section 3 explains the prediction of the road grade and the electricity consumption for the uphill terrain. Section 4 proposes the energy management of the PHEV considering the condition of the road. Section 5 provides the simulation results and analyses of the proposed approach. Section 6 gives the conclusions of this study.




2. Basic Control Strategy


2.1. The Structure and Parameters of the Powertrain System


Figure 2 shows the structure of the PHEV analyzed in this study. The power sources are the engine and the motor, which is an integrated starter generator (ISG). The engine and ISG are coaxially arranged to achieve dynamic coupling, and the master clutch is placed between the engine and the ISG. Furthermore, a dual-clutch transmission (DCT) is used to meet the different requirements of the driving conditions in terms of speed and torque. The powertrain system of the PHEV can operate in one of six working modes, including the pre-charge mode, the driving and charging mode, the engine-driving mode, the electric-driving mode, the hybrid-driving mode, and the regenerative-braking mode. Moreover, the working modes are switched by changing the status of the master clutch and dual clutches. Table 1 gives the basic parameters of the PHEV.


Figure 2. The powertrain configuration of the PHEV.
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Table 1. Basic parameters of the PHEV.







	
Description

	
Parameters

	
Value






	
Basic parameters of the vehicle

	
vehicle mass/kg

	
1325




	
frontal area/m2

	
2.275




	
drag coefficient

	
0.3146




	
rolling radius/m

	
0.308




	
rolling resistance coefficient

	
0.00995




	
ISG

	
peak power/kW

	
30




	
maximum torque/N·m

	
115




	
Engine

	
peak power/kW

	
80




	
maximum torque/N·m

	
140




	
NI-H power battery

	
capacity/A·h

	
38.5




	
rated voltage/V

	
288




	
initial SOC

	
0.85




	
minimum SOC

	
0.3




	
DCT

	
speed ratio

	
3.917/2.429/1.436




	
1.021/0.848/0.667




	
efficiency

	
0.95










As the length of the paper is limited, the basic control strategy of the PHEV based on the driving-pattern recognition is introduced directly and used as the reference for the proposed control strategy [26]. The main idea of the basic control strategy is stated as follows: first, the basic control strategy is divided into the CD and CS modes based on the SOC of the battery. Six benchmark driving cycles, namely, ECE, NYCC, UDDS, LA92, HWFET, and US06HWY, are considered as typical driving cycles to represent the different road types, namely urban congestion, suburban, and highway conditions. The driving-pattern recognition is realized using the clustering-analysis method [27]. Moreover, the key control parameters are optimized via the genetic algorithm (GA) under the different typical driving cycles, and the corresponding optimized results are saved in the database. Based on the results of the driving-pattern recognition in real time, the PHEV is controlled by the corresponding optimal parameters, which are obtained from database.




2.2. Control Strategy in CD Mode


The CD mode of the PHEV comprises the electric-driving and hybrid-driving modes. In the CD mode, the PHEV is mainly driven by the motor to make full use of the battery. If the required power of the vehicle is less than the maximum power of the motor, only the motor will drive the vehicle; otherwise, both the engine and the motor will drive the vehicle together. In our previous research, the efficiency optimization models for the powertrain system under different working modes were developed to obtain the mode-switching schedules [26]. Figure 3 shows the mode-switching schedule of the CD mode.


Figure 3. The mode-switching schedule in the CD mode.
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To achieve better fuel economy, the mode-switching schedule needs to be adaptively modified based on the driving-pattern recognition. Hence, the mode-switching schedule is adjusted by a control parameter K1, which is limited to the range [0, 1] to avoid exceeding the maximum power of the motor (borderline a). Hence, the borderline a will adaptively fluctuate by multiplying the control parameter K1. Furthermore, the control parameter K1 is regarded as a design variable to be optimized offline under different typical driving cycles, and the optimized results are saved in the database.




2.3. Control Strategy in CS Mode


The CS mode of the PHEV comprises the electric-driving mode, driving and charging mode, engine-driving mode, and hybrid-driving mode. In the CS mode, the vehicle is mainly driven by the engine to maintain the battery SOC. Through the optimal torque distribution between the two power sources, the engine operates in the high-efficiency region to improve fuel economy. Figure 4 shows the mode-switching schedule of the CS mode. Similar to the CD mode, the control parameters K2, K3, and K4 are used to modify the mode-switching schedule based on the result of the driving-pattern recognition. The three control parameters are limited to the range [0, 1]. Furthermore, the three control parameters are optimized offline via GA. The controller will select the corresponding optimized parameters from the database based on the result of the driving-pattern recognition.


Figure 4. The mode-switching schedule in the CS mode.
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3. The Prediction of the Electricity Consumption for the Uphill Terrain


The electricity consumption for the uphill terrain is predicted to determine the target SOC of the battery. The road grade and the velocity profile are crucial factors affecting the energy consumption of the HEV, which was validated in a previous research [21]. To determine the target SOC for the uphill terrain, the road grade and the driving cycle need to be predicted.



3.1. Road Grade Information with GPS/GIS System


The PHEV is assumed to be equipped with a GPS/GIS system, which is a reasonable assumption. If the origin and destination of the vehicle are entered in the digital map, the GPS/GIS system can provide the elevation and the length of the road [28]. The location and the distance of the PHEV with respect to the uphill road can be obtained from the GPS, thereby facilitating the prediction of the road grade. Figure 5 illustrates the estimation of the road grade using the length of the uphill road and the difference in altitude between the starting and ending points.


Figure 5. Road grade estimation using GPS/GIS.
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The road grade is estimated using the following expression:


[image: there is no content]



(1)




where E2 is the elevation of the road for the sampling point of the road ahead, E1 is the elevation of the road for the current location of the PHEV, and L is the traveling distance between the two sampling points.




3.2. The Prediction of the Driving Cycle along the Slope


Traffic information, such as traffic flow, velocity limits, and average velocity of the traffic, can be obtained from GPS/GIS. The average velocity of the traffic is the average velocity of all the vehicles on a specific road segment. The average velocity of the traffic on the uphill road is used to predict the driving cycle. First, the uphill road is divided into several segments to sample the average vehicle velocity, and the average velocities of the different segments are used to construct the reference velocity profile in the spatial domain, as shown in Figure 6. The length of the segment for the sampling of the average velocity plays a key role in the accuracy of the prediction. The length of the segment is set as 160 m [29].


Figure 6. An example of the velocity profile in the spatial domain.
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The velocity profile in the time domain, which is defined as the reference driving cycle, is obtained by domain transformation. The domain transformation is expressed as follows:


[image: there is no content]



(2)




where [image: there is no content] is the time period for the average-velocity sampling of the segment k in the time domain, [image: there is no content] is the initial time for the sampling of the segment k in the time domain, [image: there is no content] is the length of the segment for the average-velocity sampling in the spatial domain, Vs (k) is the average velocity of the vehicle of the segment k in the spatial domain, Vt (k) is the average velocity of the vehicle of the segment k in the time domain, and S is the length of the continuous uphill road.



However, the reference driving cycle is not reasonable as the real-driving conditions, as the velocity changes abruptly. To achieve a reasonable driving cycle that reflects the actual driving cycle to the highest possible degree, a second order Butterworth filter with a cut-off frequency of 0.4 Hz is utilized to filter the reference velocity profile. Figure 7 shows the filtering procedure. The filtered velocity profile is selected as the predicted driving cycle for the uphill road. As it is difficult to obtain the traffic information from a simulation environment, this study assumes that the average velocity of the PHEV driving through a specific segment is the same as the average velocity of the traffic obtained from the GPS/GIS system. Hence, the prediction of the driving cycle on the uphill road can be achieved, as shown in Figure 8. The average velocity of the traffic is set as the reference driving cycle, which is obtained from the GPS/GIS. The predicted driving cycles can then be constructed using the Butterworth filter.


Figure 7. Filtering procedure for the velocity profile.



[image: Energies 10 00412 g007]





Figure 8. An example of the prediction for the driving cycle.
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3.3. Calculation of Target SOC for the Uphill Terrain


The variation in the SOC during the uphill terrain is calculated based on the road grade and the predicted driving cycle. The traffic information obtained from the GPS/GIS system can be updated every 300 s [30]. Hence, during the interval of the update of the traffic information, the variation in the SOC can be simulated under the predicted driving cycle in time. The simulation model of the powertrain system of the PHEV has been extensively studied, and is not discussed further in this paper. Figure 9 shows the structure of the powertrain-system model.


Figure 9. Structure of PHEV powertrain system model.
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Based on the variation in the SOC during the uphill terrain, the target SOC for the uphill terrain is determined as follows:


[image: there is no content]



(3)




where SOCt is the target SOC for the uphill terrain, SOC0 is the minimum boundary of the SOC, and ΔSOC is the variation in the SOC during the uphill terrain.





4. Energy Management Strategy Based on Road Grade Information


In the paper, in order to avoid excessive battery discharge and reduce the fuel consumption of the PHEV during a continuous uphill terrain trip, an energy management strategy based on road grade information has been proposed for PHEV, whose control diagram is shown in Figure 10. The proposed control strategy is developed based on the basic control strategy.


Figure 10. Control diagram for the proposed control strategy.
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In the top layer, driving cycles on the uphill road can be predicted with the average vehicle velocity of the traffic obtained from GPS/GIS, and the target SOC for the uphill terrain can be determined by online calculation.



In the bottom layer, the SOC trajectory is preplanned in the CD and CS modes. The SOC trajectory planning strategy can make sure sufficient electricity to drive motor during the uphill terrain. Therefore, the engine can operate in the high-efficiency region with the optimal torque distribution between the engine and motor, which effectively improves the overall efficiency of whole system. The battery SOC is maintained at the target value SOCt through the battery SOC balance control method in the CD mode, and the battery SOC is charged to the target value of SOCt through the pre-charge method in the CS mode. The details of the proposed energy management strategy will be introduced in the following sections.



4.1. Control Strategy for CD Mode


4.1.1. SOC Trajectory Planning Strategy


Due to the sufficient electricity of the power battery in CD mode, it’s necessary to make a judgment whether the current SOC would meet the demand for uphill. The driving mileage per SOC in CD mode denoted by a (km·%−1) was determined offline under different typical driving cycles. The driving mileage per battery SOC, a, which is shown in Table 2, was used to estimate the variation of SOC in the CD mode.



Table 2. Driving mileage per SOC (km·%−1) in CD mode.







	
Driving Cycle

	
ECE

	
NYCC

	
NEDC

	
UDDS

	
LA92

	
HWFET

	
US06HWY






	
a

	
1.401

	
1.222

	
0.786

	
0.783

	
0.592

	
0.599

	
0.525










The diagram of SOC trajectory planning in the CD mode is shown in Figure 11, and the control flow is described as follows:

	(1)

	
Road grade estimation: The destination of travel, the road path, and the elevation as well as length of the road are determined from the vehicle navigation system (GPS/GIS) before traveling. Then the road grade can be calculated by Equation (1).




	(2)

	
Driving cycle prediction: The predicted driving cycle on the uphill road is constructed through average velocity of the traffic on the uphill road obtained from the GPS/GIS.




	(3)

	
Target SOC calculation: The variation in SOC during the uphill terrain is calculated, and the target value SOCt for uphill is then determined.




	(4)

	
Driving mileage lookup: The type of real-time driving cycle is obtained based on driving pattern recognition, and the driving mileage, a, per SOC is referred from Table 2 based on the real-time driving cycle of PHEV.




	(5)

	
SOC control decision: The initial battery SOC for encountering the uphill terrain is calculated before the vehicle took the uphill road. The initial battery SOC for the uphill terrain, which is defined as SOCg, can be calculated using Equation (4). If SOCg is greater than SOCt, the vehicle is still on the electric-driving mode to consume electric energy; otherwise the SOC trajectory is planned by the SOC balance control method:


[image: there is no content]



(4)




where SOC (t) is the current SOC of power battery, L (t) is the distance between the vehicle current position and uphill road, and a is the driving mileage per SOC in CD mode. Because the result of driving pattern recognition changes with time, the SOCg can be dynamically calculated according to real-time driving cycle.




	(6)

	
SOC balance control: The PHEV controller switches to SOC balance control to ensure that the target value SOCt is maintained. As a result, there is sufficient battery power to encounter the uphill terrain when the PHEV took uphill road. Note that the vehicle is controlled by basic strategy after entering the uphill road.








Figure 11. Diagram of the battery SOC trajectory in CD mode.
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4.1.2. SOC Balance Control


In the SOC balanced control mode, engine and motor work together to maintain a roughly constant battery SOC. It is similar to the basic control strategy in the CS mode. However, the basic control strategy in the CS mode cannot ensure sufficient battery power for uphill terrains, since the battery SOC may change too much during certain driving conditions. Therefore, the SOC balance control method has been proposed, which takes the fuel economy as well as the SOC variation into consideration. The key control parameters of this control strategy are optimized by GA. The optimization target is to obtain optimal parameters to restrict the variation in battery SOC, which can also ensure the fuel economy of PHEV.



(1) Optimization objective function



In order to restrict the battery SOC variation, SOC variation is converted to the corresponding fuel consumption. The equivalent fuel consumption is integrated into the optimization objective function. The SOC correction method has been used for objective function in this paper as follows:


[image: there is no content]



(5)




where Δfuel is the equivalent fuel consumption (L), ΔSOC is the variation of battery SOC between the initial and final values, Qcap is the capacity of battery (Ah), [image: there is no content] is the average value of battery bus voltage during drive cycles (V), [image: there is no content] is the average value of the engine's power efficiency (g/kW·h), and [image: there is no content] is the density of gasoline (g/L).



To optimize the fuel economy and prevent excessive variation in the SOC, the fuel consumption and equivalent fuel consumption are integrated in the optimization objective function. Therefore, the optimal control parameters can make sure both the fuel consumption and the SOC variation are the minimum. The fitness function is given by:


Min f(x)=∫Fueluse(t)dt+wp⋅|Δfuelp|s.t. xil≤xi≤xik i=1,2,3,...,n



(6)




where n is the number of optimization variables; [image: there is no content] are the upper and lower boundaries of the optimization variables, respectively; [image: there is no content] is the weight coefficient of Δfuel, which is used for adjusting the limitation of SOC variation. The weight coefficient is set as 1.2 using an enumerative technique based on experience and simulation.



(2) Optimized parameters



The mode-switching schedule of the SOC balance control method is the same as that of the basic control strategy in the CS mode, shown in Figure 4. To optimize the fuel economy of the PHEV, the control parameters K2, K3, and K4 are set as the design variables to modify the mode-switching schedule. Furthermore, the electric-driving mode and the driving and charging mode are the most critical modes that influence the variation in the SOC. Hence, two other control parameters SOCele and SOCcharge are created to modify the mode-switching schedule of the electric-driving mode and driving and charging mode, which are given in Equations (7) and (8):
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(7)
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(8)




where SOCele is the upper boundary of the SOC in the SOC balance control. The controller switches to the electric-driving mode to consume surplus electric energy when the SOC reaches the upper boundary. Ke is the control parameter that modifies SOCele. SOCcharge is the threshold for switching to the driving and charging mode. To avoid unnecessary fuel consumption, the controller switches to the driving and charging mode only when the SOC is lower than this threshold. Kc is the control parameter that modifies SOCcharge. SOCmin is the lower boundary of the SOC in the SOC balance control, which is considered SOCt based on the calculation of the target SOC for the uphill terrain, given in Section 3.



The five control parameters Ke, K2, K3, K4, and Kc are set as the design variables for the optimization. Table 3 lists the range and initial values of the design variables. The range is selected to ensure that the engine operates in the high-efficiency region and that different working modes will not interfere with each other.



Table 3. Range of the design variables.







	
Design Variable

	
Initial Value

	
Range






	
Ke

	
0

	
0~0.1




	
K2

	
1

	
0.6~1




	
K3

	
1

	
0.6~1




	
K4

	
1

	
0.6~1




	
Kc

	
0

	
0~0.1










(3) Optimization results



The five design variables are optimized using the GA under the different typical driving cycles. For the optimization of the parameters, the maximum number of generations is set as 80, and the population is initialized by 100 random individuals. Moreover, the elitist amount is set as 10, and the mutation rate is set as 0.4. Table 4 gives the results of the optimization. Figure 12 shows the history of the optimization process for the typical driving cycle LA92.


Figure 12. Optimization result under the driving cycle LA92. (a) Best fitness of optimization under the driving cycle LA92; (b) Best individual of optimization under the driving cycle LA92.
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Table 4. Optimization results of design variables.







	
Driving Cycle

	
Ke

	
K2

	
K3

	
K4

	
Kc






	
ECE

	
0.078

	
0.774

	
0.808

	
1

	
0.012




	
NYCC

	
0.005

	
0.846

	
0.993

	
0.889

	
0.000




	
NEDC

	
0.000

	
0.718

	
0.643

	
0.610

	
0.058




	
UDDS

	
0.063

	
0.948

	
0.972

	
0.845

	
0.054




	
LA92

	
0.060

	
0.998

	
0.931

	
0.886

	
0.001




	
HWFET

	
0.001

	
0.654

	
0.663

	
0.628

	
0.048




	
US06HWY

	
0.077

	
0.794

	
0.991

	
0.962

	
0.003










Figure 12a shows the development of the GA. The points terminate after 43 generations, and the fitness value, i.e., the fuel-consumption is 0.674. According to the optimization results, the variation in SOC is maintained within 0.006, 0.002, 0.013, 0.002, 0.003, 0.008 and 0.019, respectively, under the six typical driving cycles. These values satisfy the requirements of the SOC balance control in terms of the consistency of SOC. Figure 13 shows the trajectory of the SOC for the parameter optimization, taking the driving cycle LA92 as an example. The battery SOC is effectively maintained at the initial value.


Figure 13. The trajectory of the SOC under the driving cycle LA92.
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4.2. Control Strategy for the CS Mode


In the CS mode of the PHEV, the pre-charge mode is designed considering the road grade information based on the basic control strategy. The controller switches to the pre-charge mode before the uphill road based on the prediction of the target SOC for the uphill road, given in Section 3. The pre-charge mode comprises the driving and charging mode, engine-driving mode, and hybrid-driving mode; however, while the electric-driving mode is temporarily terminated to increase the SOC rapidly. As Figure 4 given in Section 2 indicates, the powertrain system of the PHEV will operate in the driving and charging mode when the system behavior is within sections A and B. In the driving and charging mode, the engine operates at the optimal operating points to improve fuel economy, and the remaining power is then used to charge the battery. The vehicle operates only in the electric-driving mode when the velocity of the vehicle is below the launch-speed limit of the engine. The engine launch speed is set as 30 km/h. First, the driving mileage in the pre-charge mode is determined. The driving mileage per battery-SOC variation in the pre-charge mode, defined as b (km·%−1), is determined under different typical driving cycles simulated offline, given in Table 5.



Table 5. Driving mileage per SOC (km·%−1) in the pre-charge mode.







	
Driving Cycle

	
ECE

	
NYCC

	
NEDC

	
UDDS

	
LA92

	
HWFET

	
US06HWY






	
b

	
0.157

	
0.330

	
0.443

	
0.641

	
0.783

	
1.636

	
8.026










Figure 14 shows the diagram of the SOC trajectory planning in the CS mode. The control flow is described as follows:

	(1)

	
Road-grade estimation: The destinations of travel, the path of the road, and the elevation as well as the length of the road are determined from the vehicle navigation system (GPS/GIS) before starting. Then, the road grade can be calculated using Equation (1).




	(2)

	
Driving cycle prediction: The predicted driving cycle on the uphill road is developed using the average velocity of the traffic obtained from the GPS/GIS system.




	(3)

	
Target-SOC calculation: The variation in the SOC during the uphill terrain is calculated, and the target-battery SOCt for the uphill road is then determined.




	(4)

	
Driving mileage lookup: The type of real-time driving cycle is obtained through the driving-pattern recognition, and the driving mileage b per SOC is referred from Table 5 based on the real-time driving cycle of the PHEV.




	(5)

	
Pre-charge mode: The particular location between the vehicle and the uphill road is determined. When the PHEV arrives at the particular location, the controller switches to the pre-charge mode at this point. Hence, the SOC increases to the target value when the vehicle enters onto the uphill road. Note that the vehicle is controlled by basic strategy after entering the uphill road. The starting time of the pre-charge mode is given by:


[image: there is no content]



(9)




where [image: there is no content] is the distance between the vehicle and the uphill road when the controller switches to the pre-charge mode, SOCt is the target battery SOC for the uphill road, and SOC0 is the minimum boundary of the SOC.








Figure 14. Diagram of the battery SOC trajectory in CD mode.
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By employing Equations (3) and (9), the distance to the slope at which the controller switches to the pre-charge mode is calculated using Equation (10):


[image: there is no content]



(10)









5. Simulation and Analysis


To verify the effectiveness of the proposed control strategy, a backward simulation model has been established using the MATLAB/Simulink platform. The proposed pre-charge mode may lead to double energy conversion losses. In order to evaluate the performance of the proposed strategy, the efficiency models of the key components have been integrated into the simulation model. The efficiency models consist of ISG motor, battery and inverter. The efficiencies of inverter and DCT are modeled as the fixed values 0.92 and 0.95, respectively. The ISG motor working efficiency, which is shown in Figure 15, is obtained from the experiment data. The efficiency model of the power battery is a function of charging/discharging power and SOC as shown in Figure 16. The proposed strategy has been simulated in the CD and CS modes, and the basic strategy is selected as a benchmark strategy for comparison. Table 1 lists the parameters for the simulation.


Figure 15. ISG motor efficiency map.
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Figure 16. Power battery efficiency model. (a) Charging efficiency model of battery; (b) Discharging efficiency model of battery.
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5.1. Simulation in the CD Mode


Five types of driving cycles (New York bus, 1015, Manhattan, WVUSUB, and HL07) were successively combined into a comprehensive cycle to simulate and evaluate the performance of the proposed control strategy. The information of the road grade and average velocity of the traffic are assumed to be known. The continuous uphill road has a road grade of 4%, an overall length of 3.3 km, and appears at 4724 s, as shown in Figure 17. Table 6 and Figure 18 give the comparison results between the control strategy based on the road grade information and the basic control strategy.


Figure 17. Test driving cycle for the CD mode.
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Figure 18. Simulation results in the CD mode. (a) Fuel consumption under the test driving cycle; (b) SOC trajectories under the test driving cycle; (c) Electricity consumption under the test driving cycle.
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Table 6. Comparing results for the CD mode.







	
Result

	
Basic Strategy

	
Proposed Strategy

	
Savings (%)






	
Fuel consumption (L)

	
0.640

	
0.596

	
6.878




	
Electricity consumption (kw·h)

	
5.591

	
5.693

	
−1.789




	
Initial SOC for uphill

	
0.322

	
0.391

	
-




	
Final SOC for uphill

	
0.303

	
0.304

	
-




	
Cost of energy consumption (RMB)

	
7.897

	
7.605

	
3.688










Different from the conventional HEV, a PHEV is mainly driven by the motor in the CD mode, and the power comes from two components: the electricity from the power grid and the fossil fuel. Hence, the cost of energy consumption, which is defined as Qc, is adopted to evaluate the energy economy of the PHEV in the CD mode [31]. The cost of energy consumption is expressed using the following equation:


[image: there is no content]



(11)




where Jf is the fuel price (RMB/L), which is set as 7.8 RMB/L; Je is the electricity price (RMB/kW·h) which is set as 0.52 RMB/kW·h; Qf is the fuel consumption (L); Qe is the electricity consumption (kW·h).



As shown in Figure 18b, the proposed strategy switches to the SOC balance control at 4565 s, and the target SOC is 0.402. The SOC balance control is maintained for 156 s, and the SOC of the proposed strategy effectively maintains at SOCt, as the initial SOC for the uphill terrain only slightly changes to 0.391. However, the initial SOC for the uphill terrain in the basic strategy drops to 0.322, as the road grade is not considered. As shown in Figure 18a, the fuel consumption of the proposed strategy is higher than that of the basic strategy during the SOC balance control, as the engine works in tandem with the motor to conserve the battery power. When the PHEV enters the uphill road, the proposed strategy maintains the vehicle operate in the CD mode. The electric motor becomes the primary power source for the proposed control strategy; hence, the fuel consumption reduces. However, for the basic strategy, the PHEV switches to the CS mode at 4756 s because it reaches the minimum boundary of the SOC. Moreover, the engine becomes the primary power source, thereby increasing the fuel consumption of the basic control strategy.



Compared to the basic strategy, the fuel consumption and the cost of energy consumption of the proposed strategy improve by 6.878% and 3.688%, respectively. Hence, the proposed control strategy effectively improves the fuel economy in the CD mode.




5.2. Simulation in the CS Mode


The five selected types of driving cycles (New York bus, 1015, Manhattan, WVUSUB, and HL07) were successively combined into a longer comprehensive cycle for the simulation process to ensure that the range of variation in the SOC includes the CS mode. The information of the road grade and average velocity of the traffic are assumed to be known. The continuous uphill road has a road grade of 8%, an overall length of 5.1 km, and appears at 9350 s, as shown in Figure 19. When the SOC is lower than the minimum boundary and the required power of vehicle is more than that generated by the engine at the optimal operating point, the basic strategy has two different cases: (1) the vehicle is driven only by the engine to avoid excessive battery discharge [13]; (2) the vehicle is driven by both the engine and the motor together while the range of the SOC in the CS mode is temporarily extended to ensure fuel economy and power [25]. The two cases of basic strategy have both been simulated for comparison with the proposed strategy. Table 7 and Figure 20 give the simulation results of the proposed control strategy and the basic control strategy.


Figure 19. Test driving cycle for CS mode.
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Figure 20. Simulation results in CS mode. (a) Fuel consumption under the test driving cycle; (b) Fuel consumption during the uphill terrain; (c) SOC trajectories under the test driving cycle; (d) Electricity consumption under the test driving cycle.
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Table 7. Comparing results for CS mode.







	
Result

	
Proposed Strategy

	
Basic Strategy

	
Savings (%)




	
Case 1

	
Case 2 (Corrected)

	
Case 1

	
Case 2 (Corrected)






	
Fuel consumption (L)

	
1.453

	
1.462

	
1.494

	
0.616%

	
2.744%




	
Fuel consumption for uphill (L)

	
0.582

	
0.770

	
0.585

	
24.431%

	
0.547%




	
Electricity consumption (kw·h)

	
4.135

	
4.135

	
4.135

	
0

	
0




	
Initial SOC for uphill

	
0.355

	
0.308

	
0.308

	
-

	
-




	
Final SOC for uphill

	
0.301

	
0.303

	
0.251

	
-

	
-










Note that the electricity consumption is only estimated in the CD mode. Generally, the electricity consumption is estimated only using the electricity from the power grid. However, in the CS mode, the consumed electricity mainly comes from the fossil fuel in the driving and charging mode. As slopes are not encountered during the CD mode, with the same control rules in the CD mode, the electricity consumptions of the two strategies are both 4.135 kW·h, as shown in Figure 20d.



In the first case, for the basic strategy, the vehicle is driven only by the engine when the SOC is lower than the minimum boundary. The proposed strategy effectively improves the fuel economy. As shown in Figure 20c, the controller switches to the pre-charge mode at 7640 s, and the SOC increases to 0.355 when the vehicle enters the slope. After the uphill terrain, the final SOC of the proposed control strategy is 0.301, which is close to the minimum boundary without excessively discharging the battery. As shown in Figure 20b, the proposed strategy significantly reduces the fuel consumption on the uphill road owing to the optimal torque distribution between the engine and motor. Figure 21 illustrates that, during the uphill terrain, the proposed strategy can ensure that the engine operates at relatively optimal operating points; furthermore, the vehicle can be driven in the electric-driving mode at low speed and torque, which effectively improves the efficiency and reduces the emission of the engine. Compared to the basic control strategy, the proposed control strategy improves the fuel consumptions by 0.616% and 24.431% in the whole trip and during the uphill terrain, respectively.


Figure 21. Engine operating points during uphill terrain. (a) Engine working point for the proposed control strategy; (b) Engine working point for the basic control strategy.
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In the second case, for the basic strategy, the motor works in tandem with the engine during the uphill terrain. The proposed control strategy effectively improves the fuel economy and battery life of the PHEV. As shown in Figure 20c, for the proposed strategy, the electricity of the battery is sufficient because the controller switches to the pre-charge mode before encountering the uphill road; whereas in the basic strategy, the SOC drops to 0.251 after the uphill terrain. Hence, the depth of discharge in the basic strategy is lower than the minimum boundary by 16.43%, thereby excessively discharging the battery. There is an evident difference between the ending SOCs of the two strategies. Hence, the SOC correction method based on the SAE J1711 standard is necessary to calculate the equivalent fuel consumption that compensates for the difference in the SOC [32]. By using this method, the fuel economy of the proposed strategy improves by 2.744%. Furthermore, the battery discharges excessively in the basic strategy, which reduces the battery life.





6. Conclusions


An optimal EMS for the PHEV based on the road grade information is proposed in this study. The effectiveness of the proposed strategy is validated via the simulation, which improves both the fuel economy and battery life of the PHEV. The following work was conducted in this study:

	(1)

	
An algorithm that predicts the electricity consumption during the uphill terrain was developed based on the information obtained from the GPS/GIS system. The road-grade information is obtained from the GPS system, and the driving cycles on the uphill road are predicted through the average velocity of the traffic obtained from the GIS system. Furthermore, the target SOC for the uphill road is calculated based on the road grade information and predicted driving cycles.




	(2)

	
In the CD mode, the trajectory of the SOC is preplanned using the SOC balance control method based on the target SOC. The key control parameters are optimized using the GA to balance the SOC and improve the fuel economy. Compared to the basic control strategy, the simulation results show that the proposed strategy improves the fuel consumption and cost of energy consumption by 6.878% and 3.688%, respectively.




	(3)

	
In the CS mode, the trajectory of the SOC is preplanned using the pre-charge mode. The power battery is charged to the target SOC before entering the uphill road. Moreover, the proposed strategy improves the fuel consumption in the CS mode compared to that of the basic control strategy, and the excessive battery discharge is avoided during the continuous uphill terrain.
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