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Abstract

:

This paper designed a fuzzy adaptive proportional integral differential (PID) control algorithm to optimize the overshoot of speed and torque, fuel consumption and exhaust emissions of the traditional PID control strategy in the process of working condition switching of an extended range electric vehicle. The simulation was carried out in Matlab/Simulink, and the optimization of the control strategy was verified by a bench test. The results show that the fuzzy adaptive PID control strategy effectively reduced the speed overshoot in the process of working condition switching compared with the traditional PID control strategy. The bench test proved that the fuzzy adaptive PID control strategy could effectively optimize the switching process, especially in the speed and torque reduction switching process, and the speed overshoot rate of the fuzzy PID control was greatly reduced to 0.7%, far less than that of the traditional PID control with 6.6%, while the torque overshoot rate was within 0.8%. Additionally, the fuzzy adaptive PID control could effectively reduce the fuel consumption, especially in the switching process of increasing the speed and torque, where the fuel consumption of the fuzzy adaptive PID control was 2.1% and 0.5% lower than that of the traditional PID control, respectively. Additionally, the fuzzy adaptive PID control could also reduce the particulate emissions, especially in the process of increasing the speed and torque, where the number of particles of the fuzzy PID control was 11% and 19% less than that of the traditional PID control, respectively. However, the NOx emissions based on the fuzzy PID control were slightly higher than those of the traditional PID control due to the smooth operation and improved combustion.
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1. Introduction


Carbon emissions from the transportation sector account for about 25% of the total emissions globally, and carbon emissions from road transportation account for about 75% of the total emissions from the transportation sector [1]. In order to control the carbon emissions in transportation, the Zero-emission Vehicle Alliance stated in 2015 that only zero-emission vehicles will be sold by 2050, and the current extended range hybrid electric vehicles represent one of the effective ways to realize the transition to zero-emission vehicles [2,3]. Extended range electric vehicle refers to a vehicle which can achieve pure electric driving under the condition of a sufficient on-board battery. When the battery capacity is too low to continue running, the on-board auxiliary power generation device starts to work to provide electricity to drive the vehicle, thus extending the driving range [4,5,6]. The auxiliary power unit (APU), consisting of an internal combustion engine (ICE) and an integrated starter generator (ISG), is the core component of extended range electric vehicles, which can effectively compensate for the insufficient energy density of the battery and provide additional electric power to satisfy the power demand to solve the problem of “mileage anxiety” and “air conditioning anxiety” from battery electric vehicles (BEVs) [7,8]. Extended range electric vehicles can extend the cruising distance by using the APU, which consists of an engine and a generator, without using the larger and more expensive battery pack. Therefore, extended range electric vehicles have great market prospects.



However, in the actual running process of extended range electric vehicles, the extender needs to frequently start and stop and switch mode. In the switching process, due to the dynamic difference between the engine and the generator, it is easy to cause a large torque fluctuation and speed overshoot. The overshoot of speed and torque results in high fuel consumption and high emissions, as well as obvious impact and wear on the mechanical connection of the extender shafting, and it could break the axis, which leads to the loss of function of the whole system and may lead to serious consequences of vehicle damage and death. Better coordinating the control of the engine and generator, reducing the APU adjustment time and reducing overshoot and steady-state errors are some of the main problems in the control of extended range electric vehicles [9,10].



In practical applications, a PID (proportional integral derivative) controller based on classical control theory is mostly used. The actual measured values of speed, power and torque are fed back and compared with the target value of the input end to adjust the control quantity deviation so that the control target is close to the expected value. However, relying solely on closed-loop feedback control cannot achieve ideal results [11]. On this basis, scholars around the world at home and abroad have conducted research aiming at optimizing the extender control strategy. Zhang et al. [12] carried out various constant speed control designs of the engine for range-extended electric vehicles. Fiengo G et al. [13] established the sliding mode torque estimator and PI controller of the engine; on this basis, a combined controller with fast torque control for the inner ring and slow speed control for the outer ring was established to achieve the working point adjustment of the range extender. Zhang et al. [14] analyzed the PID and feedforward PID control methods of engine speed through simulation for the purpose of optimizing PID parameters through the particle swarm optimization algorithm. Li et al. [15] established the ICRE control system based on Compact RIO hardware and LabVIEW, which has the function of the intake throttle PID closed-loop control; the results showed that the speed fluctuation amplitude could be reduced by 30% at the low-power operating condition and 41.7% at the high-power operating condition with the optimal PI parameters of the dual closed-loop control strategy. Xiong et al. [16] analyzed and studied the influence of control parameters on the control effect and introduced intelligent control algorithms such as feedforward control to improve the original control. Li et al. [17] simulated and compared the generator torque control and current control, and the results showed that the torque control was superior to the current control in engine speed tracking when the vehicle accelerated. However, the above research mainly studied the influence of optimized control strategies on the power performance of extended range vehicles and lacked the study of the influence on the fuel consumption and exhaust emissions of extended range vehicles.



In addition, some studies introduced fuzzy control to optimize the performance of the control strategy. Chen et al. [18] discussed the PID and fuzzy control for engine speed by the means of simulation to explore the APU coordination control processing; the results showed that the actual power responded to the change in the required power quickly. Liu et al. [19] designed and simulated the parameters for a fuzzy PID control strategy according to the results of an analysis and comparison of the control performance and inherent limitations of three traditional PID control strategies. The stability and robustness of the control system were improved. Zhang et al. [20] investigated the PID and fuzzy control methods of engine speed by simulation analysis and proposed a coordination control strategy which could realize the coordination control of the engine and generator. However, the above research did not carry out experimental verification, so it lacks credibility. Additionally, the study of the fuzzy PID control strategy combined with simulation and experimental verification with the analysis of power performance, fuel consumption and exhaust emissions was rarely reported.



This study combined intelligent control and fuzzy control theory on the basis of the traditional PID control strategy to optimize the overshoot of speed and torque, fuel consumption and exhaust emissions in the switching process of the range extender, including the switching process of increasing the speed and torque when the power demand increases, and the switching process of decreasing the speed and torque when the power demand decreases. The range extender model was built in Matlab/Simulink, and the mode switching strategy based on fuzzy PID control was simulated. Finally, the power performance, fuel consumption and exhaust emissions of the traditional PID control strategy and fuzzy adaptive PID control strategy were investigated and compared by a bench test, and the effectiveness of the fuzzy adaptive PID control strategy was verified.




2. Methodology


2.1. Fuzzy Adaptive PID Controller


In the speed control process of the extender, due to the complex control system and variable control parameters, which make the parameter setting precision low and performance of the traditional PID controller poor, the control parameters cannot be changed after being set with poor adaptability, resulting in a poor speed control effect and obvious speed overshoot. Fuzzy PID control can adjust the control strategy and parameters according to the change in the control system, in order to achieve the optimal control effect. The following content introduces the fuzzy adaptive PID controller.



According to the principle of proportional integral differential control, a PID controller can be established, and PID parameters can be adjusted in real time during fuzzy control. The actual speed and set speed are taken as input, and the driving force is output through the proportional, integral and differential links of the PID controller [21,22,23,24,25,26,27]. Fuzzy adaptive PID control mainly determines the fuzzy relationship between the PID control parameters    K P  ,  K I  ,  K D   , the deviation  e  and the change rate of the deviation    e c    [28,29,30]. In order to facilitate the implementation of the actual control strategy, fuzzy adaptive control is carried out on two parameters,    K P    and    K I   , which have more influence on the change rate and overshoot. In the actual control process, it is necessary to monitor the values of  e  and    e c     in real time and then adjust the PID control parameters according to the fuzzy control principle to adapt to the best control requirements of different deviations and the rate of deviation change, in order to enhance the adaptability of the control system and have better static control and dynamic control performance. In this design, the speed deviation  e  and speed deviation change rate    e c    of the range extender are all in the theory domain of [−120, +120], and the theory domain of the output variables   Δ  K P     and   Δ  K I     is [−0.24, +0.24].



The fuzzy theory domain of the deviation is as follows: {−6, −5, −4, −3, −2, −1, 0, +1, +2, +3, +4, +5, +6}. The fuzzy theory domain of the deviation change rate is as follows: {−6, −5, −4, −3, −2, −1, 0, +1, +2, +3, +4, +5, +6}. The fuzzy theory domain of the output variables is as follows: {−6, −5, −4, −3, −2, −1, 0, +1, +2, +3, +4, +5, +6}. The quantization factors of the deviation, deviation change rate and output variables are as follows:



   K e    = 6/120 = 0.05,    K c    = 6/120 = 0.05,    K P    =    K I    = 0.24/6 = 0.04. The input and output variables are divided into seven fuzzy subsets: NB, NM, NS, ZO, PS, PM and PB, which represent, respectively “negative big”, “negative medium”, “negative small”, “zero”, “positive small”, “positive medium” and “positive big”. The corresponding fuzzy control rules table was established according to the actual situation [31,32,33,34,35,36], as shown in Table 1.



Finally, the simulation model of the range extender was established in Matlab. The fuzzy PID controller is encapsulated in a “sub-system” and is named Fuzzy_PID_Controller. It is incorporated into the range extender model. The fuzzy PID controller and the traditional PID controller are used to control the range extender system. The stability of the fuzzy PID controller and the traditional PID controller is compared in the process of working condition switching. The schematic diagram of the simulation model is shown in Figure 1.




2.2. Bench Test System


A hardware-in-the-loop simulation platform was used in the test. The vehicle controller realized communication, controlled the torque, speed and throttle opening and realized data acquisition at the same time through the CAN (Controller Area Network) bus. The bench test system is shown in Figure 2. The test equipment mainly included a high-pressure common rail diesel engine, engine emission testing equipment, an HBM T40 torque sensor, an engine ECU, an INCA measurement tool and a MotoTune controller calibration and debugging tool. Table 2 shows the technical parameters of a certain type of high-pressure common rail diesel engine, and Table 3 shows the composition and model of the engine emission and fuel consumption testing equipment.



The controller measured the speed of the range extender system in real time which was subtracted from the target speed to obtain the speed deviation, the fuzzy adaptive PID controller was introduced to calculate the throttle opening output and then the PWM module was used to convert the throttle opening output into the corresponding voltage value. Finally, this value was then input to the engine ECU to complete the closed-loop control. Four typical switching conditions were selected in the test, and the selected operating points are shown in Table 4. The speed/torque characteristics, overshoot, NOx and particulate emission characteristics and fuel consumption characteristics of the diesel engine under traditional PID control and fuzzy adaptive PID control were compared in this study.





3. Results and Discussion


3.1. Simulation Results of Working Condition Switching


The simulation test of mode switching was conducted in Matlab/Simulink. The multi-step input module “Repeating Sequence Interpole” was used to simulate the power demand of the vehicle, which increased from 20 kW to 30 kW and 45 kW every 10 s and then decreased to 30 kW and 20 kW. Thus, we simulated the power of the range extender at multiple working points, including the switching process of increasing the speed and torque when the power demand increased, and the switching process of decreasing speed and torque when the power demand decreased. The simulation results are shown in Figure 3, where “PID” represents the traditional PID control and “Fuzzy_PID” represents the fuzzy adaptive PID control.



As shown in Figure 3, when the required power of the range extender increased from 20 kW to 30 kW, the speed increased from the current 1432 r/min to the target speed 1746 r/min; from 30 kW to 45 kW, the speed increased from the current speed 1746 r/min to the target speed 2180 r/min. It can be seen that, in this process, the traditional PID control had obvious overshoot, where the overshoot rate was 0.8% and 2.8%, respectively, while the fuzzy adaptive PID controller could significantly reduce the overshoot rate, where the overshoot rate was 0.2% and 1.2%, respectively. Similarly, in the switching process of speed and torque reduction with a reduced power demand, there was obvious overshoot in the traditional PID control, while the fuzzy adaptive PID controller basically had no speed overshoot, and the working state of the fixed speed was stable. Therefore, based on the fuzzy adaptive PID control strategy in the process of operating mode switching, through the optimization of the PID control parameters, the speed overshoot of the range extender was effectively reduced, reducing the impact on the extender shafting; compared with the traditional PID control strategy, the effect of the control strategy optimization was remarkable, and the safety and reliability of the shafting during the switching process were effectively guaranteed.




3.2. Test Results of the Fuzzy PID Control Optimization


3.2.1. Speed/Torque Characteristics


The speed and torque characteristics in the working condition switching are shown in Figure 4, where “PID” represents the traditional PID control and “FuzzyPID” represents the fuzzy adaptive PID control. According to Figure 4, compared with the traditional PID speed control, the fuzzy adaptive PID speed control significantly reduced the speed and torque overshoot in the process of switching conditions and achieved a more stable transition.



The speed and torque overshoots in the switching process are shown in Table 5. As can be seen in Table 5, the maximum speed overshoot and overshoot rate of the traditional PID control were 85 r/min and 66 r/min, and 4.2% and 2.1%, respectively, in the process of switching 1 and switching 2 under the condition of increasing the speed and torque. When the fuzzy adaptive PID control was used, the maximum speed overshoot and overshoot rate were 24 r/min and −7 r/min, and 1.2% and 0.2%, respectively, and the speed overshoot decreased significantly. In the process of switching 3 and switching 4 of speed and torque reduction, the maximum speed overshoot and overshoot rate of the traditional PID control were −107 r/min and −83 r/min, and 5.3% and 6.6%, respectively, while the maximum speed overshoot and overshoot rate of the fuzzy PID control were 56 r/min and −9 r/min, and 2.8% and 0.7%, respectively. The speed overshoot was significantly reduced.



Similarly, the torque overshoot was alleviated significantly in the switching process after the fuzzy PID speed control was used. In the process of switching 1 and switching 2, the maximum torque overshoot and overshoot rate of the traditional PID control were 7.7 N·m and 8.8 N·m, and 3.8% and 4.1%, respectively, while the maximum torque overshoot and overshoot rate of the fuzzy PID control were 3.4 N·m and 7.9 N·m, and 1.7% and 3.6%, respectively. In the process of switching 3 and switching 4, the maximum torque overshoot and overshoot rate of the traditional PID control were −11 N·m and −13.5 N·m, and 5.5% and 11.1%, respectively, while the torque of the fuzzy PID control had almost no overshoot, and the overshoot rate was less than 0.8%. It can be seen that the torque overshoot was significantly reduced after the fuzzy adaptive PID control was used.




3.2.2. Fuel Consumption Characteristics


The fuel consumption characteristics during the switching test are shown in Figure 5. Figure 5 shows that, compared with the traditional PID control, the fuzzy adaptive PID control achieved stabler mode switching, and the overshoot of the rotational speed and torque was greatly reduced, so when increasing the speed and torque during the process of switching 1 and switching 2, the fuel consumption of the fuzzy adaptive PID control was 2.1% and 0.5% lower than that of the traditional PID control, respectively; however, in the process of switching 3 and switching 4 of the speed and torque reduction, the fuel consumption was basically the same. Overall, compared with the traditional PID control, the fuel consumption of the fuzzy PID control was lower, and the fuzzy PID control achieved a stabler switching process.




3.2.3. Emission Characteristics


The NOx emission characteristics of the two PID control modes during the switching process are shown in Figure 6. Figure 6 shows that, whether in the steady state or in the transient process of switching, the NOx emissions under the fuzzy PID control were slightly higher than those under the traditional PID control. The reason was that the fuzzy PID control made the engine speed more stable and the combustion in the cylinder was optimized, which led to a rise in the maximum combustion temperature in the cylinder, thus promoting the generation of NOx [37]. In addition, the NOx emissions of the engine at high load and high power were lower than those at low load and low power; this was because the high load and high power were close to the external characteristics of the engine, the decrease in the air–fuel ratio resulted in a relative lack of oxygen content, the combustion deteriorated, the maximum combustion temperature in the cylinder decreased, the engine reached a higher speed and the retention time of gas in the cylinder was shortened, thus leading to a reduction in NOx emissions [38,39].



The particulate emission characteristics in the process of working condition switching of the two PID control modes are shown in Figure 7. It can be seen in Figure 7 that the number of particles was closely related to the change in speed. In the process of switching 1 and switching 2, the number of particles of the fuzzy PID control was 11% and 19% less than that of the traditional PID control, respectively. This was because the speed overshoot was less than that of the traditional PID control, the speed control was more stable, the combustion in the cylinder was better and the generation of particles was inhibited, meaning the number of particles of the fuzzy PID control was less than that of the traditional PID control. In the process of switching 3 and switching 4, the number of particles of the two control methods was basically the same. In general, the particulate emissions of the fuzzy PID control were less than those of the traditional PID control.






4. Conclusions


In this paper, a fuzzy adaptive PID control strategy was designed to optimize the power performance, economy performance and emission performance of the traditional PID control strategy in the process of working condition switching of an extended range electric vehicle. The working condition switching between the two control modes was simulated in Matlab/Simulink, according to the actual control effect, the system output deviation  e  and deviation change rate    e c    were taken as the input of the fuzzy PID controller and the PID control parameters   Δ  K P     (proportional regulation coefficient) and   Δ  K I     (integral regulation coefficient) were obtained by fuzzy reasoning, in order to achieve the optimal adjustment of the PID parameters. In addition, the experimental verification was carried out based on a hardware-in-the-loop simulation platform. The conclusions are as follows:




	(1)

	
Based on the fuzzy adaptive PID control strategy, the power performance, fuel consumption and exhaust emissions of the extended range electric vehicle were greatly improved.




	(2)

	
The simulation results show that, compared with the traditional PID control, the fuzzy adaptive PID control significantly reduced the speed overshoot in the process of condition switching, and the control performance optimization effect was obvious. Additionally, the experimental results verify the optimization of the fuzzy adaptive PID control. Compared with the traditional PID control, the fuzzy PID control significantly reduced the fluctuation in the speed and torque. Especially in the process of speed and torque reduction, in switching 3 and switching 4, the overshoot rate of the fuzzy PID control speed was 2.8% and 0.7%, respectively, while the overshoot rate of the torque was less than 0.8%, which was significantly smaller than the traditional PID control.




	(3)

	
Comparing the fuel consumption between the two control methods, the fuel consumption of the fuzzy PID control was lower, especially in the process of increasing the speed and torque, where the fuel consumption of the fuzzy adaptive PID control was 2.1% and 0.5% lower than that of the traditional PID control, respectively, and the fuzzy PID control achieved a stabler switching process.




	(4)

	
Comparing the emission characteristics between the two control methods, the NOx emissions based on the fuzzy PID control were higher than those of the traditional PID control; the emission of particles of the fuzzy PID control was less than that of the traditional PID control, especially during the process of increasing the speed and torque, where the number of particles of the fuzzy PID control was 11% and 19% less than that of the traditional PID control, respectively.
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Figure 1. Schematic diagram of the simulation model: (a) The model of the Fuzzy_PID sub-system; (b) Simplified model for the comparison between the fuzzy PID controller and the PID controller. 
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Figure 2. Bench test system. 
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Figure 3. Simulation results of the range extender switching process: (a) Total switching process of the range extender; (b) The switching process of increasing the speed and torque with an increased power demand; (c) The switching process of speed and torque reduction with a power demand reduction. 
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Figure 4. Variation in speed and torque during the process of working condition switching: (a) Change in speed during switching 1. (b) Change in torque during switching 1. (c) Change in speed during switching 2. (d) Change in torque during switching 2. (e) Change in speed during switching 3. (f) Change in torque during switching 3. (g) Change in speed during switching 4. (h) Change in torque during switching 4. 
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Figure 5. Engine fuel consumption characteristics in the process of working condition switching: (a) switching 1; (b) switching 2; (c) switching 3; (d) switching 4. 
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Figure 6. The NOx emission characteristics in the process of working condition switching: (a) switching 1; (b) switching 2; (c) switching 3; (d) switching 4; (e) overall switching process. 
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Figure 7. Particulate emission characteristics in the process of working condition switching: (a) switching 1; (b) switching 2; (c) switching 3; (d) switching 4. 
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Table 1. Fuzzy control table for   Δ  K P    and   Δ  K I  .  
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Table 2. Main parameters of the engine.






Table 2. Main parameters of the engine.





	Project
	Parameter





	Number of cylinders
	4



	Engine displacement (L)
	1.85



	Cylinder diameter × stroke (mm)
	80 × 92



	Compression ratio
	18.5



	Calibration power/speed (kW)/(r/min)
	70/3000



	Maximum torque/speed (N·m)/(r/min)
	244/2400



	Emission
	China V vehicle emission standard
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Table 3. Engine emission and fuel consumption testing equipment and models.
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	Test Equipment
	Model
	Accuracy





	Particle size analyzer
	TSI EEPS-3090
	-



	Conventional gas analyzer
	HORIBA OBS-2200
	±0.3%



	Dilution system
	Dekati DI-2000
	-



	Fuel consumption meter
	ToCeil-CMF
	<0.1%
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Table 4. Main test conditions.






Table 4. Main test conditions.





	Working Condition
	Initial Speed (r·min−1)

and Torque (N·m)
	End Speed (r·min−1)

and Torque (N·m)





	Switching 1
	Minimum power point

1263/122
	Minimum fuel consumption power point

2000/200



	Switching 2
	Minimum fuel consumption power point

2000/200
	Maximum power point

3090/215



	Switching 3
	Maximum power point

3090/215
	Minimum fuel consumption power point

2000/200



	Switching 4
	Minimum fuel consumption power point

2000/200
	Minimum power point

1263/122
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Table 5. Speed and torque overshoot during switching between the traditional PID and fuzzy PID working conditions.
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Items

	
Operating Mode Switching

	
Parameters

	
PID

	
The Fuzzy PID






	
speed

	
Switching 1

	
Overshoot

	
85

	
24




	
Overshoot rate (%)

	
4.2

	
1.2




	
Switching 2

	
Overshoot

	
66

	
−7




	
Overshoot rate (%)

	
2.1

	
0.2




	
Switching 3

	
Overshoot

	
−107

	
56




	
Overshoot rate (%)

	
5.3

	
2.8




	
Switching 4

	
Overshoot

	
−83

	
−9




	
Overshoot rate (%)

	
6.6

	
0.7




	
torque

	
Switching 1

	
Overshoot

	
7.7

	
3.4




	
Overshoot rate (%)

	
3.8

	
1.7




	
Switching 2

	
Overshoot

	
8.8

	
7.9




	
Overshoot rate (%)

	
4.1

	
3.6




	
Switching 3

	
Overshoot

	
−11

	
0.9




	
Overshoot rate (%)

	
5.5

	
0.45




	
Switching 4

	
Overshoot

	
−13.5

	
−0.9




	
Overshoot rate (%)

	
11.1

	
0.74
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