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Abstract

:

The control strategy of a hybrid electric vehicle (HEV) is generally not disclosed to public because it is a significant factor in determining the performance of the system. However, engineers desiring to understand the control concept of real-world HEVs can gain knowledge in various ways. In this study, we used test data obtained from a bench dynamometer and real driving to analyze the supervisory control strategy of Hyundai Ioniq Hybrid. This research can be described in three steps. First, an understanding of the mode control strategy is obtained by investigating the engine on/off behavior, which determines when the pure electric driving mode is used. Second, the shifting patterns are studied by observing the speed ratios according to the vehicle speed and the torque demand. Third, the strategy for distributing the torque between the engine and the motor is analyzed by studying the motor assistant operation. Based on the analyzed control concept, it is possible to understand the technical strategy for improving the fuel efficiency of the parallel hybrid system. This study would be useful for engineers who want to design controllers for HEVs, in that it provides the analyzed control concept and the real-world operating behaviors.
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1. Introduction


In the past few decades, Original Equipment Manufacturers (OEMs) have made great efforts to attract customers to eco-friendly vehicles because of the regulations limiting total exhaust emissions. The sales volume of eco-friendly vehicles is increasing every year, but is still smaller than that of conventional vehicles. For Fuel Cell Electric Vehicles (FCEVs) to become popular, the infrastructure, including charging sustain and extra need to be built, and the cost of building this infrastructure needs to be less than it is now. Battery Electric Vehicles (BEVs) require a fast charging time, and the problem of shortening its driving distance in winter should be resolved to increase sales. Hybrid Electric Vehicles (HEVs) have the advantages of both conventional and electric vehicles, with two different power sources such as the engine and motors. Therefore, HEVs do not need new infrastructure, and thus have excellent potential for attracting customers. For this reason, some OEMs have been developing new technologies for HEVs. Toyota has been developing a power-split hybrid system, similar to the Prius series, that has high fuel efficiency in the city [1,2,3]. Research on a high-performance hybrid system similar to the Lexus has also been conducted in recent years [4,5,6]. General Motors (GM) has been researching multi-mode hybrid systems in their the Voltec series, as well as for the Malibu and Cadillac CT6 models [7,8,9,10]. This system can choose the optimal mode observing power transmission efficiency with some clutches and planetary gears according to the vehicle speed [11]. This system mainly uses the fixed mode for minimizing power conversion loss, and has high performance with multi-mode. Hyundai Motors Company (HMC) has been developing a parallel hybrid system. This system can have from P0 to P4 structure, according to the position of the clutch [12,13,14,15,16,17]. The Sonata and Ioniq hybrid systems with P2 structure have a high fuel economy on the highway, and these systems are similar to powertrain systems as found in conventional vehicles. Therefore, when these systems are generated, it is easy to modularize.



As diverse powertrain systems exist, HEVs have various control strategies. The power split system has a planetary gear that can be working like a Continuously Variable Transmission (CVT) and it can make the engine is operated on the Optimal Operating Line (OOL). In addition, this system can keep the State of Charge (SOC) well balanced with two motors. The Toyota Prius determines the battery power first for SOC balancing and the engine meets the surplus power of the insufficient power [18,19]. However, this system has a problem with the power recirculation at high speed, which lowers the fuel economy [4]. The multi-mode system is similar to the power split system. Unlike the power split system, it can minimize the loss of the power recirculation by selecting the optimal mode with a high power transmission efficiency according to the vehicle speed [11]. However, there are some losses from planetary gears and clutches. The parallel system has a motor and clutch with non-continuous transmission. The shifting map is important to control the engine operation with high efficiency because the engine speed depends on the vehicle speed. In addition, this system can have a high fuel economy at high speed without power recirculation.



In the design of the control strategies for HEVs, many variables need to be considered, depending on the structure of the powertrain system. Engineers who want to develop a new control logic should analyze how other vehicles are controlled. The Ioniq HEV has the best combined fuel economy, with a parallel powertrain system that is certified by the Environmental Protection Agency (EPA) [20]. In this paper, we have analyzed the control strategies of the Ioniq HEV with a dynamometer and real driving test data to determine how it could be ranked first in terms of a fuel economy. This paper is organized as follows: Section 2 introduces the powertrain system of the Ioniq HEV and explains how it was tested. Section 3 demonstrates the control strategies of the Ioniq HEV, based on the data from the dynamometer and the real driving tests. Finally, in Section 4, the conclusions derived from this paper are presented.




2. Powertrain System and Vehicle Test


To analyze the control strategy of the Ioniq HEV, both chassis dynamometer and real driving tests were conducted by the Korea Automotive Technology Institute and Korea Energy Agency, which has environmental thermal chamber tests. After testing, there are several things that need to be conducted beforehand to use the data. This section will introduce the powertrain system of the Ioniq HEV, and how to test the vehicle.



2.1. Powertrain System of Ioniq HEV


As mentioned in the previous section, HMC has been developing a parallel hybrid system similar to the Sonata and Ioniq HEV. This parallel hybrid system, as shown in Figure 1, can implement various structures of the powertrain system, such as P0 to P4, depending on the position of the motor. In the P0 system, the motor is connected with the internal combustion engine, with a belt as a starter. In the P1 system, the motor is located between the engine and the clutch. The motor can be operated in synchronization with the engine speed, while assisting power. In the P2 system, the position of the motor is between the clutch and the transmission, known as a Transmission Mounted Electric Device (TMED). This system can implement the EV mode independently of the engine. In the P3 system, the motor is assigned to the transmission output shaft; this can improve driving performance. In the P4 system, the motor is connected to the rear axle of the vehicle and it can enable All Wheel Drive (AWD). In many ways, the P0 system is a micro hybrid, the P1 system is a mild hybrid, and the P2 to P4 systems are full hybrids. The powertrain system of the Ioniq HEV is the P2 structure with dual clutches, and its configuration is shown in Figure 2. The Ioniq HEV has a main motor for traction and a hybrid generator for starting the engine. In the EV mode, the traction motor generates the demand power for driving, and if specific conditions are met, the hybrid generator starts the engine. Then, hybrid mode, in which the motor and engine produce the demand power would be operated. The specifications of the Ioniq HEV tested in this paper are shown in Table 1. This vehicle has two final drive ratios, which use the 4.188 ratio with the first to fourth gear and the 3.045 ratio with the fifth and sixth gear.




2.2. Vehicle Test


To collect the Ioniq HEV data, tests were conducted by the Korea Automotive Technology Institute and Korea Energy Agency, as shown in Figure 3. First, sensors were mounted on the vehicle to measure signals from the engine, motor, battery, etc. Then, dynamometer tests were executed including the partial load, full load, five cycles, low temperature, and extra tests. The purpose of the partial load tests is to observe the behavior of the engine in the steady state. In the partial load test, the dynamometer is set in constant speed mode and the engine speed to be measured is applied to the dynamometer. For this test, the vehicle should be in a manual mode. The load is gradually increased by adjusting the opening degree of the accel pedal, and the characteristics of the engine are measured. The purpose of the full load test is to measure the acceleration performance of the vehicle. In this test, the accel pedal is fully opened to gauge the maximum torque of the engine and motor. The five-cycle testing (including the FTP, HWFET, US06, SC03, and Cold FTP) was carried out with the environmental thermal chamber tests, and the EPA document was referenced for this test [21]. Additionally, other cycles such as the WLTC, NEDC and NIER were executed, and low temperature tests were performed for several cycles. After the dynamometer tests, the real driving tests were conducted. The real driving test data were collected on a remote storage system with data logging devices. Sixty test records were obtained from the research institutions; these data are summarized in Table 2. The fuel economy results, over several cycles, are shown in Figure 4. There are some differences between the fuel economy we measured for the UDDS and HWFET cycles and those certified by the EPA [20]. It is presumed that the reason for this is that the wheel specifications are different from those of the EPA vehicle. The Ioniq HEV has used two wheel types (196/65R15 and 225/45R17), and the wheel with 225/45R17 was used in this paper.




2.3. Precalculation for Control Analysis


Before analyzing the control strategies of the vehicle, there are several processes that need to be performed. The first is the signal alignment between the Controller Area Network (CAN) and the dynamometer signals. Since these signals have been collected through different data logging devices, the time of each signal is misaligned. For accurate control strategy analysis, signal alignment is required. For example, the wheel demand torque from the dynamometer and the engine torque from the CAN should be considered simultaneously in order to analyze the engine on/off strategies. If there is no signal alignment, it is difficult to understand the strategy. Therefore, signal alignment has been performed, by finding a shifting time that maximizes the correlation coefficient based on the vehicle speed signals from the dynamometer and the CAN. The result of signal alignment is shown in Figure 5. The equation used for signal alignment is as follows:


   t  s h i f t   =   argmax  t    ∫   − ∞  ∞   x 1   τ  ·  x 2    t + τ     d τ  



(1)







The second process is to make a wheel torque demand map. The wheel torque demand is important in analyzing control strategies for HEVs. In real driving tests, signals can be obtained via the CAN and sensors. Since the wheel torque demand signal cannot normally received from the CAN, the signal cannot be obtained without wheel torque sensors. However, it is difficult to use the sensors because they are expensive. Therefore, the wheel torque demand map has been generated, with accel pedal and vehicle speed based on the dynamometer test data, to estimate the wheel torque demand of the real driving test. The demand map is shown in Figure 6. The last item to calculate is the SOC. The SOC signal from the CAN does not accurately represent the real SOC. Therefore, the SOC has been calculated from the battery current. The equations are as follows:


  S O C  t  = S O  C 0  −  1   C  b a t       ∫  0 t   I  b a t    τ  d τ  



(2)






  S O  C 0  =   argmin   S O  C 0      ∫  0   t f        S O C  t  − S O  C  C A N    t     2  d t  



(3)




where   S O  C 0    is the initial value of the     S O C  , and    C  b a t     is the capacity of the battery. The initial value of the SOC is determined to minimize the discrepancy between the calculated   C A N   signal and the calculated SOC, as shown in Figure 7.





3. Control Strategy


Unlike ICEVs and BEVs, HEVs have two power sources: an engine and a motor. Therefore, their performance depends on how the power sources are controlled. There are several control strategies, based on deterministic optimal control [22,23,24,25], intelligent optimal control [26,27,28,29], and rule-based control [30,31]. Furthermore, recently, the concept of adaptive optimal control has been proposed [32,33,34]. In all of these control strategies, it is important to determine when to turn on the engine while driving, and how to set the operating points of the engine and the electric machine. This section will discuss the control strategies of the Ioniq HEV.



3.1. Engine On/Off Control


The Ioniq HEV starts driving in the EV mode and, if specific conditions are satisfied, the engine is turned on by the Hybrid Starting Generator (HSG). All operating points of the vehicle according to the engine status with all test data except the partial and full load tests are shown in Figure 8.



The red and blue points indicate whether the state of the engine is “on” or “off.” The gray points denote that the engine is in “fuel cut” mode. In the “fuel cut” state, the engine does not provide power but rotates at a specific speed via the motor. Based on all operating points, the points at the moment the engine is turned on are plotted in Figure 9. To understand the general “engine on” condition, some filters have been used. First, only points with the engine coolant temperature above 70 °C were considered, for excluding the effects of the engine temperature because the engine tends to turn on at the low temperature. Second, to rule out the effects of the SOC, the points with SOC values between 0.54 and 0.65 were considered. The three rules for “engine on” have been analyzed in Figure 9.



The first condition is related to the vehicle speed and wheel torque demand. It is shown that, at low speeds, the engine is turned on when the vehicle speed and wheel torque demand are above certain values. The second condition concerns the wheel power demand. It is illustrated that the engine is turned on when the wheel power demand is above a certain threshold. The last condition is associated with coasting down. If the driver steps on the accel pedal while the Ioniq HEV is coasting down, the engine would be turned on, although the value of the wheel torque is low. Commonly, HEVs have some control strategies concerning the engine on/off condition for SOC balancing. If the SOC cannot be balanced, HEVs are similar to conventional vehicles with battery and motor weight added. The engine on/off conditions related to the SOC were analyzed. Figure 10 shows the results of the dynamometer tests with the NEDC cycle. The tests have been conducted with the same external conditions, and all conditions such as the engine coolant and ambient temperature are the same. For the two tests, only the SOC results are different. The engine was not turned on at the high SOC, and the engine was turned on at the low SOC. Based on the results, it can be assumed that the engine on/off condition is related to the SOC. Figure 11 shows all operating points of the test data (in grey), as well as the operating points when the engine is turned on (in blue). To see only the impact of the SOC, several filters have been applied, such as engine temperature over 70 °C, vehicle speed over about 10km/h and engine on points exclusion due to coasting down condition. Figure 11 shows that as the SOC increases, the wheel power demand for turning on the engine increases.



Unfortunately, it is difficult to analyze the “engine off” conditions clearly because the wheel power demand drops sharply when a driver steps off the pedal. Based on the dynamometer tests, the operating points at which the engine is turned off are shown in Figure 12. These operating points are near the zero or negative value of the wheel torque demand. For this reason, it can be assumed that conditions related to the amount of deceleration time are included, in order to recognize the occasions when a driver decelerates briefly due to the occurrence of a specific event such as a speed bump. In these cases of brief deceleration, the vehicle is often accelerated immediately afterward. However, if the engine is turned off at that time, it is unlikely to provide the desired amount of acceleration. Therefore, it is assumed that while the vehicle is decelerating, the engine is not turned off for a certain time, even though the wheel torque demand is zero.




3.2. Shifting Control Strategy


Due to the structure of the parallel hybrid system, the speeds of the motor and engine of the Ioniq HEV depend on the vehicle speed, and the operating point of the engine can be optimized by its shifting map. In particular, the Ioniq HEV has two final drive ratios, and the choice of final ratio used is determined by the gearbox. Thus, the shifting map is important in improving the efficiency and performance of the vehicle. Based on all test data except the partial and full load tests, the shifting map of the Ioniq HEV has been estimated, as shown in Figure 13. In our test results, the target gear signal cannot be found. The shifting map has been approximated based on the ratio of the motor and wheel speed, and the Ioniq HEV specifications shown in Table 1. Figure 13 shows the up and down shifting maps with hysteresis (the hysteresis can help prevent busy shifting.) These shifting maps could be utilized to develop a simulation model.




3.3. Engine and Motor Control Strategy


In the preceding sections, the engine on/off control and the shifting map of the Ioniq HEV have been explored. This section demonstrates how power is distributed to the engine and motor in hybrid mode. In the EV mode, all the power is produced by the motor. However, in hybrid mode, there are several combinations of engine and motor power that can fulfill the demand power for driving, and the performance depends upon which pair is selected. The Toyota Prius sets the motor power for SOC balancing, and the engine generates the remaining power on the OOL for driving [19]. The engine and motor torque of the Ioniq HEV, according to the transmission input torque, are shown in Figure 14 (based on all test data except the cold, partial, and full load tests), to analyze the power source control strategy.



With increasing transmission input torque, the engine tends to continue to stay a specific torque, while the motor torque changes to meet the demand torque of the vehicle. That is, it can be demonstrated that the operating point of the engine is determined first, and the motor produces enough power to attain surplus or has insufficient power for driving. This is somewhat different from the way the Toyota Prius operates. It can be easily inferred that the engine will work at highly efficient points, but it is worth verifying this. The engine fuel map shown in Figure 15 was produced based on the partial load, steady state tests. The brake specific fuel consumption (BSFC) was estimated from the fuel map, and the maximum torque line of the engine was calculated from the full load test results. Section 2 demonstrates how the partial and full load tests were conducted.



Figure 16 and Figure 17 show the operating points of the engine with the BSFC map and motor in Figure 14. With so much test data, it is not easy to tell where the power sources are mainly working by drawing the operating points as they are. To determine the engine operating area, the function that can derive the density of its operating points has been applied. It has been verified that the engine of the Ioniq HEV works in a highly efficient area with the BSFC. It can be seen that the working area of the motor is wider than that of the engine because the operating point of the engine is determined as a high efficiency area and motor torque changes according to the demand torque for driving. In most driving scenarios, if the engine is operated near the OOL, the power generated by the engine would be greater than that required for driving, and surplus power would be regenerated by the motor. That is why the main working area of the motor is the negative torque range, as shown in Figure 17. The power source control strategy analyzed in this paper is conceptually illustrated in Figure 18.



The engine speed is determined with a specific gear ratio and the engine torque would be controlled so that it is operated on the OOL. At this time, if the engine optimal torque is greater than the torque demand for driving, the motor would be regenerated; otherwise, the motor would generate the positive torque for propulsion. An overview of the control strategies analyzed in this paper is shown in Figure 19. First, the target gear is determined, and whether the engine is turned on or off. Then, if the engine is turned off, the vehicle would be driving in the EV mode. If the engine is turned on, it would be operated near the OOL and the motor would assist the engine.





4. Conclusions


This study provides analyzed results for the control strategy of Hyundai’s Ioniq Hybrid, based on test data obtained from a chassis dynamometer and real driving. The parallel hybrid system implements an electric motor, which enables the pure electric driving mode under low power demand. As the engine clutch is engaged, the engine turns on if the demand power increases, and the system goes into the hybrid driving mode. The motor is assisting the engine in hybrid mode, so that the engine can operate in a high efficiency region, in which the speed of the engine is determined by the predefined shifting map. The operating target of the engine is selected to maximize the engine efficiency; this has been shown by comparing the operating points with the obtained engine fuel consumption map. The overall control concept is summarized in the flow chart, from which all control targets of powertrain components can be determined. This paper could be useful to engineers who want to develop simulation models or to understand the control concept of HEVs, in that it not only provides operating behaviors, but also analyzes the supervisory concept of heuristic control applied in the real-world HEV.
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Figure 1. Parallel Hybrid System Configuration. 






Figure 1. Parallel Hybrid System Configuration.



[image: Energies 13 04092 g001]







[image: Energies 13 04092 g002 550] 





Figure 2. Powertrain System Configuration of Ioniq HEV. 
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Figure 3. Dynamometer Test of Ioniq HEV. 
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Figure 4. Fuel Economy according to Cycles with Hot Test: Urban Dynamometer Driving Schedule (UDDS), Highway Fuel Economy Test (HWFET), Worldwide Harmonized Light Vehicles Test Cycles (WLTC), High Acceleration Aggressive Driving Schedule (US06), Use of Air Conditioning Driving Schedule (SC03). 
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Figure 5. Signal Alignment of Vehicle Speed Signals. 
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Figure 6. Estimated Wheel Demand Torque Map. 
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Figure 7. Comparing SOC Signal from CAN with SOC Calculated. 
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Figure 8. All Operating Points According to the Engine Status. 
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Figure 9. “Engine on” Conditions with Filters Applied. 
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Figure 10. Dynamometer Test Results with NEDC Cycle: (a) NEDC Cycle Test Results with High SOC, (b) NEDC Cycle Test Results with Low SOC. 
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Figure 11. Operating Points When the Engine is Turned on According to the SOC. 
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Figure 12. Operating Points When the Engine is Turned off. 
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Figure 13. Estimated Shifting Map of Ioniq HEV: (a) Up Shifting Map, (b) Down Shifting Map. 
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Figure 14. Engine and Motor Torque According to the Transmission Input Torque: (a) Engine Torque in Hybrid Mode, (b) Motor Torque in Hybrid Mode. 
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Figure 15. Engine Fuel Map Based on Load Tests. 
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Figure 16. Density of Operating Points of the Engine with BSFC. 
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Figure 17. Density of Operating Points of the Motor. 
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Figure 18. Concept of Power Source Control Strategy. 
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Figure 19. Control Strategies of the Ioniq HEV. 
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Table 1. Specifications of Ioniq HEV.
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	Components
	Value





	Model Year
	2020 Year



	Curb Weight
	1410 kg



	Engine
	1.6 L, 78 kW@5700 rpm



	Motor
	32 kW/170 Nm



	Battery
	Li-ion, 1.56 kWh



	Gear Ratio
	3.867/2.217/1.371/0.930/0.956/0.767



	Final Drive Ratio
	4.188@1~4Gear/3.045@5,6Gear



	Wheel
	225/45R17
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Table 2. Dynamo and Real Driving Test Data.






Table 2. Dynamo and Real Driving Test Data.





	
Type

	
Components

	
Number






	
Dynamometer Test

	
Partial Load Test

	
5




	
Full Load Test

	
9




	
Cold Test

	
13




	
Hot Test

	
26




	
Real Driving Test

	
Cold Test

	
5




	
Hot Test

	
2
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