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Abstract

:

Despite the advantages of flywheel energy storage, including low cost, a long life-cycle, and high reliability, the flywheel hybrid vehicle (FHV) has not yet been mass-produced because it usually uses two transmissions, one for the engine and the other for the flywheel, which leads to cost, packaging, and complexity concerns. In this paper, a novel power-split flywheel hybrid powertrain (PS-FHV) that uses only one transmission is proposed to mitigate these issues. The proposed PS-FHV includes one continuously variable transmission (CVT) and three planetary gear-sets integrated with a flywheel, to provide full hybrid functionality at any speed, which leads to high fuel economy and fast acceleration performance. To prove and verify the PS-FHV operation, the system was modeled and analyzed using a lever analogy to demonstrate that the system is capable of performing power distribution and regulation control, which are required for hybrid driving modes. Using the derived model, PS-FHV driving was simulated to assess the feasibility of the proposed system and estimate its performance. The simulation results confirm that the PS-FHV is a feasible system and that, compared to hybrid electric vehicles (HEVs), it provides comparable fuel economy and better acceleration performance.
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1. Introduction


The flywheel energy storage system (FESS), which stores energy in the form of rotational kinetic energy, has advantages when used in hybrid vehicles. Unlike other hybrid powertrains, such as hybrid electric vehicles (HEVs) [1], which use a motor/generator for converting electric energy into kinetic energy, and hydraulic hybrid vehicles (HHVs), which use a pump/motor for converting hydraulic pressure into rotational force [2], the flywheel hybrid vehicle (FHV) can directly use energy from the FESS via a transmission. Moreover, the FESS, an energy storage for FHV, is a mechanical system, unlike the battery in HEV, and is made of expensive rare earth materials. These aspects result in the FHV being a more cost effective hybrid system than the HEV [3,4]. Another characteristic of the FESS is that the FESS is capable of high power transfer because of the direct power transfer performed in the form of inertial torque. Therefore, the hybrid output power of a FHV is expected to be greater than that of other hybrid vehicles [5,6,7]. As a result, FHVs are expected to be an economical system with a high output hybrid drive mode.



Therefore, many FHV studies have been conducted [8,9]. Since a three-degrees-of-freedom (3-DoF) powertrain is essential to perform all hybrid operations, previous studies [10,11] added additional degrees of freedom by simply adding a transmission. The FHV introduced by the Imperial College research team implemented a flywheel transmission using planetary gear systems (PGSs) and brakes, or PGSs and a continuously variable transmission (CVT) [10]. The Flybrid kinetic energy recovery system (KERS), composed of a CVT and a FESS, was implemented on a race car [11]. Instead of adding a transmission, the Williams FHV used a motor to create a 3-DoF FHV [12].



To avoid the use of multiple transmissions, 2-DoF FHV systems have been proposed [13,14,15,16,17,18,19]. The two-mode flywheel hybrid, introduced by General Motors (GM), includes five clutches and one CVT to implement a multi-mode 2-DoF FHV [13,14]. The clutched flywheel transmission (CFT) is developed and added to the engine-CVT configuration [15]. The zero-inertia (ZI) transmission system was proposed by the University of Eindhoven with the addition of a PGS and a FESS in a conventional CVT system [16,17,18,19].



These two categories of FHV face technical problems. The 3-DoF FHV, shown in Figure 1b, can operate the engine more optimally, but the system is more expensive and heavy due to the usage of two active parts for the 3-DoF configuration. Meanwhile, the 2-DoF FHV shown in Figure 1a uses one active transmission, which makes the FHV cost-effective, but the engine operation is less efficient due to limited hybrid operations.



To solve the problems of previous FHV systems, a power-split flywheel hybrid powertrain (PS-FHV) is proposed in this study. The concept of power-splitting is widely used in various hybrid vehicles [20,21]. The concept of power-splitting utilizes a PGS to split the power flow between its three elements: ring gear, sun gear, and carrier. Moreover, from the governing equation of the PGS, it gives additional degrees of freedom to the system [22]. Therefore, the PS-FHV, using a PGS and CVT for its transmission is a 3-DoF system with one active transmission. Since the PS-FHV is 3-DoF FHV system, it is expected to have full hybrid operation modes which makes engine operation as efficient as the HEV. The PS-FHV is expected to have additional mass less than 20 kg, because it uses fewer components than a conventional 3-DoF FHV. From the literature [9], the FESS consists of a flywheel and the additional transmission has a mass of 25 kg, and the PS-FHV uses fewer components than this system. Additionally, PGSs can be fitted into the original transmission and the volume of the FESS is small compared to the motor and battery used in a HEV. Thus, the PS-FHV is compact and light-weight, similar to 2-DoF FHV systems. Overall, the proposed PS-FHV is expected to be a light-weight, compact, and fully-hybridized system, and with further research, it can be commercialized similar to HEV systems.



The remainder of this paper contains the system modeling, various simulations, and analyses to prove that this novel FHV system is feasible and is expected to have good performance. To describe the operational principle of the PS-FHV, its structure is analyzed using the lever analogy. The kinematics and dynamics model of the PS-FHV is analyzed and, using the result, its system DoF and controllability is proven. To estimate the system feasibility and performance, a medium-sized sedan class is used as the target vehicle, and simulations based on the target vehicle are performed. The result of the PS-FHV operation are compared with other vehicle powertrain systems to show that the PS-FHV is a promising flywheel hybrid vehicle system.




2. Lever Analogy and PS-FHV Working Principles


The PS-FHV is a 3-DoF FHV system with two control DoFs. As shown in Figure 2, the ring gear and the sun gear of the three PGSs are connected with each other, the CVT is located between the ring gear of the PGSs, and the engine, the FESS, and the final drive are connected to the carrier of each PGS.



2.1. The PS-FHV Lever Analogy


To explain the working principles of the PS-FHV, a lever diagram of the PS-FHV system and power analysis can be used. The PGS and CVT are represented by a three-node lever [22,23] and the two PGSs are merged into a four-node lever, as shown in Figure 3. Due to the powertrain configuration, the PS-FHV can be represented by a single lever with six nodes, as shown in Figure 4. Since the CVT can have continuous gear ratios within its operating range, the lever analogy result of the PS-FHV can vary. The lever analogy of the PS-FHV is classified according to its node position, which results in five types of levers, as shown in Figure 5.




2.2. Working Principles


Changes in the CVT ratio (N) result in changes in the relative position among the lever nodes and involves a torque path change of the PS-FHV. The change in torque transmission path results in a change in the power flow path, resulting driving mode change, as shown in Figure 6 and Figure 7, respectively.




	(1)

	
  N <    k 3     k 2     : the FESS node is located between the engine and the final drive. In this case, the engine and final drive node power is transferred to the FESS power, which is not useful for the FHV.




	(2)

	
  N =    k 3     k 2      (  N =    k 3     k 1     ): the FESS (engine) node and final drive node are at the same point of the lever. In this case, the power of the FESS (engine) is transmitted to the axle, and the engine (FESS) becomes independent from the operation, which is a flywheel drive with a neutral engine (engine drive mode with flywheel neutral).




	(3)

	
     k 3     k 2    < N <    k 3     k 1     : the final drive node is between the engine and the FESS. In the assist driving mode, the engine and FESS power are merged into the axle. If the engine or FESS is not operating in this condition, then the system runs in the flywheel drive or engine drive/mode.




	(4)

	
  N >    k 3     k 1     : the engine node is between the FESS and the final drive node, i.e., the engine power is divided between the FESS and final drive, representing a recharge driving mode.











3. PS-FHV Modeling


3.1. Kinematics


The PS-FHV uses three PGSs and one CVT; thus, its kinematics derivation process is complex. Based on the lever analogy, the kinematics of each planetary gear used in the PS-FHV is obtained as follows:


   (   k 1  + 1  )   ω  e n g   =  ω  r 1   +  k 1   ω s  ,  



(1)






   (   k 2  + 1  )   ω  f w   =  ω  r 1   +  k 2   ω s  ,  



(2)






   (   k 3  + 1  )   ω  F D   =  ω  r 2   +  k 3   ω s  ,  



(3)







Using the CVT kinematics in Equation (4), the engine, FESS, and final drive speed can be substituted for the other angular velocity parameters. As a result, the kinematics of the PS-FHV can be written as follows:


  N  ω  r 1   =  ω  r 3    



(4)






     (   k 1  + 1 ) (  k 2  N −  k 3   )     (   k 2  −  k 1  ) (  k 3  + 1  )     ω  e n g   +    (   k 2  + 1 ) (  k 3  −  k 1  N  )     (   k 2  −  k 1  ) (  k 3  + 1  )     ω  f w   =  ω  F D    



(5)







From the speed kinematics equation, the engine speed    ω  e n g     and the CVT ratio N are the control parameters. The CVT ratio can simultaneously control the engine speed and FESS speed because of the multiple planetary gear connections, resulting in the power regulation control for the engine and the power distribution control between the engine and the FESS. Thus, the PS-FHV is a 3-DoF FHV, capable of full hybrid operation, such as recharge or assist drive mode, with only one active transmission.




3.2. Dynamics


The free body diagram for the dynamic analysis of the PS-FHV is shown in Figure 8 and its torque balance equation is represented in Appendix A. Assuming that the rotational inertia of the gear is small and negligible, the PS-FHV dynamics model of PS-FHV can be derived as follows:


   I  f w     ω ˙   f w   = −  f 1   ( N )  N  τ  C V T    



(6)






   I  e n g     ω ˙   e n g   = −  f 2   ( N )  N  τ  C V T    



(7)






   I  F D     ω ˙   F D   = −  f 3  N  τ  C V T   −  τ  l o a d    



(8)




where    ω  f w   ,  ω  e n g   ,  ω  F D     and    I  f w   ,  I  e n g   ,  I  F D     are the angular acceleration and inertia of the FESS, engine, and final drive, respectively;    τ  C V T   ,    τ  e n g   ,    τ  F D     represent the torque applied to the CVT, engine, and final drive, respectively; and    f 1  ,    f 2  ,    f 3    represent the system parameters determined by the sun/ring gear ratio of each PGS, and the CVT ratio. These parameters can be calculated as follows:


   f 2  =    (   k 2  + 1  )   (   k 3  −  k 1  N  )     k 2  −  k 1     



(9)






   f 2  =    (   k 1  + 1  )   (   k 2  N −  k 3   )     k 2  −  k 1     



(10)






   f 3  =  k 3  + 1  



(11)







Since    f 1  ,    f 2  ,   and    f 3    are determined by the transmission parameters, changing the PGS ratio of    k 1   ,    k 2   , and    k 3    may shift the operation mode and system output ratio.



The three dynamics equations are insufficient to obtain the solution of the entire system, and the control input of the CVT is not shown in the above equation. Therefore, we obtain a new equation through the derivative of the kinematics and group it in the form of a matrix as follows:


     [       I  f w      0   0       f 1  ( N  )       0     I  e n g      0       f 2  ( N  )       0   0     I  F D       −  f 3           f 1  ( N  )         f 2  ( N  )      −  f 3     0     ]   [        ω ˙   f w           ω ˙   e n g           ω ˙   F D          τ  C V T        ]  =  [     0       τ  e n g         −  τ  l o a d         − λ  (   ω  f w   ,    ω  e n g    )   N ˙       ]   



(12)







In this matrix form, two additional parameters are added:   N ˙   is the rate of change of the CVT ratio N and  λ  is its derivative coefficient, which is calculated via the following equation:


  λ =    (   k 2  + 1 )  k 1   ω  f w   −  (   k 1  + 1  )   k 2   ω  e n g        (   k 2  −  k 1   )     



(13)







In the dynamics equation, the system input is the rate of change in the CVT ratio, engine torque, and load torque in the final drive. Of these, the load torque is a disturbance input, and the remaining two inputs are controllable variables. For the above equation to have a non-trivial solution, the determinant of the inertial matrix in Equation (12) should be non-zero. To simplify, we rewrote the inertial matrix as:


   [       I  f w      0   0       f 1  ( N  )       0     I  e n g      0       f 2  ( N  )       0   0     I  F D       −  f 3           f 1  ( N  )         f 2  ( N  )      −  f 3     0     ]  =  [     I    f →         f →  T     0     ]   



(14)




where  I  is the augmented matrix of the inertial terms from Equation (12), and   f →   is the augmented 3  ×  1 vector of system parameter equations    f 1  ,    f 2  ,   and    f 3   . The determinant of the matrix in Equation (14) is shown as:


   |   [     I    f →         f →  T     0     ]   |  =   f →  T  ×  f →  =  f 1     ( N )   2  +  f 2     ( N )   2  +  f 3 2   



(15)







In Equation (15), as    f 1     ( N )   2  ≥ 0 ,    f 2     ( N )   2  ≥ 0  , and    f 3 2  > 0  , the determinant of the inertial matrix in Equation (14) is a non-singular matrix and, therefore, the derived dynamics equation always has a non-zero solution. In physical terms, this means that the speed of the entire system can be controlled by only two control inputs.



The above dynamics equation is used in the whole PS-FHV operation, except for two driving modes: the flywheel drive engine off mode and the engine drive flywheel off mode. In these modes, both speed and acceleration of the FESS or engine is set to zero, and the engine output torque and FESS inertial torque are replaced by the reaction torque of transmission. Thus, the dynamics Equation (12) changes into Equations (16) and (17) for the flywheel drive engine off mode and engine drive flywheel off mode, respectively:


   [       I  f w      0       f 1  ( N  )       0     I  F D       −  f 3           f 1  ( N  )      −  f 3     0     ]   [        ω ˙   f w           ω ˙   F D          τ  C V T        ]  =  [     0      −  τ  l o a d         − λ  (   ω  f w   ,   0  )   N ˙       ]   



(16)






   [       I  e n g      0       f 2  ( N  )       0     I  F D       −  f 3           f 2  ( N  )      −  f 3     0     ]   [        ω ˙   e n g           ω ˙   F D          τ  C V T        ]  =  [       τ  e n g         −  τ  l o a d         − λ  (  0 ,    ω  e n g    )   N ˙       ]   



(17)







The inertial matrix of Equations (16) and (17) also holds the condition written in Equations (14) and (15), so Equations (16) and (17) have non-trivial solutions. Thus, the two driving modes can be controllable.



For more details of PS-FHV control, system state, control input, and external disturbance are defined and the state control equation is derived. As shown in Table 1, the CVT ratio and the speed of each component are the system states which must be controlled for desired driving; the engine torque and CVT shift speed are the control inputs, and final drive torque is the external disturbance determined by the driving speed and road condition.



Solving Equation (12) for state control, the speed states are controlled by the CVT torque, and current state and configuration parameters are as follows:


    ω ˙   e n g   =  1   I  e n g      (   τ  e n g   −  f 2   ( N )   τ  C V T    )   



(18)






    ω ˙   f w   =  1   I  f w      f 1   ( N )   τ  C V T    



(19)






    ω ˙   F D   =  1   I  F D      (   f 3   τ  C V T   −  τ  l o a d    )   



(20)







Meanwhile, the CVT ratio state N is directly controlled by the CVT shift speed   N ˙  . Thus, each of the four states of the PS-FHV can be controlled. From Equation (12), the CVT torque    τ  C V T     control equation can be derived as follows:


   (     f 2     ( N )   2     I  f w     +    f 3 2     I  F D     −    f 1     ( N )   2     I  f w      )   τ  C V T   =      f 2  ( N  )     I  f w      τ  e n g   −    f 3     I  F D      τ  l o a d   + λ  α ˙   



(21)







From Equation (21), the CVT torque can be controlled by every system input, the engine speed, CVT shift speed, and road disturbance, and using the CVT torque, every PS-FHV state can be controlled, as shown in Equations (18)–(20).



Using the control equation result, the control block diagram of PS-FHV is shown in Figure 9. The driver input determines the CVT torque reference and a high level controller determines the system control inputs for desired operation, such as the economic driving mode. This control input reference goes to each controller and the generated control input controls the four PS-FHV states. These four states are used to generate the control inputs and, among the four PS-FHV states, the final drive speed    ω  F D     becomes the vehicle output speed.





4. Simulation of the PS-FHV


4.1. Simulation Settings


Based on the previous powertrain modeling, simulations were conducted to evaluate the system feasibility, acceleration performance, and fuel efficiency. To evaluate the PS-FHV feasibility, gradeability and drivability were analyzed using the transmission torque curve of the target PS-FHV. For the evaluation of the acceleration performance, 0–100 km/h time and 0–160 km/h time were calculated using a full-acceleration driving simulation. For the fuel economy performance of PS-FHV, the urban dynamometer driving schedule (UDDS) and the highway fuel economy test (HWFET) drive cycle simulations were conducted based on the instantaneous optimization of the driving point.



The target vehicle in the simulation was based on a medium-sized sedan-class vehicle [24,25]. For the transmissions, the planetary gear ratios were set to enable all required hybrid operations within the range of typical CVT ratios [26] and the efficiency of transmission element was set as 98% for the PGSs and the CVT, as shown Figure 10. A final drive reduction gear and a flywheel reduction gear were added to match the system operating speed range. For the engine, a 120-kW engine with an output similar to that of a typical mid-sized sedan was used [24]. The torque-speed diagram of the engine and the brake specific fuel consumption (BSFC) map are shown in Figure 11. The FESS in the simulation was obtained from a previous FHV study [11]. The spin loss of the FESS, which is one of the important elements of a FESS, is shown in Figure 12. The other parameters are shown in Table 2.



For the simulation, the following assumptions were made to reduce the calculation load and simulation complexity.



Assumption 1.

The tire dynamics are neglected.





Tire dynamics are important not only with respect to lateral movement, but also in the longitudinal movement of a vehicle. However, tire dynamics are difficult to model and the driving simulation is less dynamic than the rapid braking simulation. Therefore, tire dynamics are neglected in the driving simulation.



Assumption 2.

The PGS efficiency is 98%.





The PGS reference efficiency map in previous transmission research shows a low level of change in the PGS efficiency with respect to the gear ratio and power. Thus, for calculation convenience, PGS efficiency is assumed to be constant. Since, there are no additional components in the PS-FHV PGS, while an automatic transmission requires a hydraulic circuit for the clutch operation in its PGS, the constant value is set to 98%.



Assumption 3.

The auxiliary power is 700 W.





There are many auxiliaries in vehicle systems, such as the air conditioning system and the vacuum pump for braking, among others. Some of these systems are essential for vehicle driving. Thus, the auxiliary power demand for vehicle driving is assumed to be constant and the value is fixed to 700 W.



Assumption 4.

The torque and speed demand for the next step in the driving cycle simulation is known.





For the driving cycle simulation, there are two methods to derive the control input that gives the desired output: forward and backward calculation. The forward calculation, which is a causal method, calculates vehicle output among the various control inputs and finds the best output suitable for the demand. The backward calculation, the non-causal method, finds the control output that meets the vehicle demand and selects among the solutions. Each method has advantages, but as the backward calculation has a lower calculation load and no output error, the backward calculation method is used for the driving cycle simulation.



Assumption 5.

The dynamics of engine starter motor is fast enough so it is neglected in simulations.





To start the engine, an engine starter motor gives initial rotational torque to the engine. This engine starter motor has fast dynamics compared to other vehicle dynamic system, so the dynamics of the engine starter motor are neglected. As a result, starting the engine is considered to be instant.




4.2. Transmission Speed-Torque Curve


The transmission torque curve was obtained and used for the feasibility assessment. To obtain the static output torque with respect to vehicle speed, both the kinematics and dynamics models were used.



From the PS-FHV kinematics, the speed relationships among the final drive, engine, and FESS were determined by three PGSs and a CVT. As we add reduction gears in the simulation of the PS-FHV transmission model, the kinematic equation changes into the following equation:


   ω  t r   =    f 1   k  f w    ω  f w   +  f 2   ω e     f 3   k f     



(22)







From Equation (22), the final drive speed is related to the FESS speed, and the FESS state of charge (SOC) is a function of its speed. Therefore, unlike the transmission torque curve of conventional vehicles, the PS-FHV transmission torque is dependent on the FESS SOC.



The output torque of the PS-FHV can be obtained from Equation (12). When the acceleration of the engine and the final drive are zero, all the engine output is used to overcome the load torque, and the PS-FHV has maximum output. In this situation, the matrix in Equation (12) changes into the following equations:


   τ  t r   =  f 3   k f   τ  c v t    



(23)






   τ  c v t   =  1   f 2   ( N )     τ  e n g   = −    k  f w  2     f 1   ( N )     I  f w     ω ˙   f w   ,  



(24)






   f 1   ( N )    ω ˙   f w   = − λ  (   ω  e n g   ,  ω  f w    )   N ˙   



(25)







From the equations above, the transmission output torque is determined by the engine torque and the FESS inertial torque, and the inertial torque is determined by the CVT shift speed. As the inertial torque has no limitation, the transmission output torque is determined by the engine maximum torque and the CVT shift speed.



In the assist drive mode and the recharge drive mode, the CVT torque is redundant to both the engine and the flywheel. Therefore, the transmission output torque is determined by the minimum engine and the maximum FESS output torque, as shown in Equation (26). In the engine drive mode and the flywheel drive mode, the maximum engine torque and FESS inertial torque, derived using Equation (24), determines the transmission output torque. Therefore, the maximum transmission output torque is the maximum transmission torque among the four drive modes, as shown in Equation (27).



Using Equation (27), the transmission torque map of the entire powertrain with respect to the FESS SOC can be derived, as shown in Figure 13:


     (   τ  c v t    )    a s , r e c   = m i n  (   1   f 2   ( N )       (   τ  e n g    )    m a x   , −    k  f w  2     f 1 2   ( N )     I  f w   λ  (   ω  e n g   ,  ω  f w    )     (  N ˙  )    m a x    )   



(26)






   τ  t r   = m a x  (     f 3   k f     f 2   ( N )     τ  e n g   ,  f 3   k f     (   τ  c v t    )    a s , r e c   ,    f 3   k f   k  f w  2     f 1 2   ( N )     I  f w   λ  (  0 ,  ω  f w    )     (  N ˙  )    m a x    )   



(27)







Figure 14 shows that the usage of the FESS can be determined according to the vehicle speed and the FESS SOC. When the SOC of the FESS is relatively higher than the vehicle speed, the CVT can adjust its ratio for the flywheel drive mode. In high-vehicle-speed situations, the CVT ratio cannot match the FESS speed because the flywheel speed is relatively lower than the vehicle speed. Thus, the maximum torque is generated in the assist drive mode instead of the flywheel drive mode, and the engine adds additional power to the vehicle.




4.3. Feasibility Assessment and Acceleration Performance


To determine whether the power-split vehicle is feasible, drivability and gradeability tests were conducted. Drivability is defined as the highest speed that the vehicle can reach, and gradeability is defined as the highest grade that the vehicle can ascend. Both drivability and gradeability are related to the load torque to the vehicle, which can be calculated using Equation (28):


   τ  l o a d   =  1   k f     r  t i r e    F  l o a d    



(28)




where the road load    F  l o a d     consists of rolling friction and aerodynamic resistance, and the gradient resistance used for the gradeability test [27]. The equation for the driving road load is as follows:


   F  l o a d   =  f  r o l l   +  f  a i r   +  f  g r a d    



(29)






   f  r o l l   =  μ f  M g cos θ  



(30)






   f  a i r   =  1 2   ρ  a i r    c d  A  v 2   



(31)






   f  g r a d   = M g sin θ  



(32)







The calculated result for the load torque is shown in Figure 15. With the transmission torque map from Figure 14, the maximum drivability of the target PS-FHV with respect to the incline can be calculated. Under a zero-inclination condition, the target PS-FHV can drive up to 220 km/h. Assuming that the minimum ascending speed for the target vehicle is 15 km/h, the minimum gradeability for the PS-FHP is 40%.



To estimate the acceleration performance of the target PS-FHV, the 0–100 km/h time and the 0–160 km/h time were calculated using the full-acceleration simulation. To obtain maximum torque with respect to vehicle speed, the transmission speed torque curve was used and the 0% inclination load torque was used. Since the output torque of the PS-FHV was different with respect to the FESS SOC, acceleration resulted in changes with respect to the initial SOC, as shown in Figure 16. In Figure 16, the PS-FHV driving begins with the flywheel drive, if possible, and shifts to assist drive until the FESS is depleted. Since the FESS SOC status determines the duration of the flywheel drive mode, which produces the highest output torque, a higher initial SOC results in better acceleration performance. For the zero initial SOC case, the vehicle has no time to charge and use its FESS; therefore, driving occurs in the engine-only drive mode. Using the acceleration simulation result, the 0–100 km/h time and the 0–160 km/h time with respect to the FESS SOC were derived, as shown in Figure 17.




4.4. Fuel Economy


The PS-FHV fuel economy of the PS-FHV was predicted via the target vehicle driving cycle simulation of the target vehicle. The driving cycles used in this simulation are the UDDS cycle and HWFET cycle, which represent urban driving and highway driving, respectively.



The simulation was performed based on an equivalent consumption management simulation (ECMS), which is an instantaneous optimization method often used in simulations of electric hybrid cars [28,29]. In the ECMS simulation, the engine and CVT operation point were selected to minimize the following equation:


    min    τ  e n g   ,  N ˙     {      m ˙   e n g    (   ω  e n g   ,  τ  e n g    )  +  f c   P  f w   (  ω  f w   ,  N ˙   )   }   



(33)




where   m ˙   is the engine fuel consumption ratio, specified in Figure 11, and    f c    is a coefficient factor. To calculate the operating point and its corresponding fuel consumption ratio, the power demand of the vehicle is calculated as follows:


    ω ˙   v h   =   Δ  ω  v h     Δ t    



(34)






   τ  v h   =   ω ˙   v h    (   I  v h   +  M  v h    R  t i r e     2   )   



(35)






   P  v h   =  τ  v h    ω  v h    



(36)







Using the speed and torque demand of the vehicle, the required engine and torque can be derived using the following equations:


   ω  e n g   =  1     f 2  ( N  )     (   k f   f 3   ω  v h   +      f 1  ( N  )     k  f w      ω  f w    )   



(37)






   τ  e n g   =  1   k f   e  t r        f 3       f 2  ( N  )     τ  v h    



(38)







In the assist mode or the recharge drive mode, FESS power and CVT shift speed are automatically calculated using Equation (12). However, in the flywheel drive and regenerative braking modes, the engine does not operate, so Equations (37) and (38) do not hold. In these cases, the FESS supplies or takes every power demand to or from the vehicle. Thus, using Equation (39), the FESS power and the corresponding CVT shift speed can be calculated:


     (   P  f w    )    k + 1   = Δ  E  f w   =  1 2   I  f w    (     (   ω  f w    )    k + 1  2  −    (   ω  f w    )   k 2   )  =  P  v h   ,  



(39)







Using the above equations, the instantaneous optimization of the UDDS and HWFET driving cycle simulations is achieved. To determine the fuel economy, a driving simulation was performed under the SOC sustained condition. Figure 18 and Figure 19 show the results of running the simulation for two driving cycles, displaying the speed profile, operation modes, CVT ratio, and shifting speed.



From the simulation results, the PS-FHV has two kinds of driving characteristics. First, the FESS saves energy while the vehicle is braking and uses the saved energy in acceleration, which can be seen in the 200–400 s region in Figure 18. This driving characteristic can be seen in other hybrids, because the energy stored by regenerative braking used in acceleration is a key in the operation of hybrid vehicles. The second driving characteristic is that the PS-FHV constantly switches the operation between the flywheel drive and the recharge drive mode while the vehicle is constantly demanding power. This operation characteristic can be seen at the 300–400 s region in Figure 19. Here, the flywheel repeats charging and discharging while the vehicle speed is almost constant. This mode switching characteristics cannot be seen in other hybrids (such as parallel HEVs and power-split HEVs), but can be explained using series HEV operation. In series HEV, the engine always operates on the most efficient operating point to generate electrical power and the motor uses this power to generate vehicle power demand. Since the FESS has no conversion loss and can afford unlimited power to the vehicle, it efficiently operates by using the engine to charge the FESS and drives using the charged FESS. The spin loss of the FESS increases when the FESS has a high SOC, but operating the engine at the most efficient position is much more efficient even with the high FESS spin loss.



The switching drive mode characteristics affect the engine operating point and the relationship between the flywheel speed and vehicle speed. In Figure 20, the engine operation is at the most efficient operating point, even when the vehicle power demand is low. In Figure 21, not only an arch-shape profile, but also the vertical line can be seen in both drive cycle simulations. The arch-shape profile is due to regenerative braking and the flywheel drive operating under an acceleration condition. The vertical line in both Figure 21a,b denotes that the flywheel speed constantly changes with small vehicle speed changes, which is caused by the PS-FHV switching operation. Since the HWFET drive cycle features a more constant driving speed than the UDDS driving cycle, more vertical lines can be observed in Figure 21b than in Figure 21a.



Figure 21 also shows that no constraints were found between FESS and vehicle speed. In Figure 21a, the FESS speed can be non-zero when the vehicle is stopped because the PS-FHV has a driving mode called FESS neutral mode, which separates the FESS and the vehicle. The CVT operation and the shifting speed profile in the PS-FHV driving simulation showed that the CVT stays mostly near 0.9, due to frequent driving mode shifts. In the flywheel drive mode, the CVT ratio drops to 0.5 and then increases to operate in the recharge driving mode. In the recharge drive mode, the CVT ratio increases up to 2.5, which is the maximum CVT ratio, because the higher the CVT ratio, the more engine power is directed to the FESS. The fuel economy resulting from both driving cycles are shown in Table 3.



To observe the power flow between the engine, transmission, and FESS in the drive cycle simulation, an energy analysis was performed. From Figure 22, during the driving condition, approximately 60–70% of the power produced by the engine was used by the vehicle, and the other 10–15% was used to charge the FESS. During the braking condition, approximately 38% of the braking power from the vehicle was converted to FESS charge. From the engine perspective, approximately 30% of the power from fuel was converted to mechanical energy, as shown in Figure 23, and distributed to the vehicle and the FESS with some loss, as shown in Figure 23. Conversely, the FESS lost its energy due to spin loss, flywheel driving, and assist driving, and gained energy from the engine and the vehicle by recharge driving and regenerative braking, respectively. As shown in Figure 24, the FESS was mostly discharged by the flywheel drive mode, and was mostly charged by the recharge drive mode.




4.5. Comparative Study


To determine the competitiveness of the PS-FHV, the simulation results of the PS-FHV were compared with other commercial powertrains: a manual transmission (MT) vehicle, a parallel HEV (PHEV), and a power-split HEV (PS-HEV). For the driving cycle simulation for fuel economy performance, an ECMS simulation, the same as for the PS-FHV driving cycle, was conducted. For the acceleration simulation, Advisor (the MATLAB vehicle drive simulation tool developed by the National Renewable Energy Lab (NREL), Golden, CO, USA) was used [30]. Since Advisor is a simulation tool used in HEV research [24,29,31], and commercial HEV specifications [32] show similar performance as the Advisor simulation results presented below, using Advisor as a comparison tool is reasonable. The comparison vehicles are modeled using previous studies and the parameters, such as mass and output power, are adjusted to be similar to the PS-FHV as shown in Appendix B. Based on this system setup, the fuel economy of both the UDDS and HWFET drive cycles, and acceleration performance, such as the 0–100 km/h time and the 60–120 km/h time, were simulated and compared with those of the PS-FHV.



The simulation results of the other vehicles are shown in Figure 25. Figure 25 shows that the PHEV and the PS-HEV had fuel economy improvements, but acceleration was similar to the conventional vehicle.



Specifically, the PS-FHV operates its engine more efficiently than the PHEV and a conventional vehicle, but is less efficient than a PS-HEV. From Figure 26, PS-FHV had more energy loss in the UDDS and HWFET driving cycles than other HEV systems in terms of the energy storage system (ESS) and the transmission. The reason for the greater loss is because the FESS has significant flywheel spin loss compared to the battery, and the PS-FHV uses more mechanical transmission components than does a PHEV or a PS-HEV. However, due to the proposed PS-FHV PGS+CVT transmission, the engine operating point is more optimized than that for the PHEV



To clearly compare the simulation results, a radar chart was used to show the performance improvement over the conventional vehicle, as shown in Figure 27. From the radar chart, the PS-FHV has the best acceleration performance, with an improvement of approximately 42%, and is less efficient than the PS-HEV, but similar to the PHEV. In conclusion, the PS-HEV is expected to be a good hybrid powertrain due to its superior acceleration performance and moderate fuel economy (falling between the two existing HEV systems).





5. Conclusions


In this study, a PS-FHV with three PGSs and one CVT was proposed. The system has 3-DoF with two control DoF because of a CVT and the 2-DoF characteristics of the PGSs. The working principle of the PS-FHV is analyzed using a lever analogy. Kinematics and dynamics modeling of the PS-FHV were conducted to show that the system has three DoF and is controllable. As a result, the PS-FHV provides a hybrid driving mode in any desired operational state. To assess the feasibility and predict PS-FHV performance, various simulations were performed. The gradeability and drivability were tested using a transmission torque map, and the acceleration and fuel economy performance were estimated using a transmission torque map and a drive cycle simulation. In the simulations, the PS-FHV was able to accelerate up to 200 km/h and overcome a grade of at least 45%. To estimate the PS-FHV performance compared with that of other vehicles, a conventional vehicle, a PHEV, and a PS-HEV were simulated using Advisor. The comparison results showed that compare to the other two HEVs, the PS-FHV had the best acceleration performance and a similar fuel economy. As a result, the proposed flywheel hybrid system is expected to be a competitive hybrid powertrain.



For the next step of the research, an analysis of the physical PGS+CVT design space within the PS-FHV, and finding the optimal configuration of the PS-FHV, are being studied to realize an actual PS-FHV and pursue further production.
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Appendix A


The torque balance equation at each node in Figure 7 can be expressed as shown below:


   τ  e n g   −  τ  c 1   =  I  e n g     ω ˙   e n g   ,  



(A1)






   τ  c 2   =  I  f w     ω ˙   f w   ,  



(A2)






   τ  c i   =  τ  s i   +  τ  r i      (  i = 1 ,   2 ,   3  )  ,  



(A3)






   τ  c i   =  (   k i  + 1  )   τ  r i   =    k i  + 1    k i       τ  s i      (  i = 1 ,   2 ,   3  )  ,  



(A4)






   τ  c 3   −  τ  F D   =  I  F D     ω ˙   F D   ,  



(A5)






   τ  r 1   +  τ  r 2   = N  τ  CVT   ,  



(A6)






   τ  C V T   =  τ  r 3   ,  



(A7)






   τ  s 1   +  τ  s 2   =  τ  s 3   ,  



(A8)







In these equations, we substitute    τ  r i    ,    τ  c i    , and    τ  s i        (  i = 1 ,   2 ,   3  )   , the torque terms of each node, and rewrite the equations based on the speed of the engine, flywheel, and final drive and the torque applied to the CVT. The overall dynamics model are summarized by Equations (6)–(8) in Section 3.2
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Table A1. Parameters of comparison vehicles: conventional, PHEV, and PS-HEV.






Table A1. Parameters of comparison vehicles: conventional, PHEV, and PS-HEV.





	

	
Variable Name

	
Value






	
Conventional vehicle

	
Transmission mass

	
114 kg




	
Transmission ratios

	
1st gear: 3.57




	
2nd gear: 2




	
3rd gear: 1.33




	
4th gear: 1




	
5th gear 0.75




	
Final drive ratio

	
3.77




	
Transmission efficiency

	
92%




	
PHEV vehicle

	
Motor mass

	
60 kg




	
Motor power

	
49 kW




	
Battery mass

	
210




	
Battery max power

	
50 kW




	
PS-HEV vehicle

	
Motor mass

	
57




	
Motor power

	
30 kW




	
Generator mass

	
33




	
Generator power

	
15 kW




	
Battery mass

	
138




	
Battery power

	
51 kW









Vehicle mass is the same for four types of vehicles. PHEV uses the same transmission as the conventional vehicle.
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Figure 1. Flywheel hybrid vehicle schematic with (a) two-degrees-of-freedom [18], and (b) three-degrees-of-freedom [10]. 
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Figure 2. The PS-FHV configuration, consisting of three PGSs and one CVT. 
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Figure 3. Lever analogy result of each PGS and CVT in the PS-FHV configuration. 
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Figure 4. Single lever expression of the PS-FHV. 
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Figure 5. Changes in node location in the single lever expression of the PS-FHV with change of CVT ratio. 
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Figure 6. Power flow path of (a) flywheel drive/engine neutral; (b) assist drive; (c) flywheel drive with engine of; (d) engine drive with flywheel off; (e) engine drive/flywheel neutral; and (f) recharge drive mode. 
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Figure 7. Operation state diagram of the PS-FHV. 
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Figure 8. Free body diagram of the PS-FHV using the lever analogy. 
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Figure 9. The PS-FHV control block diagram. 
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Figure 10. CVT efficiency profile with respect to the CVT ratio [20]. 
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Figure 11. The speed-torque curve of the maximum output engine model (represented by points marked with an “x”), and the efficiency and optimal operating point (represented by points marked with an “o”). 
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Figure 12. FESS spin loss versus flywheel speed [11]. 






Figure 12. FESS spin loss versus flywheel speed [11].



[image: Energies 11 01744 g012]







[image: Energies 11 01744 g013 550] 





Figure 13. PS-FHV speed-torque curve versus vehicle speed and FESS SOC status. 
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Figure 14. PS-FHV PSR ratio at maximum driving torque. 
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Figure 15. Target vehicle load torque profile with PS-FHV output at 0% SOC status. 
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Figure 16. Acceleration simulation result plot at 0%, 50%, and 100% initial SOC: (a) vehicle speed profile; (b) flywheel speed profile; (c) engine speed profile; (d) CVT Ratio Profile; and (e) driving mode profile. 
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Figure 17. The 0–100 km/h time and 0–160 km/h time result versus initial SOC. 
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Figure 18. PS-FHV UDDS drive cycle result: (a) speed profile; (b) power profile; (c) driving mode profile; and (d) CVT ratio and shift speed profile. 
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Figure 19. PS-FHV HWFET drive cycle result: (a) speed profile; (b) power profile; (c) driving mode profile; and (d) CVT ratio and shift speed profile. 
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Figure 20. Engine operating point: (a) UDDS driving cycle simulation; and (b) HWFET driving cycle simulation. 
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Figure 21. FESS speed versus vehicle speed: (a) UDDS driving cycle; and (b) HWFET driving cycle. 






Figure 21. FESS speed versus vehicle speed: (a) UDDS driving cycle; and (b) HWFET driving cycle.



[image: Energies 11 01744 g021]







[image: Energies 11 01744 g022 550] 





Figure 22. Energy loss analysis result for driving cycle simulations from the vehicle perspective. 
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Figure 23. The loss analysis of fuel energy in driving cycle simulations. 
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Figure 24. FESS energy input and output analysis in drive cycle simulations. 
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Figure 25. PS-FHV performance estimation versus other vehicle types. 
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Figure 26. Comparing energy loss between the PS-FHV and other powertrain types; (a) UDDS driving cycle; and (b) HWFET driving cycle. 
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Figure 27. Performance comparison of the proposed flywheel hybrid powertrain with other powertrain types. 
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Table 1. State information of the PS-FHV.
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Category

	
Parameters

	
Name

	
Note






	
State

	
    ω  e n g     

	
Engine speed

	
Must be controlled




	
    ω  f w     

	
FESS speed




	
    ω  F D     

	
Final drive speed




	
  N  

	
CVT ratio




	
Control input

	
    τ  e n g     

	
Engine torque

	
-




	
   N ˙   

	
CVT shift speed




	
disturbance

	
    τ  l o a d     

	
Road load

	
Cannot be controlled; determined by vehicle speed and road conditions
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Table 2. The parameter setup for the PS-FHV simulation.
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Vehicle

	
Transmission

	
Engine

	
FESS




	
Mass (kg)

	
1221

	
Mass (kg)

	
157

	
Mass (kg)

	
331

	
Mass (kg)

	
25






	
Friction coefficient

	
0.09

	
PGS ratio1

	
   k 1    = 0.37

	
Inertia (kg·m2)

	
0.18

	
Inertia (kg·m2)

	
0.054




	
   k 2    = 0.66




	
   k 3    = 0.33




	
Air drag coefficient

	
0.26

	
CVT range

	
   N  m i n   = 0.5  

   N  m a x   =    2.5

	
Max. power (kW)

	
119

@ 6000 rpm

	
Max. speed (kRPM)

	
60




	

	

	
Reduction gear ratios

	
   k  F D   =    2.22

   k  f w   =    5.95

	
Max. torque (N·m2)

	
201

@ 5500 rpm
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Table 3. Drive cycle simulation results.






Table 3. Drive cycle simulation results.





	Drive Cycle
	Initial SOC (%)
	Final SOC (%)
	Fuel Economy (km/L)





	HWFET cycle
	63
	63.1
	19.8



	UDDS cycle
	60.5
	60.5
	15.1
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