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Abstract

:

Hydraulic hybrid powertrains provide an opportunity for specific applications, such as heavy-duty vehicles based on high-power density, which has not been included in other types of hybrid powertrains. Among the various architectures of hybrid vehicles, power-split hybrids have a greater possibility of producing better fuel efficiency than other hybrid architectures. This study analyzed the possible energy-saving characteristics of power-split hydraulic hybrid vehicles (HHVs); this has not been comprehensively described in previous studies. A typical configuration of power-split HHVs was modeled with the FTP-72 driving cycle using a novel simulation method that considered the dynamic and thermal behaviors together. The characteristics were analyzed in comparison to a power-split hydrostatic transmission (HST), which is designed with the same conditions except for hydraulic energy storage. The power-split HHV not only has a better fuel efficiency, but it also shows system energy-saving characteristics. The power-split HHV has more chances for engine idling, which is directly related to fuel consumption savings due to engine stop. Additionally, more engine idling time enables the system to operate in a more efficient area on the engine map by load leveling. The results for the system temperature show that the power-split HHV offers the possibility to deliver better thermal management because it prevents the waste of braking power, which is especially crucial for hydraulic systems in comparison to other power systems such as electric or mechanical power systems. The ease of thermal management results in less energy consumption for cooling down the system temperature by minimizing the cooling system, as well as in a better thermal stability for the hydraulic system. The power-split HHV characteristics analyzed in this study can be used to design and organize the system control logic while developing power-split HHVs.
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1. Introduction


In recent decades, unstable petroleum oil prices, together with governmental environmental regulations, have been driving the automotive industry to develop new vehicle architectures with high fuel efficiency. Hybrid vehicles are one of the most popular alternatives to conventional vehicles. Even though hydraulic hybrid vehicles (HHVs) are less known and commercialized in comparison to hybrid electric vehicles, they have clear advantages, such as high-power capacitance and low-cost materials based on hydraulic systems [1,2]. Hydraulic systems have been widely utilized in construction and agricultural vehicles due to the high-power demand and the relatively low cost of materials [3,4,5,6,7]. Hybrid electric vehicles have higher energy density than HHVs, which makes them applicable for specific system architectures. In contrast, the great power density of HHVs offers superior technology in urban environments that require frequent stops and starts, which is suitable for applications, such as refuge trucks and buses [8,9,10,11,12,13]. Due to the characteristics of both systems, their advantages have been considered together for studies investigating hydraulic-electric synergy systems [14,15,16,17].



Hybrid vehicle architectures can mainly be divided into series, parallel, and power-split hybrids based on the way power flows through the systems. Among them, power-split hybrids have the advantages of series and parallel hybrids and the potential for better fuel economy if the system is designed properly [18]. Power-split hybrids utilize a planetary gear that divides the engine power into a mechanical path and a secondary power path. There are more than 1000 possible power-split configurations based on the combinations of planetary gear trains and power sources [10]. Recent studies for power-split hybrid electric vehicles have been published for different topics [19,20], and also, for power-split HHVs, it has been steadily studied by a variety of researchers and institutions since the 1980s.



Recent research topics for power-split HHVs include different areas, such as dynamic analysis and controllers for passenger vehicles [21,22,23,24,25], experimental studies on hardware in the loop tests [26,27,28], concept car demonstrations, such as Hybrid Air by Peugeot [29], and system optimizations and optimal architecture studies for specific applications [10]. A recent study investigated the optimization system of a power-split HHV and reported energy savings up to 35% in comparison to a power-split hydrostatic transmission (HST) without considering engine management [30]. Although some studies have investigated the energy consumption characteristics of power-split hybrid architectures, they have primarily focused on the energy management of hybrid transmissions without considering other aspects, such as the energy-saving possibilities associated with the engine management and thermal management of hydraulic systems.



As hybrid electric vehicles, HHVs have possibility of saving energy in terms of regenerative energy, engine power load leveling and engine on-off control. In addition to those energy saving characteristics, HHVs have another advantage for thermal management since the fluid power system itself manages system temperature. For hydraulic systems, thermal management is crucial for energy management in terms of preventing the waste of loss energy and energy consumption for the cooling system. While there have been recent studies on thermal management for HHVs [31,32,33,34], no study has yet investigated details of energy management strategy for power-split HHVs together with the thermal characteristics. In this study, the details of the power management characteristics of power-split hydraulic hybrid architectures were studied using a system-level simulation. Firstly, a novel modeling method that considered the dynamical and thermal behaviors together was introduced and applied to analyze the details of the characteristics of the powertrain system. A power-split hydraulic hybrid was simulated and compared with a power-split HST as a typical non-hybrid hydraulic architecture. The simulation model for both systems was controlled to track the FTP-72 driving cycle, also known as the Urban Dynamometer Driving Schedule (UDDS) cycle, which is a typical city driving test cycle. In the comparison, the advantages of power-split HHVs over power-split HSTs were analyzed for power management including not only energy recovery during braking but also energy-saving possibility resulting from the engine operating conditions and thermal management.




2. System Analysis


Power-split hybrids include mainly three driving modes: power additive, full mechanical, and power recirculation modes. During the power additive mode (power-split mode), power flow from the engine splits into the mechanical path and secondary power path and they merge again before the final drive to drive the vehicle. For the full mechanical mode, all of the power is transferred through the mechanical path and it shows the highest efficiency among three driving modes. In the power recirculation mode, some of the power delivered through the mechanical path is recirculated through the secondary power path. The recirculated power merges with the power from the engine and transferred through the mechanical path again. Since system efficiency decreases when the recirculation amount increases, the power recirculation mode is undesirable for power-split hybrids. Figure 1 shows the schematics of the main driving modes for power-split hybrids.



The two main configurations of power-split hybrids are output coupled (or input split) and input coupled (or output split) configurations. Figure 2 shows the schematics of two main configurations of power-split hybrids. The difference between output coupled and input coupled configurations is the layout of the planetary gear train. The final drive is coupled with the secondary power path without a planetary gear train for the output coupled configuration, while the engine is coupled to the power source of the secondary path without a planetary gear train for the input coupled configuration.



Figure 3 shows the efficiency of output-coupled and input-coupled power-split transmissions when the critical ratio    γ  c r     is 2.8. The efficiency of output coupled and input coupled configurations shows different trends according to the speed ratio of the wheel and engine speeds. The efficiency of both configurations increases according to the speed ratio and decreases after the full mechanical point. The difference is that the output coupled configuration has a higher efficiency for a lower speed ratio and the input coupled configuration has a higher efficiency for a higher speed ratio. Output-coupled power-split architectures are more popular compared to input-coupled power-split one due to the possibility of the full-range single mode driving [35,36]. Among those configurations, an output-coupled power-split configuration was studied in this paper for analyzing characteristics of power-split hydraulic hybrids.



Figure 4 and Figure 5 show the hydraulic circuits of a power-split HHV and a power-split HST based on output-coupled configurations, which were used for a system analysis in this study. For both systems, Unit-1 was connected to the ring gear of the planetary gear train and Unit-2 was connected with the final drive. In the hydraulic circuit, a charge pump supplied flow into the low-pressure system. In the power-split HHV, two accumulators were assembled with high- and low-pressure lines. While the Line-A keeps a high pressure in the power-split HHV, the high-pressure line between Line-A and Line-B switches according to operating modes. For system thermal management, the hydraulic system in the power-split HHV was cooled down by the flow from Line-B, which was maintained as the low-pressure line. There is a shuttle valve in the power-split HST due to the switching of the low-pressure line and flow through the cooler is selected based on the shuttle valve. Table 1 shows the component sizes for the power-split HHV and the power-split HST used in Figure 4 and Figure 5.



Table 2 and Table 3 show the principle operating modes for the power-split HHV. There are different principle operating modes for the power-split HHV and the power-split HST. The power-split HHV has additional states compared to the power-split HST due to the existence of hydraulic accumulators. When the vehicle is idle, engine and hydraulic components maintain idle states. For the driving mode, both systems include power-split, full mechanical and recirculation modes. Unit-1 is pumping and Unit-2 is motoring in the power-split mode. When the vehicle drives under the full mechanical mode, both units become idle. For the power recirculation, Unit-1 is motoring and Unit-2 is pumping to deliver recirculation power to the planetary gear train. For power-split HHV, there are three modes under the power-split and power recirculation modes, respectively, since it includes charging and discharging states of the hydraulic accumulator. On the other hand, for power-split HST, only one mode exists for each power-split, full mechanical, and power recirculation modes. When the vehicle is under braking, the engine and Unit-1 are idle for both systems not to consume energy. For power-split HHV, accumulators charge by the regenerative energy from the wheel. Figure 6 and Figure 7 show the schematics of principle operating modes for the power-split HHV and the power-split HST.




3. Numerical Analysis


3.1. Modeling Approach


The system simulation was organized based on a novel modeling approach which considers dynamical and thermal behaviors proposed in recent studies [31,33,34]. Figure 8 shows the block diagram for system modeling. First, the overall system dynamics are calculated based on the hydraulic system model together with the engine and vehicles dynamics. The feedback controller utilizes the reference driving cycle and actual vehicle speed with pressure data from the hydraulic system model. The engine speed is assumed as constant like a control strategy for constant-speed diesel engines [37,38]. The displacements of hydraulic units are adjusted by PI controllers as input parameters for the hydraulic system model. For thermal modeling, the pressure and flow rate data from the dynamic system model are utilized as input parameters. The output data are finally utilized for analyzing the characteristics of the overall system. The details of vehicle dynamics, system control, hydraulic system model, and thermal model are described in the following sections.




3.2. Dynamic System Modeling


The planetary gear train can be modeled based on the lever diagram. Figure 9 shows the lever diagram of the planetary gear train. The angular speed and torque relations can be expressed by the standing gear ratio as follows:


  i =    r r     r s     



(1)






   (  1 + i  )   ω C  =  ω S  + i  ω R   



(2)






   τ S  :  τ C  :  τ R  = 1 : −  (  1 + i  )  : i  



(3)




where  i  is the standing gear ratio,    r R    is the radius of the ring gear,    r S    is the radius of the sun gear,    ω S    is the angular speed of the sun gear,    ω C    is the angular speed of the gear carrier,    ω R    is the angular speed of the ring gear,    τ S    is the torque on the sun gear,    τ C    is the torque on the gear carrier, and    τ R    is the torque on the ring gear.



The efficiency of the power-split transmission can be estimated with the power ratio of the series and mechanical paths. The power ratio to the series path and efficiency of the power-split transmission can be calculated as follows [10]:


   γ  c r   = i + 1  



(4)






   γ s  =    P s     P  i n     = 1 −    γ  S R      γ  c r      
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   η  T M   =    P  o u t      P  i n     =  (  1 −    P s     P  i n      )  +  η s     P s     P  i n     =  (  1 −  γ s   )  +  η s   γ s   



(7)




where    γ  c r     is the critical speed ratio,    γ s    is the series path power ratio,    P s    is the power to the series path,    P  i n     is the input power,    γ  S R     is the speed ratio,    ω  i n     is the input speed,    ω  o u t     is the output speed,    η  T M     is the efficiency of the power-split transmission,    P  o u t     is the output power, and    η s    is the efficiency of the series path. Figure 10 shows the efficiency and power ratio of output-coupled power-split transmission at    γ  c r     = 2.8, which was used in this study for power-split configurations, as shown in Figure 4 and Figure 5. The power ratio to the series path decreases with an increasing speed ratio and it becomes negative after the full mechanical point due to the power recirculation mode. The efficiency increases when the speed ratio is smaller than the critical speed ratio and decreases after the full mechanical point.



The vehicle dynamics are modeled based on the force balance equation as follows:


   F  t o t   =  F t  +  F g  +  F r  +  F D  = m a  



(8)




where    F  t o t     is the net force applied to the vehicle,    F t    is the traction force,    F g    is the gravitational force,    F r    is the rolling resistance,    F D    is the aerodynamic drag,  a  is the acceleration of the vehicle, and  m  is the mass of the vehicle. The traction force, gravitation force, rolling resistance, and aerodynamic drag are calculated from the following equations:


   F t  =    M w     r  d y n      



(9)






   F g  = − m g sin θ  



(10)






   F r  = −  C r  · m g cos θ  



(11)






   F D  = −  1 2  ρ  A f   C d   v 2   



(12)




where    M w    is torque loaded on the wheel,    r  d y n     is the wheel dynamic radius,  g  is the gravitational acceleration,  θ  is the angle of the slope,    C r    is the rolling resistance coefficient,  ρ  is the density of the air,    A f    is the frontal area of the vehicle,    C d    is the drag coefficient, and  v  is the speed of the vehicle. Once the acceleration of the vehicle is obtained from the vehicle dynamics model, velocity is obtained by the integral of the acceleration and used as an input to the hydraulic system model.



Different control strategies are applied for the power-split HHV and the power-split HST. Figure 11 and Figure 12 show the control system block diagrams for the power-split HHV and the power-split HST, where    v  r e f     is the reference vehicle speed,    v  a c t     is the actual vehicle speed,   d  p  r e f     is the reference pressure difference,    β 1    is the displacement of Unit-1,    β 2    is the displacement of Unit-2,   d p   is the pressure difference, and    M w    is the wheel torque. For the power-split HHV, secondary control is applied to determine the displacements of hydraulic units. In the secondary control, while the displacement of Unit-2 is determined only by the velocity signal, the displacement of Unit-1 is decided by system reference pressure as well as the velocity signal. For the power-split HST, sequential control is utilized, which determines the displacements of both units with the velocity signal. During braking for both systems, the displacement of Unit-1 becomes zero for preventing energy from the engine and the displacement of Unit-2 is adjusted according to the required braking torque for the reference driving cycle.




3.3. Hydraulic System Modeling


The hydraulic systems of both power-split configurations were analyzed based on the lumped parameter due to its merits for system scale analysis. Governing equations for hydraulic components are described analytically with empirical models for loss characteristics of hydraulic units. The displacements of hydraulic units, determined by system control are utilized as input parameters of the hydraulic systems. The outputs like pressure and flow rate of the overall system were analyzed for analysis of power-split HHV, which were also used as input parameters for thermal modeling.



For the hydraulic units, the theoretical flow rate can be calculated with the unit speed and derived displacement as follows:


   Q i  = n β  V i   



(13)




where    Q i    is the theoretical flow rate,  n  is the speed of the unit,  β  is the adjusted displacement of the unit normalized to the maximum displacement, and    V i    is the derived displacement volume. Theoretical torque    M i    can be obtained from the following equation:


   M i  = β  V i  Δ p  



(14)




where   Δ p   is the differential pressure between the inlet and outlet ports.



Theoretical flow rate and theoretical torque are used for calculating the effective flow rate and effective torque. Figure 13 shows the schematics of the loss behavior for hydraulic units. When the hydraulic unit of the positive displacement machine works as a pump, effective flow rate and effective torque can be calculated as [39]:


   Q e  =  Q i  −  Q s  =  Q i  −  (   Q  s i   +  Q  s e    )   



(15)






   M e  =  M i  +  M s   



(16)




where    Q e    is the effective flow rate,    Q s    is the volumetric loss,    Q  s i     is the internal volumetric loss,    Q  s e     is the external volumetric loss,    M e    is the effective torque, and    M s    is the torque loss. For motoring, the hydraulic unit can be described as follows:


   Q e  =  Q i  +  Q s  =  Q i  +  (   Q  s i   +  Q  s e    )   



(17)






   M e  =  M i  −  M s   



(18)







The volumetric loss and torque loss of the hydraulic units can be modeled through an empirical loss model, which is based on experimentally measured data utilizing steady state measurement according to ISO standard. Figure 14 shows the empirical loss model for a hydraulic unit for volumetric efficiency and torque efficiency. The loss model was generated based on a positive displacement axial piston hydraulic unit of 75 cc and it was applied for each hydraulic unit model by a scaling law [40]. Loss power was dissipated as heat and the temperatures of the fluid and the ports of hydraulic unit increase. The energy dissipation and heat generation were considered for thermal modeling with energy balance equations.



The summation of the inlet and outlet flows of the hydraulic line builds the pressure of the hydraulic line. The pressure rate balance of the hydraulic line can be obtained from the pressure build-up equation as follows [41]:


   p ˙  =  1   C h     (   ∑   Q  i n   −  Q  o u t   +   d V   d t    )   



(19)




where   p ˙   is the pressure variation rate,    C h    is the hydraulic capacitance, and    Q  i n     and    Q  o u t     are the flow rates in and out of the control volume, respectively.



The hydraulic capacitance for the hydraulic line is determined by the following hydraulic capacitance term:


   C  h , l i n e   =  V K   



(20)




where    C  h , l i n e     is the hydraulic capacitance for the hydraulic line,  V  is the control volume, and  K  is the bulk modulus of the hydraulic oil. The hydraulic capacitance of the accumulator can be derived based on a polytropic process assumption. The hydraulic capacitance in the accumulator is obtained from the polytropic process equation as follows:


   C  h , a c c   =    V 0   n     (     p 0     p  n + 1      )     1 n     



(21)




where    C  h , a c c     is the hydraulic capacitance for the accumulator,    V 0    is the initial gas volume,  n  is the polytropic coefficient,    p 0    is the precharge pressure, and  p  is the current system pressure.



The flow through valves in the system can be modeled by the orifice equation. For pressure relief valves, valves open once the inlet pressure exceeds the valve’s set pressure. The flow through a relief valve can be calculated as follows:


   Q  r e l i e f   =  {       C  r e l i e f     p −  p  r e l i e f                               f o r     p −  p  r e l i e f   > 0       0                                                                                           f o r     o t h e r w i s e                        



(22)




where    Q  r e l i e f     is the flow rate through the pressure relief valve,    C  r e l i e f     is the coefficient for the pressure relief valve,  p  is the pressure before the pressure relief valve, and    p  r e l i e f     is the pressure after the pressure relief valve. Check valves can also be modeled with the orifice equation as follows:


   Q  c h e c k   =  {       C  c h e c k      p  c h e c k   − p                               f o r      p  c h e c k   − p > 0       0                                                                                             f o r     o t h e r w i s e                      



(23)




where    Q  c h e c k     is the flow rate through the check valve,    C  c h e c k     is the coefficient for the check valve,    p  c h e c k     is the pressure before the check valve, and  p  is the pressure after the check valve.




3.4. Thermal Modeling


The system temperature was predicted by thermal modeling based on the lumped parameter model. The energy rate balance of each component is determined with the first law of thermodynamics. The overall hydraulic system was separated into several control volumes and the temperature of each control volume was calculated with equations of the energy rate balance. For the modeling, nitrogen gas inside the accumulator is considered as adiabatically insulated from hydraulic oil. The heat generated outside of the hydraulic system such as the engine and mechanical shaft was not considered in the modeling and the measured ambient air temperature is used as a boundary condition.



The governing equation can be obtained from the first law of thermodynamics in the unsteady state, without kinetic and potential energy variation. The enthalpy rate balance can be derived as follows:


    d h   d t   =  1  ρ V    [   φ ˙  −   W ˙   C V   +   m ˙  i   h i  −   m ˙  e   h e  − V h   d ρ   d t   −  (  ρ h − p  )    d V   d t   + V   d p   d t    ]   



(24)




where  h  is the specific enthalpy,  ρ  is the density,  φ  is the heat,    W  C V     is the work done by control volume, and the dot on the parameter means the derivates of the variable with respect to time. The enthalpy rate balance can be expressed as a partial differential equation of density and temperature as follows:


    d h   d t   =       ∂ h   ∂ p    |   T    d p   d t   +       ∂ h   ∂ T    |   p    d T   d t    



(25)







The terms in Equation (25) can be expressed as


        ∂ h   ∂ p    |   T  =  1 ρ  −  β T  T v  



(26)






        ∂ h   ∂ T    |   p  =  c p   



(27)




where    β T    is the volumetric thermal expansion coefficient,  v  is the specific volume, and    c p    is the isobaric specific heat capacity. The temperature rata balance can be derived with the constitute equations as follows:


    d T   d t   =  1     c p  ρ V    [   φ ˙  −   W ˙   C V   +   m ˙  i   h i  −   m ˙  e   h e  − h  (    m ˙  i  −   m ˙  e   )  + p   d V   d t   +  β T  T V   d p   d t    ]   



(28)







The pressure rate balance can be expressed with the bulk modulus and volumetric thermal expansion coefficient as follows:


    d p   d t   =  K  ρ V    (    m ˙  i  −   m ˙  e  − ρ   d V   d t    )  +  β T  K   ∂ T   d t    



(29)




where  K  is the bulk modulus. The pressure rate balance in Equation (28) can be replaced with Equation (29), and therefore, the governing equation for thermal modeling can finally be organized as follows:


    d T   d t   =  1    V  (   c p  ρ −  β T 2  K T  )     [   φ ˙  −   W ˙   C V   +   m ˙  i   h i  −   m ˙  e   h e  +  (     β T  K T  ρ  − h  )   (    m ˙  i  −   m ˙  e   )  +  (  p −  β T  K T  )    d V   d t    ]   



(30)







The governing equation can be simplified differently for each hydraulic component for thermal modeling with different assumptions and operating conditions. Hydraulic pumps and motors are the main heat sources of the hydraulic system and the heat is generated due to the power losses occurring within the real working process of the pump or motor. The internal energy of the hydraulic unit is increased according to the power losses during energy transfer and the increase of internal energy induces temperature increasing. The temperature rate balance for hydraulic units becomes:


    d T   d t   =  1    V  (   c p  ρ −  β T 2  K T  )     [   φ ˙  −   W ˙   C V   +   m ˙  i   h i  −   m ˙  e   h e  +  (     β T  K T  ρ  − h  )   (    m ˙  i  −   m ˙  e   )   ]   



(31)







For the hydraulic units, the work term expresses the mechanical shaft work, which can be calculated by flow rate and differential flow as follows:


    W ˙  s  = Q Δ p  



(32)




where    W s    is the shaft work in the hydraulic unit.



In the hydraulic accumulators, the energy is stored in the compressed gas through the volumetric work. The work term in the governing equation expresses volumetric work by the moving boundaries, which can be calculated by the pressure and the derivative of the volume with respect to time as follows:


    W ˙  v  = p   d V   d t    



(33)




where    W v    is the volumetric work done by the accumulator. The temperature rate balance for hydraulic accumulators can be obtained as follows:


    d T   d t   =  1    V  (   c p  ρ −  β T 2  K T  )     [   φ ˙  +   m ˙  i   h i  −   m ˙  e   h e  − h  (    m ˙  i  −   m ˙  e   )  +    β T  K T  ρ  V   d ρ   d t    ]   



(34)







For the hydraulic lines, the temperature rata balance, assuming that there is no volume change and work done by the control volume, becomes


    d T   d t   =  1    V  (   c p  ρ −  β T 2  K T  )     [   φ ˙  +   m ˙  i   h i  −   m ˙  e   h e  +  (     β T  K T  ρ  − h  )   (    m ˙  i  −   m ˙  e   )   ]   



(35)







For the reservoir, the pressure and volume can be assumed as constant. The temperature in the reservoir can be predicted with the temperature rata balance as follows:


    d T   d t   =  1   c p  ρ V    [   φ ˙  +   m ˙  i   h i  −   m ˙  e   h e  − h  (    m ˙  i  −   m ˙  e   )   ]   



(36)







Coolers were utilized for managing the system temperature of the hydraulic system. For the cooler, the heat transfer was predicted by a function of the flow rate through the cooler since it is difficult to predict the nonlinear behavior of the heat transfer by using the lumped parameter model due to its complex geometry. It was assumed that the heat transfer coefficient is a function of the flow rate as follows:


   k  c o o l e r   = f  (   Q  c o o l e r    )   



(37)




where    k  c o o l e r     is the heat transfer coefficient of the cooler,    Q  c o o l e r     is the flow rate of hydraulic oil through the cooler. The function can be assumed based on the empirical data for the cooling capacitance of the coolers from the manufacturers. Figure 15 shows the cooling performance curve of the cooler used in this study, where    ϕ  c o o l i n g     is the cooling capacity of the cooler.



The term for heat release in the governing equation can be calculated from the heat transfer relations. The heat transfer coefficient between hydraulic oil and ambient air can be determined by a lumped parameter model for heat transfer as follows:


   φ ˙  =   Δ T    R  e q      



(38)






   R  e q   =  R 1  +  R 2  +  R 3   



(39)






   R 1  =  1   h  i n    A  i n      



(40)






   R 2  =   ln  (     d 0     d i     )    2 π  l  p i p e   k    



(41)






   R 3  =  (   1   h  o u t   +  h  r a d      )   1   A  o u t      



(42)




where    R  e q     is the total equivalent thermal resistance between the hydraulic oil and ambient air,    R 1    is the thermal resistance between the hydraulic oil and the inside of the wall,    R 2    is the thermal resistance between the inside and outside of the wall,    R 3    is the thermal resistance between the outside wall and ambient air,    h  i n     is the convection coefficient of the inside wall,    A  i n     is the area of the inside wall,    d 0    is the diameter to the outside wall,    d i    is the diameter to the inside wall,    l  p i p e     is the length of the pipe,  k  is the thermal conductivity of the wall,    h  o u t     is the convection coefficient of the outside wall,    h  r a d     is the radiation coefficient of the outside wall, and    A  o u t     is the area of the outside wall. The thermal conductivity of steel is used for wall conductivity.



Nusselt number needs to be calculated for determining convection coefficients. Table 4 shows the equations for Nusselt number to calculate the convection coefficients [42,43,44,45]. The dimensionless numbers in Table 4 can be defined as follows:


  N u =   h L  k   



(43)






  R e =   ρ u L  μ   



(44)






  P r =    c p  μ  k   



(45)






  G r =   g β  (   T s  −  T ∞   )   L 3     ν 2     



(46)




where   N u   is the Nusselt number,   R e   is the Reynolds number,   P r   is the Prandtl number, and   G r   is the Grashof number. Convection for the inside wall is considered as a forced convection process, and the flow is assumed transitioning to the turbulent flow when the Reynolds number is 2300. The convection for the outside wall is considered as a free convection process and the geometries of components are assumed as simple such as cylinder and cubic.



Properties of the HLP32 hydraulic oil, such as enthalpy, density, specific heat, thermal conductivity, kinematic viscosity, and bulk modulus can be calculated based on references [46,47]. Thermal properties of materials like steel and air used in this research are obtained from reference [48].



Figure 16 and Figure 17 show the control volumes of the power-split HHV and the power-split HST for thermal modeling. The control volumes include main components of the hydraulic system, such as hydraulic units, hydraulic accumulators, hydraulic lines, cooler, and reservoir. The direction relations of flows between hydraulic components are represented by arrows. In the simulation, the temperature of each control volume is updated every time step with the governing equation of temperature rata balance.





4. Results and Discussion


The power-split hydraulic systems were simulated by Simulink and MATLAB with the FTP-72 driving cycle, also known as the UDDS driving cycle, which is a representative urban driving cycle. Figure 18 shows the velocity profile for the power-split HHV and power-split HST. The velocity results agree well with the reference velocity profile for both power-split transmissions.



Figure 19 shows the torque on the planetary gear train for the power-split HHV and the power-split HST. Since torques on ring gear, gear carrier and sun gear of the planetary gear train are related to each other by the torque relation in Equation (3), no torque is loaded on the planetary gear train when the engine is idle with zero torque. According to the results, the torques on the planetary gear train for the power-split HHV has more idle states compared to that for the power-split HST. It shows that the power-split HHV has a possibility to have more engine idling time, which is directly related to more change of engine-off for saving fuel consumption.



Engine torque was analyzed to observe the energy consumption characteristics of both systems as in Figure 20. The results demonstrate that the power-split HHV has 1.8 times more engine idle time than the power-split HST. Even though the power-split HHV has much more engine idle time, the total engine power consumption of the power-split HHV is 8.2% less, since more torque is spent when the engine is running. More system idle time offers the possibility of reducing fuel consumption by managing engine operations as follows. First, the engine can stop during idle time with a proper driving condition, which prevents fuel waste due to idle power. Secondly, the engine has a greater possibility of operating efficiently within the optimal operating area of the engine brake system fuel consumption (BSFC) map based on the load leveling strategy, which adjusts torque according to the state of charge of the energy storage. These power-split HHVs characteristics show the clear benefits in terms of energy management and they can be used for designing and organizing the system control logic while developing power-split HHVs.



The hydraulic system was analyzed based on the displacements of hydraulic units and the line pressure of both systems. Figure 21 shows the displacements of Unit-1 and Unit-2 for the power-split HHV and the power-split HST. During driving, the displacements of both units for the power-split HHV are adjusted together by the secondary control to match the reference pressure as well as the demand torque on the system. For power-split HST, the system is controlled by the sequential control, which adjusts the displacement of Unit-1 first with full displacement of Unit-2 and then, reduces the displacement of Unit-2 when Unit-1 becomes full displacement. While braking, Unit-1 becomes zero displacement, and the system pressure is adjusted by Unit-2 to match the demand torque. The displacement of Unit-2 for the power-split HHV becomes negative to make inverse torque, while that for the power-split HST switches the high-pressure line from Line A to Line B with maintaining positive displacement. Figure 22 shows the line pressure for the power-split HHV and the power-split HST. Line A for the power-split HHV keeps the high-pressure line during the overall driving cycle due to the high-pressure accumulator in Line A. For the power-split HST, line pressure changes according to operating conditions.



The system temperature was predicted based on the temperature of the main lines. The analysis of thermal characteristics for the power-split HHVs is crucial because it is not only related to thermal management, which of hydraulic systems is more sensitive compared to other power systems, but it also affects the energy consumption of the overall system. Figure 23 shows the line temperature without cooling for the power-split HHV and the power-split HST. The temperature of Line A for the power-split HHV changes rapidly compared to Line B due to large pressure variation, while the overall trends of temperature variations are similar. The maximum temperature of power-split HST is higher than that for the power-split HHV since most of the braking energy from the wheel is absorbed by the hydraulic system and dissipated as heat. On the other hand, the power-split HHV dissipates less energy by storing the regenerative energy from the wheel in the hydraulic accumulator and using it according to the driving condition. Figure 24 shows the line temperature for the power-split HHV and the power-split HST with a cooler having cooling performance as in Figure 13. Both systems have a stable working temperature with a cooler and the thermal model properly simulates the thermal behavior of hydraulic systems. For the average temperature, the power-split HHV has a lower system temperature than the power-split HST, even though it shows large temperature fluctuation in the high pressure line due to the rapid pressure change with accumulators. The temperature results show that not only does the power-split HHV make it easier to manage heat, it also has possibilities of saving energy for cooling the system and costs by using a smaller capacitance cooler.



In conclusion, power-split HHVs show a possibility of better energy saving by regenerative energy during braking, and engine idling management. The results by thermal modeling show better thermal management for power-split HHV by reducing the waste of the energy during braking, which makes the hydraulic system more thermally stable and reduces energy for system cool-down. The power-split HHV characteristics analyzed in this study can be used to design and organize the system control logic while developing power-split HHVs.




5. Conclusions


In this paper, the details of energy management characteristics of power-split HHVs were analyzed, including those not thoroughly studied in the past. A novel simulation method for dynamic and thermal behaviors was firstly introduced and applied for analyzing dynamical and thermal characteristics together, which affects the energy savings of the systems. The results show not only less energy consumption for power-split HHVs but also energy-saving possibilities of engine idling time and thermal management. The results for the power-split HHV show more chances for engine idling, which directly related to fuel consumption savings by engine stop. More engine idling time enables the system to operate in a more efficient area on the engine map by load leveling. The results for the system temperature for the power-split HHV show possibilities of better thermal management by preventing waste of braking power, which is especially crucial for hydraulic systems in comparison to other kinds of power delivery systems. The ease of thermal management results in better thermal stability with lower system temperature, as well as less energy consumption for cooling down the system with minimizing the cooler system. The detailed characteristics of power-split HHVs analyzed in this study can be used for designing and organizing system control logic for energy management while developing power-split HHVs.
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Figure 1. Schematics of the main driving modes for power-split hybrids. 
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Figure 2. Schematics of two main configurations of power-split hybrids. 
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Figure 3. Efficiency of output-coupled and input-coupled power-split transmissions. 
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Figure 4. Hydraulic circuit of a power-split HHV. 
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Figure 5. Hydraulic circuit of a power-split HST. 
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Figure 6. Schematics of principle operating modes for power-split HHV. 
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Figure 7. Schematics of principle operating modes for power-split HST. 
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Figure 8. Block diagram for system modeling. 
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Figure 9. Lever diagram of the planetary gear train. 
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Figure 10. Efficiency and power ratio of output-coupled power-split system. 
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Figure 11. Control system block diagram for power-split HHV. 
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Figure 12. Control system block diagram for power-split HST. 
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Figure 13. Schematics of the loss behavior for hydraulic units. 
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Figure 14. Empirical loss model for a hydraulic unit for (a) volumetric efficiency and (b) torque efficiency. 
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Figure 15. Cooling performance curve of the cooler (ΔT = 10 °C). 
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Figure 16. Control volumes of the power-split HHV for thermal modeling. 
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Figure 17. Control volumes of the power-split HST for thermal modeling. 
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Figure 18. Velocity profile for (a) power-split HHV and (b) power-split HST. 
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Figure 19. Torque on the planetary gear train for (a) power-split HHV and (b) power-split HST. 
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Figure 20. Engine torque for (a) power-split HHV and (b) power-split HST. 
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Figure 21. Displacements of hydraulic units for (a) power-split HHV and (b) power-split HST. 
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Figure 22. Line pressure for (a) power-split HHV and (b) power-split HST. 
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Figure 23. Line temperature without cooling for (a) power-split HHV and (b) power-split HST. 
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Figure 24. Line temperature with cooling for (a) power-split HHV and (b) power-split HST. 
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Table 1. System component conditions for power-split HHV and power-split HST.
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	Standing Gear Ratio
	1.8



	Displacement Volume of Unit-1
	45 cc



	Displacement Volume of Unit-2
	62 cc



	HP Accumulator Volume
	31.5 L



	LP Accumulator Volume
	31.5 L



	HP Accumulator Precharge Pressure
	90 bar



	LP Accumulator Precharge Pressure
	16 bar



	Maximum System Pressure
	420 bar



	Low-Pressure Setting
	20 bar
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Table 2. Principle modes of operation for power-split HHV.
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Mode

	
Engine

	
Unit-1

	
Accumulator

	
Unit-2

	
Driveline

	
Note






	
1

	
Idle

	
Idle

	
Idle

	
Idle

	
Idle

	
-




	
2

	
Motoring

	
Pumping

	
Charging

	
Motoring

	
Driving

	
Power Additive




	
3

	
Motoring

	
Pumping

	
Idle

	
Motoring

	
Driving




	
4

	
Motoring

	
Pumping

	
Discharging

	
Motoring

	
Driving




	
5

	
Motoring

	
Idle

	
Idle

	
Idle

	
Driving

	
Full Mechanical




	
6

	
Motoring

	
Motoring

	
Charging

	
Pumping

	
Driving

	
Power Recirculation




	
7

	
Motoring

	
Motoring

	
Idle

	
Pumping

	
Driving




	
8

	
Motoring

	
Motoring

	
Discharging

	
Pumping

	
Driving




	
9

	
Idle

	
Idle

	
Charging

	
Pumping

	
Braking

	
-
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Table 3. Principle modes of operation for power-split HST.
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	Mode
	Engine
	Unit-1
	Unit-2
	Driveline
	Note





	1
	Idle
	Idle
	Idle
	Idle
	-



	2
	Motoring
	Pumping
	Motoring
	Driving
	Power Additive



	3
	Motoring
	Idle
	Idle
	Driving
	Full Mechanical



	4
	Motoring
	Motoring
	Pumping
	Driving
	Power Recirculation



	5
	Idle
	Idle
	Pumping
	Braking
	-
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Table 4. Equations for Nusselt number for convection coefficients.
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	Forced

Convection
	Laminar flow: (  R e < 2300  )

  N u =    (    3.66  3  +   0.7  3  +    [  1.615   R e · P r ·  d i  / L  3  − 0.7  ]   3   )     1 3       (    P r   P  r w     )    0.11    

Turbulent flow: (  R e > 2300  )

  N u =      (  R e − 1000  )  P r   8    (  1.82 log  (  R e  )  − 1.64  )   2     [  1 +    (     d i   L   )     2 3     ]    1 + 12.7  (  P  r   2 3    − 1  )    0.125    (  1.82 log  (  R e  )  − 1.64  )    − 2          (    P r   P  r w     )    0.11    



	Free

Convection
	Cylinder shape:

  N u =    (  0.6 + 0.387    [  G r · P r    (  1 +    (    0.559   P r    )     9  16      )    −   16  9     ]     1 6     )   2   

Cube shape:

  N u = 5.748 + 0.752    (    P r · G r      [  1 −    (    0.492   P r    )     9  16      ]      16  9       )    0.252    











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(a) Power Additive Mode (b) Full Mechanical Mode





media/file4.png
Engine

(a) Output-coupled Configuration

(b) Input-coupled Configuration






media/file39.jpg
—Ring
- Carter
S

g 8 ° 8
(wN) snbioy

8
§

1200

(a)





media/file18.png
Driving | Vref | gystem | Vect
. Cycle J | Control
ﬁlTp
' Hydraulic System Model i
M | Q | Ty |
Engine |« .. |e> .. %> Vehicle
Dynamics @<= <4—p Dynamics .
L M| p | ‘M, | ,
I - ‘
D o o e e e e — — — e —— 3
p,Q

Outer
Thermal Model Parameter J






media/file21.jpg
(°L) oney Jemod

40

@ @ % o 83 @
- 3333 o ¢ < 8 &
/
/
¥
2
58
2%
v 4 23
S 3
E 5
Y wa
s s © 8 =3
8 8 R 8 38

(%) Aousioy3

out

Speed Ratio (w /win)





media/file44.png
400

No Output Torque
'S 300 -
2
D 200 -
o |
B
L i iamii |
0 200 400 600 800 1000 1200
Time (s)
(a)
400 —
No Output Torque

w

o

o
|

Torque (Nm)
[

M\&LJM | _wl h _Luu AT A il udih Pt “.m__h 19 ddp l._hLl Ld mil

0 200 400 600 800 1000 1200
Time (s)

(b)

—
o 8
#






media/file26.png





media/file14.jpg
R

(d) Braking Mode.





media/file7.jpg
Engine

Unit 1

Tine A

Unit2 "&

4200ar \®:

LineB.






media/file53.png
Temperature (°C)
8} (9} (o)} (o)} =~ ~l
o (8} o 83} o o}

i
)]

——Line-A
——-- Line-B

1200






media/file28.png
(a) Pumping (b) Motoring





media/file10.png
Engine

AMIMID

1
—/

LineA] |
r\\420bar
_20bar

s |

r===m

_20bar

| SR |

{:ip7'42 ar
L

Lmer

|[21%

T
TT
I

=l

s






media/file49.jpg
Time (s)
(b)





media/file11.jpg
T flr
roneie
1l T Ty

(ES]

(@) Power Additive Mode (b) Full Mechanical Mode

=i

feiett  blgge

9

(c) Power Recirculation Mode (d) Braking Mode





media/file6.png
Efficiency (%)

50 -

40 -

30 F 1

20 !

10 [

——Output-coupled PS
--- Input-coupled PS |’

3 4

2
Speed Ratio (w_ /w. )






media/file36.png





nav.xhtml


  energies-13-01837


  
    		
      energies-13-01837
    


  




  





media/file54.png
Temperature (°C)
n n (o)} (o)} ~] ~] o
o N o N o 8] o

N9
(9]

——Line-A
—-- Line-B
| | | | | |
200 400 600 800 1000 1200
Time (s)





media/file41.png
Ring
——-— Carrier
= SN

|

R — =
b= N
e e w..r.ll..lru
T3 Nl
L8 F
\_
- N
O
O
b / i
o
o
-~
L
o
o
4

(wpN) enbio |

1200

1000

800

600

400

200

Time (s)

(a)





media/file2.png
p

O e

(a) Power Additive Mode

(b) Full Mechanical Mode

(c) Power Recirculation Mode





media/file23.jpg





media/file40.jpg
Torque (Nm)

o o w o o o0 0
Time (s)

(b)





media/file24.png





media/file29.jpg
U =
B
omy ot

(a) Volumetric efficiency

(b) Torque efficiency





media/file1.jpg
(a) Power Additive Mode

(b) Full Mechanical Mode

(c) Power Recirculation Mode






media/file12.png
’ l
; -

s C
v

(b) Full Mechanical Mode

(c) Power Recirculation Mode

1=f

3
5

.

L

(d) Braking Mode






media/file9.jpg
Engine!

Line A

nit 1

unit2






media/file42.png
400

200

-200

-400
0

Torque (Nm)

—Ring
——— Carrier

400 600 800 1000
Time (s)

(b)





media/file47.jpg
:
:

Time (s)
@

o

x

esv anssaig

e = B

7 (seq) aunssaig

Time (s)
(b)





media/file38.png
Velocity (km/h)

Velocity (km/h)

100

80

60

40

20

100

80

60

40

20

—— Simulation
-—-—- Reference

200

400

1000 1200

—— Simulation
- -— Reference

200

400 600 800
Time (s)

(b)

1000 1200





media/file52.jpg





media/file17.jpg
Engine |+ " - . > Vel
Dynamics | <=+ UMt ey U2l o pynamics
| M, » 1M, I
Outer

Thermal Model Parameter





media/file30.png
(a) Volumetric etficiency (b) Torque etficiency





media/file51.jpg
]

" (0,) eamiesoduio]

1200

1000

0

w0

Time (s)

(a)





media/file35.jpg





media/file48.png
R, pB

o B

1200

1000

800

600

T e e e e s

0

T
40

200

e o = o o — e — — —

400 -

| |
o o o
o o =
(40 o b

(1eq) ainssaid

0

Time (s)

(a)

(1eq) ainssaid

1200

1000

800

600

400

200

Time (s)

(b)





media/file27.jpg
(a) Pumping (b) Motoring





media/file3.jpg
(a) Output-coupled Configuration

(b) Input-coupled Configuration





media/file22.png
Efficiency (%)

80

70

60

50

40

— Efficiency
--- Power Ratio

| |

1 2
Speed Ratio (

3

wout/win)

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

-0.8

Power Ratio (78)





media/file19.jpg





media/file15.png
+r‘\!
I B
)
1
k “
PN
A 1 —
y X =
F
1
[
-
1
Lt 11 |
i ¥

(a) Power Additive Mode (b) Full Mechanical Mode






media/file33.jpg





media/file32.png
20

40

60 80
Flow rate (Ipm)

100

120

140





media/file37.jpg
g 8 8 ¢ 8

(upw) Ayooep

8 8 8 8

"

(uwy) oA

5

i H

g

g
e H
LS —.k

= g

w
g
8

(b)





media/file46.png
100 [

-100

600 800 1000 1200

400

200

Time (s)

-50 -

-100

1200

1000

800

600

40

200

Time (s)

(b)





media/file45.jpg
3 (%)

3 (%)

w0

w0
Time (s)
(b)

00

1000






media/file16.png
|
e -
- B3 !
] N
)
—p— )
-
‘ %
HE
A ‘ | >
Y PN b
i
|
5
i . 1
I !
\\ |
——

(c) Power Recirculation Mode (d) Braking Mode






media/file20.png





media/file50.png
Temperature (°C)

Temperature (°C)

o))
o

g O o O 9~
o o o g o O

BN
()]

o o oo 9 ~N N o
oo o O» o » o

BN
)]

——Line-A
—-- Line-B

1000

1200

——Line-A
——-- Line-B

1000

1200





media/file5.jpg
Efficiency (%)

100

90

80

70

60

50

40

30

20

10

—— Output-coupled PS
-~ Input-coupled PS

2 3 4

Speed Ratio (“’out/“’in)






media/file31.jpg
«©

£ w
Flow rate (Ipm)

00

w





media/file25.jpg
100%

M Vace
Vrey

—100%






media/file0.png





media/file8.png
Engine

RN

Line A

. 20bar

|420bar

lll , LineB

1
N’

ELMMNN





media/file43.jpg
Torque (Nm)
8 8 8 8

Torque (Nm)
8 8 &

E

(b)

[ oot Torue]

| il .
- 800 1000 1200

Time (s)

@

[ NoOsTorss]

-~ 800 1000 1200

Time (s)





media/file34.png
“Unﬂ

wl\

Line A <

| HPA

+
...... .T Drain J‘“'"
Line B —
Cooler <« I
N
Reservoir

J ‘pcool






