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Abstract

:

The paper proposes a power flow control strategy for a P2 parallel plug-in hybrid electric vehicle (PHEV) which takes into account torque and power losses related to engine-on and gear shift transients. An extended backward-looking (EXT-BWD) model is proposed to account for the transient losses, while the control strategy combines a rule-based controller with an equivalent consumption minimization strategy. To describe the transient losses, the EXT-BWD model includes additional state variables related to engine on/off flag and gear ratio in the previous time step. To establish a performance benchmark for control strategy verification, a dynamic programming-based control variable optimization framework is established based on the EXT-BWD model. The proposed control strategy is demonstrated to improve the fuel efficiency and drivability compared to the original control strategy while retaining comparable computational efficiency.
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1. Introduction


The powertrains of Hybrid Electric Vehicles (HEVs) and their plug-in counterparts (PHEVs) include multiple power sources, typically engine and one or more electric machines that can operate as motors or generators supplied by an electrochemical battery or an ultracapacitor. To fully exploit the fuel saving and greenhouse emission reduction potential of (P)HEVs, an optimal power flow control strategy is required for optimal coordination of propulsion machines and usage of energy storage. The control strategies should also ensure sustaining the battery state of charge (SoC).



Most commonly, the power flow control strategies proposed in literature are based on heuristically determined rules (so-called rule-based (RB) controller; [1,2]), equivalent consumption minimization strategy (ECMS) as an instantaneous control variable optimization method (see [3,4]), or combination of those two approaches [5]. The power flow control strategies usually rely on a quasi-static, backward-looking (BWD) powertrain model to determine appropriate control action. The BWD model simplifies the powertrain description through static kinematic relations while considering only the SoC dynamics, and it relies on driving cycle data (vehicle velocity, acceleration, and road grade time profiles) to determine the remaining powertrain variables in the backward manner (i.e., from wheels towards the engine and electric machines) [6]. An adaptive RB control strategy is proposed in [2] based on the insights gained by conducting control variable optimization using the BWD powertrain model. An instantaneous optimization strategy based on the Pontryagin’s Minimum Principle is proposed in [3], where the BWD model is used to define the Hamiltonian cost function. Similarly, equivalent consumption minimization strategies (ECMS) presented in [4,5] rely on the BWD model to calculate the equivalent fuel consumption to be minimized. To further enhance the control performance, model predictive control (MPC) strategies are proposed in [7,8], where the BWD model is used to predict the powertrain behavior over a receding horizon.



The power flow control strategies may considerably underperform in terms of fuel economy and drivability when applied on more realistic, fully-dynamic, forward-looking powertrain models or on vehicles. This is due to uncaptured hybrid transmission transient losses and frequent gearshifts or operating mode switching [9,10,11]. For the same reason, control variable optimization results obtained by using the BWD powertrain model may not be deemed as a credible benchmark. The control strategy presented in [12] attempts to improve the drivability and indirectly reduce the powertrain transient losses by minimizing the number of gear shifts and engine on/off events in a parallel PHEV. The control strategy presented in [13] for a PHEV with series–parallel configuration considers the total energy cost of changing between respective operating modes thus avoiding frequent mode switching and improving drivability. To smooth out the engine transients and suppress the related losses, the ECMS presented in [14] for an extended range electric vehicle (EREV) introduces an additional term in the cost function which penalizes the engine speed difference between two consecutive sampling intervals. In [15], an ECMS is developed for a parallel PHEV, which minimizes additional fuel consumption during engine transient. Control strategy in [16] improves upon the gear shift performance of a parallel-type HEV with double clutch transmission thus improving both the driving comfort and energy efficiency. MPC strategies proposed in [17,18] for parallel PHEVs rely on more computationally demanding forward-looking (FWD) powertrain models which take into account the engine torque dynamics to optimally control engine torque and engine on-off status thus discouraging frequent engine switching. To account for the engine and main clutch transient losses, MPC-based control strategy proposed in [19] introduces an empirically determined fuel mass flow penalty map which is a function of engine speed change and main clutch status. In [20], a back-propagation neural network is used to approximate a FWD powertrain model of a parallel PHEV, thus implicitly accounting for transient losses within an MPC strategy. Although the approaches presented in [19,20] yield fuel economy improvements, they rely on black box data-driven model that requires properly formulated, exhaustive training. An ECMS designed for a parallel PHEV in [21] utilizes a BWD powertrain model where clutch and engine transient losses are described by a physical power loss model. However, the model does not consider the effects of transmission synchronizers losses, powertrain inertia, and low-level control dynamics. In addition, the model is not validated against a more precise FWD model.



The main contributions of this paper include: (i) building a computationally efficient BWD model of a parallel PHEV powertrain, which takes into account all relevant effects of engine-on and gear shift transients to total fuel and electric energy consumption, and which is validated against a detailed FWD model, and (ii) designing a RB+ECMS power flow controller that takes into account the relevant engine-on and gear shift transient effects for improved fuel economy and drivability.



The remaining part of this paper is organized as follows. Section 2 describes the conventional BWD model and the detailed FWD model for a PHEV-type city bus. The RB+ECMS-type high-level controller and the low-level control system are presented in Section 3. The backward model extended with engine-on and shift transient losses (EXT-BWD model) is introduced in Section 4. DP-based control variable optimization formulation based on the EXT-BWD model is presented in Section 5, along with the optimization results given in support of EXT-BWD model validation. Verification of the proposed RB+ECMS controller based on the EXT-BWD model is conducted in Section 6 with respect to DP benchmark and the conventional RB+ECMS controller. Concluding remarks are given in Section 7.




2. Powertrain Models


2.1. Powertrain Configuration


A rear-wheel drive powertrain configuration of the considered parallel PHEV-type city bus (based on Volvo 7900 Electric Hybrid, [22]) is shown schematically in Figure 1. The main clutch separates a compression ignition internal combustion engine (ICE) from the rest of powertrain, and it is disengaged when the engine is switched off. The motor/generator (M/G) machine supplied by a Li-Ion battery is placed between the main clutch and a 12-speed automated manual transmission (AMT). Finally, the power is transmitted to the rear wheels through a final drive gearbox and differential.



The AMT contains three reduction stages to achieve 12 gear ratios [10] (see schematic in Figure 2 and Table 1). The splitter gear stage (gears s1 and s2) is placed between the input shaft, which rotates at the speed ωMG, and a counter-shaft that rotates at the speed ωcs and transmits the torque τss when engaged by synchronizers. The main gear reduction stage (gears m1, m2, and m3) is placed between the main shaft rotating at the speed ωms and the counter-shaft, and it contains two dog clutches to achieve different gears. Note that if the gears s2 and m3 are engaged at the same time, the input and main shaft are directly connected (see Table 1 and Figure 2). Changing the main reduction gear requires the use of M/G machine to synchronize the speeds of target m-gear and main shaft. Note that the main gear reduction stage also comprises the reverse gear m0 (not considered in this paper). Finally, the range gear reduction stage (gears r1 and r2) comprises a planetary gear set in which the ring gear can be synchronized via torque τsr of synchronizer r to the casing (gear r1) or the carrier connected to the output shaft rotating at the speed ωos (gear r2). The gears are changed by controlling the positions of synchronizers and dog clutches through pneumatic actuators. Synchronizer and dog clutch normalized position values are denoted as sps and spr for synchronizers s and r, respectively, and spm for dog clutches. The list of 12 forward-gear indexes hidx, the corresponding gear ratios h and normalized synchronizers positions are given in Table 1.




2.2. Backward-Looking Powertrain Model


The backward-looking (BWD) model describes the kinematic relations between powertrain components, and the only state variable corresponds to the battery state-of-charge (SoC). In order to follow the specified driving cycle defined by the vehicle velocity time profile vv(t), the required wheel torque τw(t) is determined from the vehicle longitudinal dynamics equation as follows:


   τ w  =  r w   M v    v ˙  v  +  r w   R 0   M v  g cos    δ r    +  r w   M v  g sin    δ r    + 0.5  r w   ρ  a i r    A f   C d   v v 2  ,  



(1)




where rw is the effective tire radius, Mv is the vehicle mass, R0 is the rolling resistance coefficient, g is the gravitational acceleration constant, δr is the road grade, ρair is the air density, Af is the vehicle frontal area, and Cd is the aerodynamical drag coefficient. For the case of closed main clutch, the speeds of engine (ωe), M/G machine (ωMG), wheels (ωw), and vehicle (vv) are connected through the following equation (Figure 1):


   ω  M G   =  ω e  =  i o  h  ω w  =  i o  h    v v     r w    ,  



(2)




where io is the final drive ratio and h is the transmission gear ratio. Similarly, in case of locked main clutch the transmission input shaft torque, i.e., the sum of M/G machine and engine torques, τMG and τe, respectively, is determined from the total wheel torque τw while accounting for the transmission ratio and mechanical power loss:


   τ e  +  τ  M G   =    τ w   η  t r    k t       τ w    +    P 0     ω w       ω w       i o  h     ,  



(3)




where the coefficient kt equals 1 for τw < 0 (regenerative braking), and kt = −1 holds for τw > 0 (traction), ηtr is the torque-dependent transmission efficiency, and P0 is the transmission speed-dependent power loss (see [23] for details). Note that in case of pure electric driving, ωe = 0 rad/s and τe = 0 Nm hold. The model parameters are given in Appendix A.



The M/G machine efficiency map ηMG (τMG, ωMG) and the engine specific fuel consumption map Aek(τe, ωe) are shown in Figure 3, along with the corresponding maximum torque curves. These maps are adopted from the respective maps published in the literature for similar engine and M/G machine and are scaled with respect to maximum speed and power ratios of the respective vehicles and the particular PHEV-type bus considered in this paper [20]. The map Aek(τe, ωe) is used to calculate the fuel mass flow


    m ˙  f  =  A  e k      τ e  ,  ω e     τ e   ω e  ,  



(4)




which is then integrated to obtain the cumulative fuel consumption


   V f  =  1   ρ  f u e l       ∫   t = 0    t f      m ˙  f  d t ,  



(5)




where ρfuel is the diesel fuel density.



The battery SoC is defined as SoC = Q/Qmax, where Q and Qmax are actual and maximum battery charge, respectively. The SoC dynamics description is based on the equivalent battery circuit model illustrated in Figure 4a [6]:


    S o C  ˙  =      U  o c  2    S o C   − 4 R   S o C    P  b a t t     −  U  o c     S o C     2  Q  max   R   S o C     .  



(6)







The SoC-dependent open circuit voltage Uoc(SoC) and the internal resistance R(SoC) characteristics are given in Figure 4b [23]. The battery output power Pbatt is expressed as follows:


   P  b a t t   =  η  M G    k b         τ  M G     ,  ω  M G      τ  M G    ω  M G   ,  



(7)




where kb = 1 holds for regenerative braking (   τ  M G    ω  M G    < 0) and kb = −1 is valid for traction (   τ  M G    ω  M G     ≥ 0). The BWD model given by (1)–(7) is discretized and implemented in the Matlab/Simulink environment with the sampling time Td = 1 s as a good trade-off between the computational efficiency and ability to capture the longitudinal dynamic transients [6].




2.3. Forward-Looking Powertrain Model


The forward-looking (FWD) model describes dominant dynamics of powertrain components including engine, M/G machine, and shaft inertias, output shaft compliance, and transmission actuators. The FWD model is implemented in the Simcenter Amesim simulation environment, where proper physical models are selected for each powertrain component and then parameterized and combined into the overall powertrain model shown in Figure 5 and Figure 6. The model contains 10 inertia elements, which include the engine inertia Ie, the lumped M/G machine and input shaft inertia IMG1, the counter-shaft inertia Ics, the main shaft inertia Ims, the output shaft inertia Ios, the four wheel inertia Iw1 = Iw2 = Iw3 = Iw4 = Iw, and the vehicle mass Mv. The main model parameters can be found in [10]. The Amesim-embedded variable integration step solver is used in simulation [24].



The battery dynamics model is implemented based on Equations (6) and (7). Similarly, the M/G machine and engine maps shown in Figure 3 for BWD model are used in the FWD model as well. The M/G machine torque dynamics are modeled by the first-order lag term with the time constant TMG = 10 ms, whereas the turbocharged Diesel engine torque dynamics are modeled by a first-order lag term with a speed dependent time constant Te(ωe) in the case of torque increase (see Figure 7b), and the fixed time constant of 10 ms in the case of torque decrease. The engine drag torque characteristic τe,drag(ωe) given in Figure 7a is applied when the engine is switched off.



The main clutch friction torque τmcl is modelled by the classical Coulomb-type friction model, where the friction torque magnitude is proportional to the normalized clutch torque capacity cmcl (ranging from 0 to 1 for open and lock clutch states, respectively). For the sake of model implementation simplicity, two dog clutch models are replaced by a synchronizer model for engaging gears m1 and m2, and a half-synchronizer model for engaging gear m3. During the synchronization, the synchronizer torques τss, τsm, and τsr are determined by a dynamic Coulomb-type friction model, where the torque magnitude is proportional to the normalized torque capacity (css, csm and csr) dependent on the normalized synchronizer positions (sps, spm and spr), and where the stiction torque is modeled by a parallel spring-damper element [10].



The dynamics of main clutch pneumatic actuator are modeled by the first-order lag term with the time constant of 50 ms. The normalized synchronizer positions sps, spm, and spr assume values depending on the gear ratio h, as designated in Table 1. To account for the synchronizer pneumatic actuators dynamics, the synchronizer position dynamics are also modelled by the first-order lag term with the time constant of 20 ms.



The mechanical losses are modeled for each gear pair, and they are parametrized by using an Amesim’s built-in tool [24]. The compliance of the rear-drive propulsion half-shafts is replaced by an equivalent compliance of the output shaft (Figure 6). A simplified Pacejka model is used to model the tire longitudinal force [25]. The vehicle weight distribution is simplified in terms of making it constant and equal for all four wheels throughout the trip. Finally, the total mechanical brake torque τbrk is modeled by the first-order lag term with the time constant of 10 ms to account for the pneumatic actuator dynamics. Equal braking torque distribution on all four wheels is assumed.





3. Control Strategy


3.1. Structure of Overall Control Strategy


The overall powertrain control structure is illustrated in Figure 8, and it consists of a driver model, and high- and low-level control strategies. The driver is modelled as a proportional-integral (PI) vehicle speed controller, and it sets the wheel torque demand τwd for the high-level control strategy. The driver model parameters KDr and TDr are determined based on the damping optimum method for the target damping ratio ζ = 0.45 and the equivalent time constant Teq = 0.75 s [26]. The driver wheel torque demand τwd is saturated with respect to maximum wheel torque characteristic determined by the engine and M/G machine maximum torque curves given in Figure 3 and the drivetrain gear ratios h and i0. Depending on the current values of wheel speed ωw and battery SoC, the high-level control strategy transforms the wheel torque demand τwd to the low-level control strategy references, i.e., the transmission gear ratio hR and the engine torque reference τeR, as well as the target engine on/off status flag ENstR. The low-level control strategy is fed by the driver wheel torque demand τwd and the engine torque reference τeR, the current wheel, engine and M/G machine speeds (ωw, ωe, and ωMG), and the current gear ratio hR, and it outputs the main clutch torque capacity reference cmclR, the synchronizer normalized position references (spsR, spmR and sprR), the M/G machine torque reference τMGR, the mechanical brake torque reference τbrkR, and the engine torque reference τ*eR that may differ from high-level controller-commanded reference τeR in the case of transients (Section 3.3). The braking torque reference τbrkR is determined by the low-level controller as the excess of driver brake torque with respect to M/G machine regenerative braking torque limit.



In the case of BWD model, the low-level controller and the driver submodel are omitted, because the powertrain dynamics are not accounted for, and the wheel speed and the torque demand are determined form the longitudinal dynamics given in Equations (1) and (2).




3.2. High-Level Control


The high-level control strategy combines a rule-based controller and an equivalent consumption minimization strategy (RB+ECMS control strategy; Figure 9, [5,23]). The rule-based strategy comprises a proportional-type SoC controller, engine start-stop logic, and powertrain kinematic equations for calculating the propulsion power demand Pd including the mechanical loss described within Equation (3). The SoC controller sets the battery power demand P*batt which is added to the propulsion power demand Pd to obtain the engine power demand P*e. The engine start/stop logic requests the engine to be switched on (ENstR = 1) when the engine power demand P*e is greater than the engine-on power threshold Pon (P*e > Pon), and to be switched off (ENstR = 0) if P*e is lower than engine-off power threshold Poff (P*e ≤ Poff < Pon). Exceptionally, the engine will be kept switched on regardless of P*e if the M/G machine itself cannot deliver the power demand Pd due to its speed-dependent torque [5,23].



The ECMS instantaneously optimizes the engine torque and gear ratio references τeR and hR to minimize the equivalent fuel consumption     m ˙   e q     defined by [23]:


    min    τ  e R , k   ,  h  R , k       m ˙   e q , k   =         m ˙   f , k   +         m ˙   f , k   +                A  e k , k    η  b a t t c , k    P  b a t t , k           A ¯   e k    η  b a t t d , k   − 1    P  b a t t , k        ⏟      m ˙   b a t t , k         ,         for    P  b a t t , k   ≤ 0 ,       ,         for    P  b a t t , k   > 0 ,      



(8)




where the equivalent fuel consumption     m ˙   e q     consists of the actual fuel mass flow     m ˙  f    given by Equation (4) and the fuel equivalent     m ˙   b a t t     of battery power. The symbols ηbattc and ηbattd denote the battery charging and discharging efficiencies, respectively, while     A ¯   e k     is the mean engine specific fuel consumption accounting for engine efficiency during past battery charging periods [5,23]. The subscript k in Equation (8) stands for the discrete time step of control strategy execution, where the sampling time is equated with the BWD model sampling time Td = 1 s (see Section 2). When calculating the quantities     m ˙  f    and     m ˙   b a t t     in Equation (8), the ECMS relies on the computationally efficient BWD model given by Equations (1)–(7).



The ECMS control variable search includes a SoC control error-dependent constraint on engine torque reference τeR [23]. Namely, the lower and upper engine torque reference limits vary between the absolute lower limit Poff/ωe and the absolute upper limit τe,max(ωe) depending on the SoC control error eSoC = SoCR − SoC, i.e., a smooth weighting function w(eSoC). For eSoC = 0, the limits are wide open, i.e., they correspond to the absolute limits. As eSoC increases, the limits narrow and eventually converge to the operating point set by the RB controller τe = P*e/ωe at high values of eSoC. In this way, the ECMS provides a 1D control variable search over the hyperbolic, constant power curve P*e = const. in the (ωe, τe) plane if the SoC control error eSoC is high, in order to respect the power demand P*e and suppress the SoC control error. On the other hand, if the control error eSoC is low, the ECMS is allowed to give up from the power demand P*e and provides a 2D control variable search for reduced fuel consumption.



When the engine is switched off (ENstR = 0, τeR = 0), the M/G machine alone propels the vehicle and the transmission gear ratio is selected to minimize the total electric energy losses [23]:


   h  R , k   =   argmin    h  R , k        P  b a t t , k   +  I  b a t t , k  2  R   S o  C k      .  



(9)







The RB+ECMS controller is supplemented with a gear shift delay algorithm (GSD) to reduce the number of gear switches by discouraging the ECMS to change the gear ratio too often [23]. This is achieved by extending the cost function (8) to


    m ˙   e q , k      h  R , k     =  r f     t  s h   ,  h  k − 1   ,  h  R , k         m ˙  f  +   m ˙   b a t t     ,  



(10)




where a discount factor


   r f  =        r 0  +  t  s h     1 −  r 0     t  t h     ,                   for    t  s h   <  t  t h     and    h  R , k   =  h  k − 1   ,                   1 ,                                                         otherwise ,                



(11)




is introduced to shrink the cost if the ECMS search gear ratio candidate hR,k remains the same as the current gear hk-1 and the time elapsed since the last gear shift, tsh, is shorter than the time threshold tth. The discount factor rf varies from r0 set to 0.6 and the nominal value of 1. The time threshold tth is selected as a trade-off of powertrain efficiency and shift comfort (i.e., drivability). The discount factor rf given by Equation (11) is also applied to the cost function given in Equation (9) related to the pure electric operating mode.




3.3. Low-Level Control


The low-level control strategy ensures realization of the engine torque reference τeR including the engine-on status reference ENstR, the wheel torque demand τwd, and the gear ratio target hR set by the high-level control strategy (Figure 8). This is achieved by coordinating the main clutch torque capacity reference cmclR, the synchronizers s, m and r normalized position references spsR, spmR and sprR, respectively, the modified engine torque reference τeR, and the M/G machine torque reference τMGR. The low-level control operation is illustrated below for the following three characteristic powertrain transient modes: (i) engine-on switching, (ii) gear shifting while engine is switched on, and (iii) brake control. The low-level control strategy is implemented in C programing language within the Amesim model, with the sampling time set to 20 ms to capture the fast powertrain dynamics (e.g., those related to engine torque development).



3.3.1. Generation of M/G Machine and Mechanical Brake Torque References


When the main clutch is in open mode or transient state, the low-level control strategy resets the engine torque reference τeR to zero; otherwise, i.e., if the clutch is locked, τeR = τeR holds. The M/G machine torque reference τMGR is determined as the difference between the wheel torque demand (τwd) referred to transmission input shaft and the modified engine torque reference τeR:


   τ  M G R   =    τ  w d    η  t r    k t       τ  w d     +    P 0     ω w       ω w       i o  h   −  τ  e R  *  .  



(12)







Exceptionally, if the M/G machine torque τMGR is saturated during regenerative braking to its limit curve τMG,min(ωMG), the total (four-wheel) braking torque reference τbrkR is set to fill the gap between the M/G machine reference and limit values, i.e., it is determined as the following:


   τ  b r k R   =        τ  w d    η  t r    k t       τ  w d     +    P 0     ω w       ω w    −  i o  h  τ  M G , min      ω  M G     ,         for      τ  M G R   <  τ  M G , m i n      ω  M G     ,         0 ,                                                                                                                                                   otherwise .                                                                            



(13)







The engine torque reference τeR is reset to zero during braking intervals.




3.3.2. Low-Level Control for Engine-On Transient Mode


Low-level control for engine-on transient mode is segmented into three phases, as illustrated in Figure 10. In Phase 1, the main clutch is being engaged by means of open-loop application of clutch torque capacity reference cmclR which is determined assuming linearly falling clutch slip speed profile and prescribing the engagement time to Δtmcl = 0.27s while considering the actuator dynamics with the time constant Tmcl (see Appendix B):


   c  m c l R   =  1   τ  m c l , max        I e     ω  m c l , s t a r t          T  m c l     1 −  e  −   Δ  t  m c l      T  m c l         − Δ  t  m c l       ,  



(14)




where τmcl,max is the maximum clutch torque capacity and ωmcl,start is the initial clutch slip speed. The engine torque reference τeR is reset to zero and the M/G machine reference τMGR is set to deliver the driver-commanded wheel torque τwd (see Equation (12)).



Phase 2 starts once the absolute value of clutch slip speed ωmcl falls below a zero-speed threshold. In this phase, the engine torque reference τ*eR is linearly increased from zero to the reference τeR set by the high-level control strategy within the period of 0.1 s.



In the final stage (Phase 3), the clutch torque capacity reference cmclR is linearly increased from the value determined by Equation (14) to the fully closed torque capacity value cmclR = 1. Once the clutch is fully locked, i.e., when cmcl = 1 is achieved, the transient mode is completed (see Figure 10a).




3.3.3. Low-Level Control during Gear Shifting


Low-level control during gear shifting is illustrated in Figure 11 for the case of 8–9 upshift, where the main (m) and splitter (s) gear stages change their states (see Table 1). The gear shifting is activated when the high-level control changes the gear reference hR. In the engine-on case, the first gearshift phase (Phase 1 in Figure 11) starts with opening the main clutch by setting the clutch torque capacity and engine torque references to zero: cmclR = 0 and τeR = 0.



Phase 2 starts once the main clutch is fully opened (Figure 11a). In this phase, the synchronizer s normalized position sps is commanded to change and synchronize the input shaft speed ωMG with the counter shaft speed ωcs and engaging the s-gear (s1, Table 1). At the same time, the dog clutch m is commanded to be fully disengaged by setting its reference position spmR to zero. Phase 3 corresponds to synchronization of new m-gear (m2, Table 1) with the main shaft speed ωms. The synchronization is performed by using a proportional-integral (PI) controller of the M/G machine speed ωMG, with the reference ωMGR set to reflect the synchronization speed ωms. The PI speed controller is tuned according to the damping optimum method [26], and its gains are scheduled to reflect the change of equivalent inertia when changing the gears. Note that Phase 3 is omitted for shifts that do not involve the change in m-gear.



Phase 4 starts when the new m-gear is synchronized, i.e., when the speed ωm2 approaches the speed ωms (Figure 10c). In this phase, the position reference spmR of synchronizer m is finally set to the value corresponding to gear m2. Once the synchronizer position reference is reached (i.e., when spm approaches spmR), the target gear ratio hR is set, and Phase 4 ends. For the sake of better visibility of the overall response in Figure 10, the response of fifth phase (Phase 5) covers only the initial interval of main clutch closing corresponding to Phase 1 in Figure 10. The remaining part of response is omitted as it is presented and discussed with Figure 10 as Phases 2 and 3. Note that for shifts where engine-off transition was commanded (i.e., if transition to electric mode occurred, ENstR = 0) the main clutch would stay open, i.e., Phase 5 would be omitted. Similarly, in gear shifts occurring during pure electric operation, Phase 1 is omitted (see Figure 12).




3.3.4. Low-Level Control during Braking Event


In the case of braking occurrence, the low-level control strategy fully relies on the M/G machine’s regenerative braking torque, and it only activates the mechanical brakes τbrkR if the braking torque demand τwd < 0 exceeds the M/G machine torque limit τMG,min (ωMG) (Section 3.3.1). Low-level brake control is illustrated in Figure 12, where 12–10 downshift is commanded by the high-level control strategy during an interval of vehicle deceleration and pure electric operation (ENst = 0). Before the downshift was commanded, the M/G machine regenerative braking torque τMG could fully meet the driver brake demand τwd < 0 (see the initial period of response in Figure 12b), and the braking torque reference was set to zero (τbrkR = 0 Nm).



In Phase 1 of the downshift, the dog clutch m is commanded to be fully disengaged by setting its position to zero spmR = 0. Once the dog clutch 1 is fully opened, the downshift transfers to Phase 2, where the new m-gear (m2, Table 1) is to be synchronized. Since the M/G machine is disconnected in this phase by the open dog clutch, the driver-demanded wheel braking torque τwd < 0 is briefly not met. This results in increase of the vehicle velocity tracking error and consequent increase of absolute value of braking torque demand τwd. Once the new m-gear speed ωm2 is synchronized with main shaft speed ωms by means of closed-loop M/G machine control, Phase 3 starts, in which the dog clutch assumes its positions spm = 2 and the gear shift is completed. Although the mechanical brakes could have been used during Phases 1–3, the braking torque reference τbrkR is deliberately set to zero (τbrkR = 0 Nm) to avoid energy dissipation on mechanical brakes and maximally utilize regenerative braking after the shift is completed (Phase 4 in Figure 12). Since the regenerative M/G machine torque τMG < 0 becomes eventually saturated, the mechanical brake torque reference τbrkR is determined according to Equation (13) to satisfy the braking torque demand τwd < 0.






4. Extended Backward-Looking Powertrain Model


To maintain the computational efficiency of BWD model while increasing its accuracy towards that of the FWD model, an extended backward-looking model (EXT-BWD) is proposed in this section. The BWD model extension relates to capturing the powertrain transient effects, with emphasis on transient power losses. The model has physical background, where some of the dependencies/maps are created based on FWD model simulation responses.



4.1. Model Structure Overview


The structure of EXT-BWD model is outlined by the block diagram shown in Figure 13. As discussed in Section 3, the engine torque reference τ*eR is reduced to zero during the powertrain transients that involve manipulation of main clutch or dog clutches. During those intervals, the M/G machine predominantly delivers the traction power, and at the same time it covers additional transient-related losses such as the main clutch and synchronizers slippage losses, engine starting mechanical loss, and additional electrical loss related to M/G machine-based synchronization action for dog clutches.



In the EXT-BWD model shown in Figure 13, the powertrain transient losses are accounted for through two static submodels that determine: (i) the equivalent engine torque loss Δτe,k, and (ii) transient power losses Pdyn,loss. To calculate the torque and power losses, it turns out that it is necessary to know the engine on/off status in the previous sampling time (ENst,k-1), the previous gear ratio (hk-1), and the previous wheel/vehicle speed (ωw,k-1). To this end, the EXT-BWD model includes a one-step memory block 1/z for each of those three variables (Figure 13), as additional dynamic blocks to the battery model SoC integrator. The calculated engine torque cut Δτe is simply subtracted from the engine torque reference τeR to obtain the engine torque τe (Figure 13).



The transient power loss Pdyn,loss is divided by the M/G machine speed ωMG to obtain the corresponding torque loss, which is also added to the M/G machine torque reference to cover both static and dynamic torque losses (Figure 13). This calculation process is formally justified by the following M/G machine torque equation obtained by modifying the transmission input shaft torque balance Equation (3):


   τ  M G R , k   =        τ  w , k    η  t r    k t       τ  w , k     +    P 0     ω  w , k        ω  w , k        i o   h k     ⏟     τ  i s , k     +    P  d y n , l o s s , k      ω  M G , k     −      τ  e R , k   + Δ  τ  e , k    ⏟     τ  e , k     .  



(15)








4.2. Engine Torque Loss


The engine torque loss Δτe,k from Figure 13 is defined as


  Δ  τ  e , k   =  r c    E  N  s t , k   ,   E  N  s t , k − 1   ,    h k  ,    h  k − 1      τ  e R , k   , .  



(16)




where 0 ≤ rc ≤ 1 is the engine torque reduction coefficient which is represented by a map (actually a table due to discrete amplitude inputs, see Appendix C) parameterized based on the results of exhaustive FWD model simulations. To extract the values of coefficient rc, the engine torque reference commanded by the high-level control (τeR) is related to the delivered engine torque τe obtained from the forward model and averaged over the high-level controller sampling period Td = 1 s (τe,avg) as illustrated in Figure 14:


   r  c , k   = 1 −    τ  e , a v g , k      τ  e R , k     .  



(17)







Mean values of rc,k calculated according to Equation (17) for different combinations of rc-map inputs, which describe five distinct powertrain transient modes discussed in Appendix C, are stored in the engine torque reduction coefficient map rc(ENst,k, ENst,k−1, hk, hk−1). In the special case of no engine status and shift transient, the coefficient rc is set to zero, i.e., τe = τeR applies as in the case of BWD model. If the engine is switched off, the coefficient rc is set to 1, i.e., τe = 0 holds.




4.3. Powertrain Transient Power Loss


The powertrain transient power loss Pdyn,loss from Figure 13 is determined in each sampling instant tk = kTd of the high-level control strategy (Td = 1 s) from the following energy loss contributions: (i) main clutch and synchronizer slippage losses Emcl,loss and Esync,loss, respectively, (ii) engine-on switching energy loss Ee,ON,loss, and (iii) M/G machine-based synchronization loss EMG,sync:


   P  d y n , l o s s , k   =  1   T d       E  m c l , l o s s , k   +  E  s y n c , l o s s , k   +  E  e , O N , l o s s , k   +  E  M G , s y n c , k     .    



(18)







4.3.1. Main Clutch Slippage Energy Loss


Taking into account that during the main clutch engagement the engine torque reference is set to zero (τeR*= 0 Nm; Figure 10) and the M/G machine speed is nearly constant (    ω ˙   M G   = 0  ), the clutch slip speed dynamics can be described as:


    ω ˙   m c l   =   ω ˙  e  −   ω ˙   M G   ≅   ω ˙  e  =  1   I e       τ e  −  τ  m c l     ≅ −    τ  m c l      I e    ,  



(19)




where Ie is the engine inertia. Integrating Equation (19) while accounting for the initial condition ωmcl(k) = ωmcl,start for the particular (kth) sampling interval yields


   E  m c l , l o s s   =   ∫  0  Δ  t  m c l      P  m c l , l o s s   d t =   ∫  0  Δ  t  m c l      τ  m c l    ω  m c l   d t ≅   ∫  0  Δ  t  m c l      τ  m c l     −    τ  m c l      I e    t +  ω  m c l , s t a r t     d t ,  



(20)




where Δtmcl is the target clutch engagement time (see Equation (14)). Based on the assumption that     ω ˙   M G   = 0  , the initial clutch slip speed may be expressed as


   ω  m c l , s t a r t   ≅  ω  e , k   −  ω  e , k − 1   .  



(21)







For the constant clutch torque capacity reference cmclR, taking into account the actuator dynamics, the main clutch torque τmcl during the engagement period can be expressed as


   τ  m c l   =  τ  m c l , max    c  m c l   =  τ  m c l , max    c  m c l R     1 −  e  −  t   T  m c l         .  



(22)







Inserting Equation (22) into Equation (20), accounting for Equation (21), solving the integral Equation (20) and rearranging gives the following final expression for the main clutch energy loss:


   E  m c l , l o s s , k   =        k  m c l    ω  m c l , s t a r t  2  ,                    for      E  N  s t , k   = 1   i   E  N  s t , k − 1   = 0            or      E  N  s t , k   = 1   i    h k  ≠  h  k − 1     ,                         0 ,                                                          otherwise  ,       ,  



(23)




with the coefficient kmcl given by


   k  m c l   =  I e    −  1  2  c  m c l  2       T  m c l  2   b  m c l   +  T  s y n c  2  + 4  T  m c l  2   a  m c l   − 2  T  m c l    T  s y n c    a  m c l     − 1   ,  



(24)




where the expressions for coefficients amcl, bmcl and cmcl are included in Appendix A.




4.3.2. Synchronizer Slippage Energy Loss


The total synchronizer slippage energy loss is expressed as the following:


   E  s y n c , l o s s , k   =   ∑  i    ∑  j   E  s , i , j , l o s s , k   ,  



(25)




where i ∈ [s, r] and j ∈ [1,2] stand for the synchronizer stage and the ordinal number of the synchronizer within the stage, respectively (see Figure 2). In order to facilitate analytical derivation, the following assumptions are made: (i) the synchronizer actuator dynamics have negligible influence, (ii) only the synchronizer s engages during the gear shift (i.e., synchronizers m and r stay locked), and (iii) the counter-shaft has a nearly constant speed (    ω ˙   c s   = 0  ) due to the high output inertia, which gives:


   E  s , s , j , l o s s , k   =  1 2   I  M G 1    ω  s s , k − 1  2  =  1 2   I  M G 1        i o   h k   ω  w , k   −  i o   h  k − 1    ω  w , k − 1      2  ,  



(26)




where IMG1 is the lumped M/G machine and input shaft inertia. Note that the synchronizer s slip speed ωss,k in kth step (i.e., after the transient) equals to zero (ωss,k = ωMG,k – ωcs,k = 0 rad/s), and by assuming near constant counter shaft speed ωcs (    ω ˙   c s   = 0  , ωcs,k = ωcs,k−1) the slip speed at the start of the transient ωss,k−1 equals to difference of M/G machine speed prior and after the transient (ωss,k−1 = ωMG, k−1 − ωMG, k, see Equations (26) and (2)). Similarly, assuming the constant output shaft speed during the r-gear synchronization (    ω ˙   o s   = 0  ), negligible influence of synchronizer actuator dynamics, and inactive s- and m-gears, the r-gear synchronization loss is given by


   E  s , r , j , l o s s , k   =  1 2   I  M G 2    ω  s r , k − 1  2  =  1 2   I  M G 2        i o   h  r , k    ω  w , k   −  i o   h  r , k − 1    ω  w , k − 1      2  ,  



(27)




where IMG2 is the lumped M/G machine, input, counter, and main shaft inertia, hr is the h-gear speed ratio of the engaged r-gear, and ωsr,k−1 is the synchronizer r slip speed before the gear shift transient, where, similarly to the case of synchronizer s, the slip speed ωsr,k−1 equals to the difference of main shaft prior and after the transient (ωsr,k−1 = ωms,k−1 − ωms,k).




4.3.3. M/G Machine-Based Synchronization Energy Loss


The M/G machine-based synchronization loss of m-gear dog clutch is expressed as


   E  M G , s y n c , k   =  1 2   I  M G 3      ω  M G , k  2  −  ω  M G , k − 1  2    ,  



(28)




where IMG3 is the lumped M/G machine, input and counter-shaft inertia.




4.3.4. Engine-On Energy Losses While Switching On


The engine-start loss Ee,ON,loss includes the loss related to change in engine kinetic energy Ee,kin,loss and the engine drag-related loss Edrag,loss:


   E  e , O N , l o s s , k   =  E  e , k i n , l o s s   +  E  d r a g , l o s s   =    I e   ω  e , i d l e  2   2  +   ∫  0  Δ  t  i d l e      ω e   t   τ  e , d r a g      ω e    d t ,  



(29)




where ωe,idle is the engine idle speed, τe,drag is the engine drag torque (see Figure 7a), and Δtidle is the average time of reaching the idle speed, which is calculated from a rich set of FWD model responses. The integral in Equation (29) is numerically and off-line solved based on the assumption of constant engine acceleration (equal to ωe,idle/Δtidle, Section 3), and the resulting constant engine-on energy loss is applied on-line, i.e., when evaluating the model.




4.3.5. Inertial Load of Powertrain Components


Finally, for improved accuracy of the EXT-BWD model, the equivalent mass of rotating powertrain components is determined as the following (see Figure 5 and Figure 6):


   m  a d d   =   2  I w  +    I e  +  I  M G   +  I  c s   +  I  m s   +  I  o s       h ^  2   i o 2     r w 2    ,  



(30)




where   h ^   is the transmission gear ratio obtained offline as a shift scheduling map fed by the wheel speed and wheel torque demand inputs. The shift scheduling map is obtained by minimizing the pure electric drive cost function given in Equation (9). The equivalent mass given by Equation (30) is added to the vehicle mass Mv within the longitudinal dynamics Equation (1).




4.3.6. Use of EXT-BWD Model within ECMS+RB Control Strategy


In order to improve the control performance, the RB+ECMS control strategy is modified to rely on the EXT-BWD model shown in Figure 13, and it is denoted as RB+ECMS-EXT. Although the EXT-BWD model is somewhat more complex than the original BWD model, the RB+ECMS-EXT strategy still executes as comparably fast as in the case of its RB+ECMS counterpart.



The GSD algorithm described by Equations (10) and (11) represents a heuristic method of reducing the number of gear shifts and improving drivability when applying the RB+ECMS control strategy. Since the RB+ECMS-EXT strategy inherently accounts for the shift-related transient energy losses, it naturally avoids frequent shifting, and it does not require the GSD algorithm (i.e., it is omitted in the RB+ECMS-EXT strategy).






5. Dynamic Programming-Based Control Variable Optimization and EXT-BWD Model Validation


5.1. Optimal Problem Formulation


DP algorithm can provide globally optimal solution when solving a general non-convex control variable optimization problem [27,28]. The DP-based optimization is computationally feasible only for problems with a low number of control and state variables, which is the case with backward-type PHEV models [28,29]. The resolution of state and control variable quantization is selected as a trade-off between optimization accuracy and execution time. In the case of BWD model, the battery SoC is the only state variable xk = SoCk (see Section 2). In the case of EXT-BWD model, the state variable SoCk is supplemented by the engine on/off status and the gear ratio variables in the previous, (k−1)st step, which are designated as ENst,prev,k and hprev,k, respectively (see Figure 13 and note that the third signal for which the memory block z−1 is applied therein is not a state, but rather an external input ωw, which is known in advance):


    x  k  =   [      S o  C k      E  N  s t , p r e v , k        h  p r e v , k          ]  T  .  



(31)







In both backward model variants, the engine torque reference τeR,k and the transmission gear ratio hk are set as elements of the control input vector


    u  k  =          τ  e R , k        h k         T  .  



(32)







The wheel torque demand τw,k and the current wheel speed ωw,k, as well as the previous wheel speed ωw,k-1 in the case of EXT-BWD model, are combined into the external input vector


    v  k  =          τ  w , k        ω  w , k        ω  w , k − 1          T  .  



(33)







The EXT-BWD model state-space system includes the SoC dynamics given by Equation (6) and discretized in time by using the Euler forward method with Td = 1 s, as well as the following one-step delay state equations for the additional states ENst,prev,k and hprev,k:


        E  N  s t , p r e v , k + 1          h  p r e v , k + 1         =      0   0     0   0            E  N  s t , p r e v , k          h  p r e v , k         + [       f  E N , s t    .     0     0   1    ]         τ  e , k          h k        ,  



(34)




where fEN,st(u) is the step-type activation function, which equals 1 if u > 0, while it is set to 0 if u ≤ 0. The overall discrete-time state-space system is described in the following vector form:


    x   k + 1   = f     x  k  ,     u  k  ,     v  k     



(35)




with the initial and final conditions given by


    x  i  =   [      S o  C i      E  N  s t , p r e v , i        h  p r e v , i    ]      T  , ,  



(36)






    x  f  =   [      S o  C f      E  N  s t , p r e v , f        h  p r e v , f    ]      T  .  



(37)







The cumulative discrete cost function J to be minimized by the DP algorithm is defined as


  J =  J f  +   ∑   k = 0   N − 1   F    x k  ,  u k  ,    v k    ,  



(38)




with the cost to go function F specified as


     F    x k  ,   u  k  ,   v  k        =  T d    m ˙   f , k   +             +  K g     H −     x k  − S o  C  min     +  H −    S o  C  max   −  x k                  +  K g     H −     P  b a t t   max   −  P  b a t t , k     +  H −     P  b a t t , k   −  P  b a t t   min                   +  K g     H −      u  k  −   u  k  min     +  H −      u  k  −   u  k  max                   +  K g     H −     ω  e , k   −  ω e  min     +  H −     ω e  max   −  ω  e , k                   +  K g     H −     τ  M G , k   −  τ  M G   min     +  H −     τ  M G   max   −  τ  M G , k                   +  K g     H −     ω  M G , k   −  ω  M G   min     +  H −     ω  M G   max   −  ω  M G , k       ,     



(39)




where the first right-hand side term represents the fuel consumption increment while the remaining terms stand for inequality constraints related to the physical limits of various variables [28]. The inverted Heaviside function H−(x) is defined as H−(x) = 1 for x < 0, and H−(x) = 0 otherwise. The penalization factor Kg is set to a sufficiently high value (1012, herein) to ensure that constraints are satisfied.



The final condition penalization term


   J f  =        K f     0   0            x  f  − f     x   N − 1   ,   u   N − 1   ,   v   N − 1        2   



(40)




is introduced in Equation (38) to satisfy that SoC(tf) is equal to the final condition SoCf, where the weighting factor is set to Kf = 106.



The DP algorithm is implemented in C++ programming language to improve the computational efficiency. The previous gear ratio and engine on/off status states hk−1 and ENst,k−1, respectively, are inherently discrete variables, and have only 2 and 12 discrete levels, respectively. The gear ratio control input    h k    has 12 discrete levels, while the battery SoC state SoCk and the engine torque control input    τ  e , R k     are originally continuous variables and are discretized into 200 levels each.




5.2. Optimization Results


DP-based control variable optimization has been carried out for the case of charge-sustaining (CS) mode, where SoCi = SoCf = 30%, and three heavy-duty certification driving cycles (HDUDS, WHVC and JE05) and a recorded city bus driving cycle with the road grade set to zero (denoted as DUB; [30]). The optimization results obtained for both BWD and EXT-BWD models are given in Table 2. They include the total fuel consumption Vf and the related final SoC value SoC(tf) as well as the number of gear shifts Ng and engine-on switching Ne. In the case of realistic DUB driving cycle, the fuel consumption predicted by EXT-BWD model is 9% higher than that predicted by BWD model. This indicates that the BWD model is largely optimistic in predicting the fuel consumption because of neglected transient losses. Furthermore, the number of gear shifts Ng and engine-on events Ne is approximately halved in the case of EXT-BWD model when compared to BWD model. This is because the transient events are discouraged when accounting for the transient losses within the EXT-BWD model. In the case of artificial/certification driving cycles, the fuel consumption predicted by the EXT-BWD model is around 5% higher than that of the BWD model, while the level of drivability improvement is comparable to that of DUB cycle (around 50% less shifting/switching events).




5.3. Validation of EXT-BWD Model


For the purpose of EXT-BWD model validation, the DP-optimized control variables obtained for the EXT-BWD model and the BWD model, uEXT-BWD and uBWD, are fed to the original, more accurate FWD model in an open-loop manner. The fuel consumption and SoC trajectories predicted by the EXT-BWD, BWD, and FWD models, and given in travelled distance x-axis, are shown in Figure 15 for the four driving cycles considered in Table 2. These results show that, when applying the input uEXT-BWD, the EXT-BWD and FWD models predict very similar SoC and fuel consumption trajectories where the final values match within the error margin of 1.5%. On the other hand, when applying the input uBWD to BWD and FWD model, the fuel consumption and SoC trajectories of the two models deviate substantially, especially for more dynamic (and realistic) DUB driving cycles. The BWD model-predicted final fuel consumption and SoC are underestimated to a large extent (at least −10% offset for SoC(tf) and 30% reduced Vf). This is, again, due to neglected transient losses in the case of BWD model.





6. Control System Simulation Results


The control strategies based on BWD and EXT-BWD models, which are referred to as RB+ECMS and RB+ECMS-EXT, are verified and compared in this section. Applying these strategies to the EXT-BWD model produces the results shown in Table 3, where those related to RB+ECMS correspond to two cases: with and without gear shift delay (GSD) algorithm. The results include relative differences of the control system performance indicators with respect to those of DP optimal results (see the values given in parentheses). To provide consistent comparison in the presence of floating final SoC values SoC(tf) in the case of control system, the DP optimizations have been conducted for a number of final SoC conditions SoCf around the target of 30%. The respective optimal fuel consumption values V*f are linearly interpolated with respect to final SoC conditions SoCf, and as such they are used to calculate the indicators’ relative differences.



The performance indicators shown in Table 3 point out that the use of GSD algorithm within RB+ECMS results in significant reduction (≅50%) of the number of gear shifts Ng for all driving cycles. At the same time, the fuel consumption is mostly improved, but only marginally. On the other hand, RB+ECMS-EXT considerably reduces the fuel consumption relative excess with respect to DP benchmark (see the percentage values in Vf column). The reduction is most significant in the case of realistic DUB driving cycle where the fuel consumption excess is reduced from 8.7% to 5.2%. RB+ECMS-EXT has comparable number of gear shifts Ng to that of RB+ECMS with GSD algorithm included. This is achieved through physical description of transient losses rather than using a heuristic GSD algorithm. The number of engine-on switching Ne is comparable for all control strategies considered.



The performance comparison of RB+ECMS w/GSD and RB+ECMS-EXT when applied to more accurate FWD model is presented in Table 4. For the sake of consistent comparison, the total fuel consumption Vf is corrected with respect to deviation of final SoC from its target value SoCR = 0.3:


   V  f , c o r r   =  V f  + Δ  V f    S o C    t f    − S o  C R    ,  



(41)




where the sensitivity parameter ΔVf is obtained by forming a linear regression of multiple SoC(tf) vs. Vf pairs obtained by a series of simulations with different values SoCR [5]. The results in Table 4 point out that RB+ECMS-EXT outperforms RB+ECMS in terms of fuel consumption, and the extent of improvement is similar as in the case (EXT)-BWD model simulations (cf. Table 3). In the most realistic case of DUB driving cycle, the fuel consumption reduction is 2.2%, which is achieved by computationally non-demanding extension of RB+ECMS.




7. Conclusions


In this paper, a detailed forward-looking (FWD) powertrain model has been proposed for a plug-in hybrid electric vehicle (PHEV) given in P2 parallel configuration. The FWD model includes a low-level control system built around 12-speed automated manual transmission shift controls. Furthermore, an extended backward-looking (EXT-BWD) model has been proposed to account for the powertrain torque and power losses during engine-on and transmission shift events. The EXT-BWD model shares the advantages of FWD model (accuracy) and conventional BWD model (computational efficiency).



The dynamic programming (DP)-based PHEV control variable optimization algorithm has been extended to reflect the structure of EXT-BWD model. The extended DP optimization algorithm has been employed for validating the EXT-BWD model, where the DP-optimal control variables were fed into the EXT-BWD and FWD models for comparison of fuel consumption and battery state of charge (SoC) trajectories. The validation results have shown that the EXT-BWD model predicts final SoC and fuel consumption values that approach those obtained by the FWD model with the relative error margins lower than 1.5%, which is by an order of magnitude lower than what can be achieved by using the conventional BWD model.



The previously developed, combined rule-based and equivalent consumption minimization strategy (RB+ECMS)-type high-level controller has been extended to account for the engine-on and gear shifting transient losses described by the EXT-BWD model. The extended control strategy, denoted as RB+ECMS-EXT, outperforms RB+ECMS when applied to both EXT-BWD and FWD models. The improvement is most pronounced for a realistic dynamic driving cycle of considered city bus vehicle, and it is reflected in 2.2% lower fuel consumption as well as mostly reduced number of gear shifts (by 5–10%). These performance gains are achieved without any significant reduction of computational efficiency.



The future work will focus on extending the RB+ECMS-EXT control strategy with a control parameters adaptation law. In addition, model predictive control based on the EXT-BWD model will be considered.
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Appendix A. Powertrain and Control Strategy Parameters


The values of PHEV model parameters are: Mv = 12.635 kg, R0 = 0.012, io = 4.72, rw = 0.481 m, Cd = 0.7, ρair = 1.225 g/m3, Af = 7.52 m2, Qmax = 30 Ah.



The values of RB+ECMS controller parameters are: Pon = 80 kW, Poff = 30 kW,     A ¯   e k    = 195 g/kWh, KSoC = 736,000 W, ΔSoC = 0.02.



The expressions for coefficients of Equation (24) read:


   a  m c l   = 1 −  e  −   Δ  t  m c l      T  m c l       ,      b  m c l   = 1 −  e  −   2 Δ  t  m c l      T  m c l       ,      c  m c l   =  T  m c l    a  m c l   − Δ  t  m c l   .    












Appendix B. Generating Main Clutch Normalized Torque Capacity Reference


By combining Equations (19) and (22), the main clutch slip speed dynamics can be written as


    ω ˙   m c l   = −    τ  m c l      I e    = −    τ  m c l , max    c  m c l      I e    = −    τ  m c l , max    c  m c l R      I e      1 −  e  −  t   T  m c l         .    



(A1)







By integrating the Equation A1 from t= 0 s to t = Δtmcl and considering the boundary conditions ωmcl(Δtmcl) = 0 rad/s and ωmcl(0) = ωmcl,start, the following equality applies:


   ω  m c l , s t a r t   =    τ  m c l , max      I e       T  m c l     1 −  e  −   Δ  t  m c l      T  m c l         − Δ  t  m c l      c  m c l R   ,  



(A2)




from which Equation (14) is derived.




Appendix C. Engine Torque REDUCTION Coefficient


The engine torque reduction coefficient rc is identified for five distinct powertrain transient modes, which include: (i) engine-on transient with no gear shifting, (ii) and (iii) engine-on and gear shift transient with and without m-gear change, respectively, and (iv) and (v) gear shift transient only with and without m-gear change, respectively. The transient mode is determined based on the gear ratio h and the engine on/off status ENst in the current kth and previous (k − 1)st steps.



The engine torque reduction coefficient values identified for the five transient modes based on FWD model simulations are given in Figure A1. These values are used to determine the mean rc for each transient mode, which is then stored in the map rc(ENst,k, ENst,k−1, hk, hk−1) depending on the transient mode input obtained for the four map inputs.
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Figure A1. Engine torque reduction coefficient for five characteristic powertrain transient modes. 






Figure A1. Engine torque reduction coefficient for five characteristic powertrain transient modes.
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Figure 1. P2 Parallel PHEV powertrain configuration. 
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Figure 2. Schematics of 12-gear AMT. 
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Figure 3. M/G machine (a) and engine maps (b). 
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Figure 4. Equivalent circuit model (a) and SoC-dependent open-circuit voltage Uoc and internal resistance R (b) for LiFePO4 battery, reprinted with permission from [23]. 
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Figure 5. FWD model of PHEV powertrain implemented within Amesim. 
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Figure 6. Driveline and longitudinal dynamics model implemented in Amesim. 
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Figure 7. Engine drag torque characteristic (a) and turbocharged Diesel engine torque development time constant (b). 
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Figure 8. Block diagram of overall PHEV powertrain control system. 
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Figure 9. Block diagram of RB+ECMS-type high-level control strategy. 
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Figure 10. Low-level control system response during engine-on switching mode: engine status flag and main clutch normalized torque capacity (a), main clutch slip speed and engine and M/G machine speeds (b); engine and M/G machine reference and actual torques (c). Phases: (1) main clutch engagement, (2) engine torque buildup, (3) main clutch locking. 






Figure 10. Low-level control system response during engine-on switching mode: engine status flag and main clutch normalized torque capacity (a), main clutch slip speed and engine and M/G machine speeds (b); engine and M/G machine reference and actual torques (c). Phases: (1) main clutch engagement, (2) engine torque buildup, (3) main clutch locking.



[image: Energies 15 08152 g010]







[image: Energies 15 08152 g011 550] 





Figure 11. Low-level control system response during engine-on gear shifting mode (8–9 upshift): gear index and main clutch normalized torque capacity reference and actual responses (a), main clutch slip speed and main shaft and m2 gear speeds (b), s-synchronizer and m-dog clutch reference and actual positions (c), engine and M/G machine reference and actual torques (d). Phases: (1) switching off engine and main clutch opening, (2) dog clutch opening and s-gear synchronization, (3) m-gear synchronization, (4) m-gear engagement, (5) M/G machine torque buildup. 
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Figure 12. Low-level control system response during engine-off downshift transient including use of mechanical brakes (12-10 downshift): gear index and dog clutch position reference and actual responses (a), total wheel demand torque and reference and actual brake torque (b), main shaft, m2 gear, and M/G machine speeds (c), M/G machine torque with corresponding limits (d). Phases: (1) dog clutch opening, (2) m-gear synchronization, (3) m-gear engagement, (4) M/G machine torque buildup and mechanical brake activation. 
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Figure 13. Block diagram of extended backward (EXT-BWD) model. 
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Figure 14. Illustration of identification of engine torque reduction coefficient rc based on FWD model responses. 
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Figure 15. SoC and fuel consumption trajectories given over travelled distance and predicted by BWD, EXT-BWD, and FWD models fed by DP-optimized control variables of BWD and EXT-BWD models for DUB (a), HDUDDS (b), WHVC (c) and JE05 (d) driving cycles. 
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Table 1. Gear shifting table of considered 12-speed AMT.
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	Gear hidx [-]
	Ratio h [-]
	s1
	s2
	m1
	m2
	m3
	r1
	r2
	sps
	spm
	spr





	1
	14.94
	x
	
	x
	
	
	x
	
	1
	1
	1



	2
	11.73
	
	x
	x
	
	
	x
	
	2
	1
	1



	3
	9.04
	x
	
	
	x
	
	x
	
	1
	2
	1



	4
	7.09
	
	x
	
	x
	
	x
	
	2
	2
	1



	5
	5.54
	x
	
	
	
	x
	x
	
	1
	3
	1



	6
	4.35
	
	x
	
	
	x
	x
	
	2
	3
	1



	7
	3.44
	x
	
	x
	
	
	
	x
	1
	1
	2



	8
	2.70
	
	x
	x
	
	
	
	x
	2
	1
	2



	9
	2.08
	x
	
	
	x
	
	
	x
	1
	2
	2



	10
	1.63
	
	x
	
	x
	
	
	x
	2
	2
	2



	11
	1.27
	x
	
	
	
	x
	
	x
	1
	3
	2



	12
	1.00
	
	x
	
	
	x
	
	x
	2
	3
	2
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Table 2. DP-based control variable optimization results for different driving cycles and two types of BWD model.
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Cycle

	
Model

	
Vf [L]

	
SoC(tf) [%]

	
Ne [-]

	
Ng [-]






	
DUB

	
BWD

	
1.80

(+0.0%)

	
29.75

(+0.0%)

	
64

(+0.0%)

	
967

(+0.0%)




	
EXT-BWD

	
1.96

(+8.9%)

	
29.76

(+0.0%)

	
28

(−56.3%)

	
555

(−42,6%)




	
HDUDDS

	
BWD

	
2.02

(+0.0%)

	
29.74

(+0.0%)

	
25

(+0.0%)

	
168

(+0.0%)




	
EXT-BWD

	
2.12

(+5.0%)

	
29.89

(+0.5%)

	
13

(−48.0%)

	
92

(−45.0%)




	
WHVC

	
BWD

	
4.22

(+0.0%)

	
29.85

(+0.0%)

	
51

(+0.0%)

	
365

(+0.0%)




	
EXT-BWD

	
4.40

(+4.3%)

	
29.69

(−0.5%)

	
26

(−49.0%)

	
190

(−47.9%)




	
JE05

	
BWD

	
2.54

(+0.0%)

	
29.80

(+0.0%)

	
54

(+0.0%)

	
466

(+0.0%)




	
EXT-BWD

	
2.66

(+4.7%)

	
29.61

(−0.6%)

	
22

(−59.3%)

	
224

(−51.9%)
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Table 3. Comparative simulation results for control strategies based on BWD and EXT-BWD models (denoted as RB+ECMS and RB+ECMS-EXT, respectively) when applied to EXT-BWD model.
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Strategy

	
Vf [L]

	
SoC(tf) [%]

	
Ne [-]

	
Ng [-]






	
DUB driving cycle




	
RB+ECMS, w/o GSD

	
2.11

(+9.0%)

	
28.91

	
48

	
696

(0.0%)




	
RB+ECMS, w/GSD

	
2.10

(+8.7%)

	
28.93

	
48

	
383

(−45.0%)




	
RB+ECMS-EXT

	
2.04

(+5.2%)

	
28.95

	
45

	
371

(−46.7%)




	
HDUDDS driving cycle




	
RB+ECMS, w/o GSD

	
2.33

(+3.2%)

	
32.99

	
11

	
167

(0.0%)




	
RB+ECMS, w/GSD

	
2.34

(+3.4%)

	
33.14

	
11

	
88

(−47.3%)




	
RB+ECMS-EXT

	
2.31

(+2.1%)

	
33.12

	
12

	
79

(−52.7%)




	
WHVC driving cycle




	
RB+ECMS, w/o GSD

	
4.64

(+3.8%)

	
31.35

	
21

	
327

(0.0%)




	
RB+ECMS, w/GSD

	
4.63

(+3.7%)

	
31.35

	
22

	
187

(−42.8%)




	
RB+ECMS-EXT

	
4.61

(+3.1%)

	
31.38

	
22

	
188

(−42.5%)




	
JE05 driving cycle




	
RB+ECMS, w/o GSD

	
2.72

(+4.6%)

	
28.15

	
24

	
480

(0.0%)




	
RB+ECMS, w/GSD

	
2.72

(+4.6%)

	
28.18

	
24

	
220

(−54.2%)




	
RB+ECMS-EXT

	
2.68

(+3.0%)

	
28.24

	
24

	
236

(−50.8%)
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Table 4. Strategies based on BWD and EXT-BWD models (denoted as RB+ECMS and RB+ECMS-EXT, respectively) when applied to FWD model.






Table 4. Strategies based on BWD and EXT-BWD models (denoted as RB+ECMS and RB+ECMS-EXT, respectively) when applied to FWD model.





	
Strategy

	
Vf [L]

	
Vf,corr [L]

	
SoC(tf) [%]

	
Ne [-]

	
Ng [-]






	
DUB driving cycle




	
RB+ECMS, w/GSD

	
2.13

	
2.28

(0.0%)

	
27.78

	
61

	
499

(0.0%)




	
RB+ECMS-EXT

	
2.16

	
2.23

(−2.2%)

	
28.45

	
59

	
452

(−9.4%)




	
HDUDDS driving cycle




	
RB+ECMS, w/GSD

	
2.29

	
2.18

(0.0%)

	
32.60

	
17

	
97

(0.0%)




	
RB+ECMS-EXT

	
2.30

	
2.16

(−0.9%)

	
33.46

	
12

	
106

(+9.3%)




	
WHVC driving cycle




	
RB+ECMS, w/GSD

	
4.68

	
4.56

(0.0%)

	
33.07

	
22

	
288

(0.0%)




	
RB+ECMS-EXT

	
4.73

	
4.53

(−0.7%)

	
34.79

	
29

	
266

(−7.6%)




	
JE05 driving cycle




	
RB+ECMS, w/GSD

	
2.71

	
2.79

(0.0%)

	
28.07

	
22

	
239

(0.0%)




	
RB+ECMS-EXT

	
2.84

	
2.77

(−0.7%)

	
31.68

	
25

	
253

(−5.9%)
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