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Abstract—Among the hybrid electric vehicle categories, the 

multimode power-split allows to fully exploit the advantages 

related to the powertrain electrification. However, together with 

the increased flexibility, it comes with greater difficulty in defining 

an effective control strategy, both in terms of predicted fuel 

consumption and computational cost. To overcome the limits of 

the most diffused energy management strategies, slope-weighted 

energy-based rapid control analysis (SERCA) has been recently 

proposed. Nevertheless, so far, the algorithm has been applied to 

powertrains characterized by two operative modes solely. In this 

paper, we first present the inconsistency of SERCA applied to the 

whole set of multimode power-split arrangements. Subsequently, 

after correlating this divergence to the mode selection process, to 

overcome this draft, we introduce a novel strategy called SERCA+. 

This algorithm is proven to be robust and to achieve results close 

to the optimum benchmark with an insignificant increase in 

computational cost. Therefore, SERCA+ could potentially find 

application in design methodologies for multimode power-split 

HEVs to accelerate the overall vehicle design process. 

 

Index Terms—Electric vehicles, energy management, fast 

analysis, hybrid, multimode, optimal control, power-split 

powertrain 

I. INTRODUCTION 

HE new challenges of reducing fuel consumption and the 

pollutant emissions are leading the transport sector towards 

a paradigm shift. Among the sustainable alternatives to carbon 

fossil dependency, electrification is one of the most appealing 

solutions. The technological progress, especially in the power 

electronics field, is making electrified vehicles increasingly 

attractive for the mobility scenarios. Nevertheless, some know-

how limitations, as the ones related to the battery energy 

density, represent the current obstacles for a widespread 

application of the fully electric vehicles (EVs). Consequently, 

shortly, as a temporary transition, the market will likely be  
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dominated by hybrid electric vehicles (HEVs) [1-4]. 

Among the possible state of the art design architectures of the 

HEVs, the power-split is the most attractive category, both for 

heavy-duty and light-duty applications [5-8].  

Indeed, it allows exploiting the advantages of both parallel 

and series configurations. These types of power units typically 

use the planetary gear sets (PGs) as the power-split devices to 

separate the engine power in an electrical and a mechanical 

path. 

Moreover, the addition of clutches greatly enhances the 

operational flexibility, enabling multimode operations [9,10].  

To maximize the advantages of the multimode powertrains, 

a decisive part is the control strategy which is responsible for 

both selecting the operative mode and determining the power 

flow between powertrain components [11-13]. Particularly, 

since many design choices are possible, to select the proper 

arrangement for the specific application, it is crucial to find an 

algorithm ensuring reliable results with low computational cost 

[14]. Among the strategies introduced in the literature to 

address the control of HEVs, the most diffused ones are 

dynamic programming (DP) [15], equivalent consumption 

minimization strategy (ECMS) [16], and Pontryagin’s 

minimum principle (PMP) [17]. However, all these present 

some drawbacks when it comes to the multimode application. 

DP ensures global optimality by paying an excessive 

computational burden [15]. Both ECMS and PMP need the 

tuning of some parameters, which are mode dependent [18]. 

Zhang et al. have introduced a fast algorithm named power-

weighted efficiency analysis for rapid sizing (PEARS) of HEVs 

[19,20]. However, as we will show in the case study section, 

this strategy might produce results far from the DP optimal 

benchmark. Therefore, an offline control strategy for a 

multimode power-split HEV that achieves near-optimal results 

in terms of fuel consumption while exhibiting reduced 

computational cost still needs an exhaustive development. 

 To address this issue, Anselma et al. have recently proposed 

a new methodology, called slope-weighted energy-based rapid 

control analysis (SERCA) [21]. This strategy has been proven 

to achieve good results for a dual mode transmission but has not 

been applied yet to the powertrains with more than two 

operative modes. In this paper, first we attempt to extend the 

SERCA methodology to the case of multimode powertrains. 

Nevertheless, we demonstrate the lack of consistency of this 

strategy in dealing with the mode choice. Consequently, we 

introduce another approach, called SERCA+, which combines 

the strength of PEARS and SERCA. Finally, we present a case 
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study on a state-of-the-art architecture to demonstrate the 

benefit of the proposed solution. SERCA+ is particularly proven 

to achieve near-optimal results in terms of fuel consumption 

compared with the global optimal DP benchmark. On the other 

hand, compared with PEARS as the most rapid HEV control 

strategy, SERCA+ exhibits a minor increase in computational 

burden. This suggests the potential use of SERCA+ to accelerate 

the design process of multimode power-split HEVs. 

II. VEHICLE AND POWERTRAIN MODEL 

In this section, we present the quasi-static vehicle model, 

implemented in our analysis. Required vehicle and powertrain 

parameters used for the simulation are reported in Table I.  

A. Road Load Model 

The road resistance force 𝐹𝑟𝑜𝑎𝑑 is modelled using following 

equation 

𝐹𝑙𝑜𝑎𝑑 = 𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑟𝑟                                 (1) 

 

where 𝐹𝑎𝑟𝑒𝑜 is the aerodynamic drag and 𝐹𝑟𝑟 is the rolling 

resistance. 

 Consequently, the road load torque on the powertrain and 

powertrain rotational speed are computed as  

𝑇𝑝𝑡 =
𝐹𝑟𝑜𝑎𝑑𝑟𝑑𝑦𝑛+

𝐼𝑣 𝑎

𝑟𝑑𝑦𝑛

𝐾
            (2) 

𝜔𝑝𝑡 =
𝐾∙𝑣

𝑟𝑑𝑦𝑛
             (3) 

where 𝑟𝑑𝑦𝑛 is the wheel dynamic rolling radius, 𝐾 is the final 

drive ratio, 𝐼𝑣  is the vehicle’s combined momentum of inertia at 

wheel, 𝑎 is the longitudinal acceleration, and 𝑣 is the 

longitudinal speed [21]. 

B. Planetary Gear (PG) Model 

The PG device is the core element of power-split 

powertrains. PG is a two degrees of freedom (DOF) dynamic 

system. Rotational speeds of its nodes (ring, carrier and sun) are 

subjected to the kinematic constraint illustrated in (4). Fig.1 

shows the PG device scheme and the lever analogy, which is 

useful dealing with architectures with multiple PGs [22]. 

𝜔𝑠𝑟𝑠 + 𝜔𝑟𝑟𝑟 = 𝜔𝑐(𝑟𝑟 + 𝑟𝑠)          (4) 

We assume that forces exchanged between PG nodes are the 

same due to the small gear inertia assumption [23] and that the 

inertia of powertrain components are negligible compared to 

the vehicle one [19]. Under these hypotheses, equations for the 

PG torque are derived as [24] 

𝑇𝑠

𝑇𝑐
= −

𝑅𝑠

𝑅𝑟+𝑅𝑠
           

𝑇𝑟

𝑇𝑐
= −

𝑅𝑟

𝑅𝑟+𝑅𝑠
         (5) 

Where subscripts 𝑠, 𝑐, and 𝑟 are used to identify sun, carrier, and 

ring, respectively, and 𝑇 and 𝜔 represent the torque and speed 

for the nodes. In this paper, we focus on powertrains with 

double PG arrangement. In fact, previous researches have 

proven the benefits of this choice for light-duty applications 

[25]. 

C. Model of the Powertrain Components 

The internal combustion engine (ICE) and the motor 

generator units (MGUs) are modeled using experimentally 

derived steady-state look-up tables. For the ICE, the map refers 

to the amount of fuel consumption as a function of torque and 

speed. Instead, for the MGUs, the map shows the power losses 

as a function of torque and speed. Finally, the battery is 

modeled by an equivalent circuit model, where the value of the 

internal resistance (𝑅𝑖𝑛𝑡) and the open circuit voltage (𝑉𝑂𝐶) are 

assumed constant respective to variation in the battery state of 

charge (SOC), state of health (SOH), and temperature. In fact, 

it has been demonstrated how these hypotheses allow to reach 

results with a good level of approximation [17, 26]. The battery 

power is computed using (6)  

where 𝜂 denotes the efficiency of the motor generator units. 

(a)  (b)  

Fig. 1: Planetary gear set (a) and lever diagram (b) 

𝑃𝑏𝑎𝑡𝑡 = ∑ 𝜔𝑀𝐺𝑖  𝑇𝑀𝐺𝑖  𝜂𝑀𝐺𝑖

−𝑠𝑖𝑔𝑛 (𝜔𝑀𝐺𝑖𝑇𝑀𝐺𝑖)

2

𝑖=1

 (6) 

  

TABLE I 
POWERTRAIN COMPONENTS MAIN PARAMETERS 

Components  Parameters  Value  

ICE 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 

𝑃𝑚𝑎𝑥 

𝑇𝑚𝑎𝑥 

𝐿𝐻𝑉 

𝜌𝑓𝑢𝑒𝑙 

3.6 L 

188 kW @5800 rpm 

320 Nm @4400 rpm 

43700 J/g 

737 g/l 

MG1 𝑃𝑚𝑎𝑥 

𝑇𝑚𝑎𝑥 

𝑛𝑚𝑎𝑥 

60 kW 

123 Nm 

14500 rpm 

MG2 𝑃𝑚𝑎𝑥 

𝑇𝑚𝑎𝑥 

𝑛𝑚𝑎𝑥 

85kW 

317 Nm 

14500 rpm 

Battery 𝑃𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑚𝑎𝑥
 

𝑃𝑐ℎ𝑎𝑟𝑔𝑚𝑎𝑥
 

𝑉𝑚𝑎𝑥 

𝐼𝑚𝑎𝑥 

𝐸𝑛𝑒𝑟𝑔𝑦𝑚𝑎𝑥 

59 kW 

107 kW 

402 V 

300 A 

64.26 MJ 

Vehicle 𝐼𝑣 

𝑟𝑑𝑦𝑛 

𝐾 

309.6 Kgm^2  

0.3582 m 

2.64 

 



 

 

III. MULTIMODE POWER-SPLIT HEV CONTROL 

In this section, we discuss the control strategies which have 

been presented in the literature to deal with the energy 

management problem for the studied hybrid electric powertrain 

category. 

 

A. Dynamic Programming (DP) 

Optimal control problem for the energy management of a 

multimode power-split HEV powertrain can be written as (7) in 

which time is discretized in 𝑁 steps with a time step of Δ𝑡. The 

objective function is also considered as the integration of a 

discrete cost function, 𝐽 (𝑇𝐼𝐶𝐸[𝑘], 𝜔𝐼𝐶𝐸[𝑘]), which is the 

amount of fuel consumption rate at each time step.   

 

𝐽∗ = 𝑚𝑖𝑛 ∑ 𝐽(𝑇𝐼𝐶𝐸[𝑘], 𝜔𝐼𝐶𝐸[𝑘]) Δ𝑡

𝑁−1

𝑘=0

 

subject to 

 𝑆𝑂𝐶[0] = 𝑆𝑂𝐶[𝑁] 

𝑆𝑂𝐶𝑚𝑖𝑛 ≤ 𝑆𝑂𝐶[𝑘] ≤ 𝑆𝑂𝐶𝑚𝑎𝑥 

𝑆𝑂𝐶[𝑘 + 1] = 𝑆𝑂𝐶[𝑘] −
𝑃𝑏[𝑘]Δ𝑡

𝑉𝑏𝑄𝑏

 

𝑃𝑙𝑜𝑎𝑑[𝑘] ≤ 𝑃𝐼𝐶𝐸[𝑘] + 𝑃𝑀𝐺1[𝑘] + 𝑃𝑀𝐺2[𝑘] 

 

 

where 𝑃𝑏 , 𝑉𝑏, and 𝑄𝑏  are battery power, voltage, and capacity, 

respectively. Also 𝑃𝑀𝐺1,𝑒  and 𝑃𝑀𝐺2,𝑒 denote electrical power for 

the first and second motor generator and functions 𝑓1, 𝑓2, and 𝐽 

are lookup tables for the MG1, MG2, and the ICE, respectively. 

Moreover, while forming the optimal control problem, we have 

assumed that reference vehicle speed is given as a driving cycle 

to follow. Based on this assumption, we calculate the 𝑃𝑙𝑜𝑎𝑑  for 

each time step as 

 

 

We should also note that we have a set of quasi-static equations 

for the power-split device in the following format 

 

In this equation, 𝑃𝑆 is the power-split device matrix, which 

changes accordingly with different architectures and the 

operating modes. Also, 𝐓 is the vector of components torque, 

including 𝑇𝐼𝐶𝐸 , 𝑇𝑀𝐺1, and 𝑇𝑀𝐺2. Also, 𝛚 is the vector of the 

rotational speeds of the components. During DP 

implementation for the vehicle, state variable is always the 

𝑆𝑂𝐶, however, control inputs will be chosen from the torque 

and speed for ICE, MG1, MG2, depending on the degree of 

freedoms for the power-split device. This in turn, depends on 

the architecture, topology, and the operating mode. 

DP is a numerical method which guarantees the achievement 

of the optimal solution by exhaustively considering all the 

possible solutions. To implement DP, time, control inputs, and 

the state variables need to be discretized. Consequently, 

obtained optimal results depend on the grid resolution. In this 

paper, due to the high computational cost, we consider DP 

results as a benchmark for the other EMS [18]. 

 

B. Power-Efficiency Analysis for Rapid Sizing (PEARS) 

The PEARS algorithm has been introduced ad hoc to deal 

with the design of multimode power-split HEV powertrains, 

adopting a charge sustaining (CS) strategy to manage the 

battery energy. This heuristic approach relies on the idea that 

each component should work as close as possible to its best 

efficiency region to achieve good sub-optimal performance. For 

each driving cycle point, the best EV (ICE off or pure electric) 

and HEV (ICE on) working conditions are selected on the base 

of the efficiency definitions reported in (10) and (11).  

 

 

𝜂𝐸𝑉 = 1 −
𝑃𝐸𝑉

𝑙𝑜𝑠𝑠

𝑃𝐸𝑉
𝑖𝑛

 

𝜂𝐸𝑉
∗ |𝜔𝑜𝑢𝑡,𝜔̇𝑜𝑢𝑡

= 𝑚𝑎𝑥[𝜂𝐸𝑉 (𝑇𝑀𝐺1, 𝑇𝑀𝐺2)]|𝜔𝑜𝑢𝑡 ,𝑇𝑑𝑒𝑚𝑎𝑛𝑑
 

 

(10) 

𝜂𝐻𝐸𝑉(𝜔𝑒, 𝑇𝑒)

=  

𝑃𝐼𝐶𝐸1 𝜂𝐺𝜂𝑏𝑎𝑡𝑡
𝜂𝐼𝐶𝐸𝑚𝑎𝑥 𝜂𝐺𝑚𝑎𝑥

⁄

𝑃𝑓𝑢𝑒𝑙 + 𝜇𝑃𝑏𝑎𝑡𝑡

+

𝑃𝐼𝐶𝐸2 𝜂𝐺𝜂𝑀
𝜂𝐼𝐶𝐸𝑚𝑎𝑥 𝜂𝐺𝑚𝑎𝑥 𝜂𝑀𝑚𝑎𝑥

⁄

𝑃𝑓𝑢𝑒𝑙 + 𝜇𝑃𝑏𝑎𝑡𝑡

+

𝑃𝐼𝐶𝐸2 
𝜂𝐼𝐶𝐸𝑚𝑎𝑥 ⁄ +

𝜇𝑃𝑏𝑎𝑡𝑡𝜂𝑏𝑎𝑡𝑡𝜂𝑀
𝜂𝑀𝑚𝑎𝑥

⁄

𝑃𝑓𝑢𝑒𝑙 + 𝜇𝑃𝑏𝑎𝑡𝑡

 

 

𝜂𝐻𝐸𝑉
∗ |𝜔𝑜𝑢𝑡,𝜔̇𝑜𝑢𝑡

= 𝑚𝑎𝑥[𝜂𝐻𝐸𝑉 (𝜔𝐼𝐶𝐸 , 𝑇𝐼𝐶𝐸)]|𝜔𝑜𝑢𝑡,𝑇𝑑𝑒𝑚𝑎𝑛𝑑
 

(11) 

 

In these formulations, 𝑃𝐸𝑉
𝑙𝑜𝑠𝑠and 𝑃𝐸𝑉

𝑖𝑛  denote the electrical losses 

and the electrical power flowing into the system, respectively, 

𝜂  denotes the efficiency, and 𝜇 is a banner for battery energy 

employment. Additionally, as illustrated in Fig. 2, 𝑃𝐼𝐶𝐸1, 

𝑃𝐼𝐶𝐸2, and 𝑃𝐼𝐶𝐸3 are the fractions of engine power to reach the 

battery, electric motor, and final drive respectively. 

At each driving cycle point, the best EV mode is selected 

first. Then, the HEV modes are iteratively substituted based on 

the efficiency difference with the pure electric counterparts 

𝑃𝑏[𝑘] = 𝑃𝑀𝐺1,𝑒[𝑘] + 𝑃𝑀𝐺2,𝑒[𝑘] 

𝑃𝑀𝐺1,𝑒 = 𝑓1(𝑇𝑀𝐺1[𝑘], 𝜔𝑀𝐺1[𝑘]) + 𝑃𝑀𝐺1 

𝑃𝑀𝐺2,𝑒 = 𝑓2(𝑇𝑀𝐺2[𝑘], 𝜔𝑀𝐺2[𝑘]) + 𝑃𝑀𝐺2 

𝑃𝑏,𝑚𝑖𝑛 ≤ 𝑃𝑏[𝑘] ≤ 𝑃𝑏,𝑚𝑎𝑥 

𝜔𝐼𝐶𝐸,𝑚𝑎𝑥 ≤ 𝜔𝐼𝐶𝐸[𝑘] ≤ 𝜔𝐼𝐶𝐸,𝑚𝑖𝑛 

𝜔𝑀𝐺1,𝑚𝑎𝑥 ≤ 𝜔𝑀𝐺1[𝑘] ≤ 𝜔𝑀𝐺1,𝑚𝑖𝑛 

𝜔𝑀𝐺2,𝑚𝑎𝑥 ≤ 𝜔𝑀𝐺2[𝑘] ≤ 𝜔𝑀𝐺2,𝑚𝑖𝑛 

𝑇𝐼𝐶𝐸,𝑚𝑎𝑥 ≤ 𝑇𝐼𝐶𝐸[𝑘] ≤ 𝑇𝐼𝐶𝐸,𝑚𝑖𝑛  

𝑇𝑀𝐺1,𝑚𝑎𝑥 ≤ 𝑇𝑀𝐺1[𝑘] ≤ 𝑇𝑀𝐺1,𝑚𝑖𝑛  

𝑇𝑀𝐺2,𝑚𝑎𝑥 ≤ 𝑇𝑀𝐺2[𝑘] ≤ 𝑇𝑀𝐺2,𝑚𝑖𝑛  

(7) 

𝑃𝑙𝑜𝑎𝑑[𝑘] = 𝑇𝑝𝑡[𝑘] ∙ 𝜔𝑝𝑡[𝑘] (8) 

𝑃𝑆 ∙ [
𝐓
𝛚

] = 𝟎 (9) 



 

 

[19]. Different versions of the algorithm have been proposed in         

the literature. The first, called PEARS+, uses the DP for the  

mode selection and the PEARS for the torque split 

determination, thus partially compromising the computational 

cost advantage [27,28]. In the second version, a penalty 

function has been introduced to mitigate the effects of the mode 

schedule [29,30]. In this paper, we refer to this latter version of 

the PEARS strategy. Despite its computational advantage, the 

major drawback of the PEARS algorithm refers to its non-

uniform proximity with optimal results from DP, as 

demonstrated in [21] and later in this paper. 

IV. SLOPE-WEIGHTED ENERGY-BASED RAPID CONTROL 

ANALYSIS (SERCA) FOR DUAL MODE APPLICATION 

To overcome the PEARS limitations, Anselma et al. 

introduced a new approach, SERCA [21]. The procedures 

related to this strategy can be summarized in three main steps.  

 

1) STEP 1: Subproblem Exploration 

During the first step, all the possible solutions are explored. 

At each driving cycle point, the best EV mode is chosen 

according to the same efficiency definition reported in the 

PEARS, (10). For the HEV modes, fuel consumption and 

battery usage are identified for any feasible working point for 

the powertrain. Working points differ in terms of torque and 

speed of the powertrain components. This step results in a point 

cluster, similar to Fig. 3.  

The lower edge of this point cluster contains the possible 

optimal solutions. In fact, fixing the amount of fuel 

consumption, points on this edge have the lowest −ΔSOC, 

which means charging the battery as much as possible. 

Consequently, this edge forms a pareto-optimal front [31]. 

 

2) STEP 2: Generalized optimal point definition 

In the second step, for the HEV mode (the mode with ICE 

on), the fuel consumption axis is discretized, as shown in Fig. 

3. The resolution is decided as a trade-off between computation 

burden and the accuracy. For each interval, the point in the 

pareto-optimal front with lowest −ΔSOC is selected to represent 

all other points in that interval. Also, working condition, which 

is the torque and speed of components, is captured for the 

selected point. Repeating this procedure would result in a single 

point for each interval of fuel consumption (FC). These points 

are shown as red circles in Fig. 4 (a). Connecting these points 

would result in a piece-wise linear envelope, which the point in  

the far left represents the EV mode (Fig. 4 (a)). In the piece-

wise linear envelope, we are interested in linear segments with 

high |ΔSOC/𝐹𝐶| ratios, since these segments have less FC for 

the same change in SOC. Therefore, we filter the piece-wise 

linear envelope to get a convex envelope (Fig. 4 (b)). In the 

convex envelope, each connecting segment (blue lines in Fig. 4 

(b)) have a slope, decreasing in absolute value moving from left 

to right. We label the current driving cycle point with the first 

slope of the convex envelope (the one in far left). 

 

3) STEP 3: Energy balance realization 

In the last step, as for the PEARS, first, the best EV points 

are chosen for all driving cycle points. Obviously, this solution 

is not a CS solution. To address this, the substitution process is 

then performed for the driving cycle point with the highest 

labeled slope value, in which EV mode is replaced with a HEV 

mode. The labeled slope for that driving cycle point is also 

updated and replaced with the second slope value. This process 

continues iteratively and terminates as soon as the CS solution 

is achieved. Final CS solution is a set of HEV/EV points, for 

which the working condition is completely known.  

 

V. LIMITATIONS OF SERCA FOR MULTIMODE HEVS 

In this section, we present drawbacks that occur when 

attempting to straightforwardly apply the SERCA methodology 

for powertrains with more than two operative modes. We 

present the algorithm procedures in the same order as for the 

dual mode case.  

 
Fig. 2: Schematic of power flow from engine to the generator, battery, 

motor, and the final drive with fractions shown as 𝑃𝐼𝐶𝐸1, 𝑃𝐼𝐶𝐸2, and 𝑃𝐼𝐶𝐸3. 

Note that 𝜂𝐼𝐶𝐸 and  𝜂𝐺 are the engine and generator efficiency, 

respectively. 

  

Fig. 3: Examples of all feasible working points, discretization intervals, 

and pareto-optimal front, for a driving cycle points. 

 
          (a) 

 
           (b) 

Fig. 4: (a) selected points for the intervals, connected to form the piece-

wise linear front. (b) convex envelope as a result of filtering out the 

concavities in the piece-wise linear envelope. 



 

 

 

1) STEP 1: Subproblem Exploration 

For a dual mode powertrain, at each driving cycle point, the 

EV mode capable of achieving the highest efficiency is 

selected. Then, a single cluster of operating points is formed for 

each HEV mode. 

 

2) STEP 2: Generalized optimal point definition 

During the second phase, the clusters are transformed into 

envelopes of piece-wise linear functions. At each driving cycle 

point, the starting vertex for the profiles is the best EV mode, 

identified from the previous step. Finally, the envelope is 

filtered to ensure the convexity. As shown in Fig. 5, the result 

is a set of different convex envelopes (one for each HEV mode) 

sharing the starting point.  

 

3) STEP 3: Energy balance realization 

In the last step, the mode shifting strategy and power split 

policy are chosen. Once more, first, the best EV mode is picked 

for each driving cycle point. When no feasible EV is present, 

the algorithm chooses the HEV mode with the lowest fuel 

consumption. Subsequently, the total electrical energy required 

to achieve CS condition is computed. The iterative substitution 

of the HEV modes follows the order identified by the steepest 

slope. However, unlike the dual case explained before, a crucial 

step is to update the common starting point (see Fig. 5) to the 

newly selected HEV point. Also, before moving to the next 

iteration, since the initial point has been changed for the HEV 

working conditions, the filtering criteria need to be re-applied. 

Despite the good performances of SERCA for dual-mode 

powertrains [21], the implementation for the multimode case 

has shown some limits of the method. We have found a strong 

dependency of multimode SERCA on two tuning factors: the 

number of intervals selected for torque and speed sweep of the 

components and the size of the discretization in fuel 

consumption. The algorithm generates inconsistent results 

when increasing the number of mesh intervals, which 

undermines the accuracy of the results. In Fig.6, examples of 

fuel consumption variation with respect to the tuning 

parameters in the UDDS driving cycle are reported for two 

multimode arrangements. The results seem to be case-

independent, since the same trend has been observed analyzing 

other multimode arrangements as well.  

Additionally, SERCA results for multimode arrangement 

shows excessive changes in the modes of operation. Proposed 

method is also capable of avoiding excessive mode changes 

beside being more consistent on tuning parameters.  

VI. THE SERCA+ ALGORITHM 

In the previous sections, two applicable algorithms for EMS 

design of multimode power-split HEV powertrains have been 

reviewed. Both are characterized by weaknesses and strengths. 

In fact, PEARS is consistent but does not always show 

closeness with the global optimum, while SERCA is fast but 

strongly depends on tuning parameters, and mode trajectory can 

have unreasonably frequent mode changes. Consequently, the 

idea is to combine the two approaches to generate a strategy 

which outperforms both. Particularly, we use the stability of 

PEARS to determine the mode selection, in combination with 

the stepwise procedure of SERCA to determine the power split 

and near-optimal working conditions. The logic of the new 

method obtained, called SERCA+, is reported as follows. 

 

1) STEP 1: Data Preparation  

At each driving cycle point, the best EV mode is selected 

with its relative working condition. For the HEV mode, the 

SERCA envelope is built and filtered. Once the profile is  

convex, unlike SERCA, the PEARS based efficiency (11) is 

computed for each point. All the achievable HEV modes are 

then labelled by the highest achievable PEARS efficiency only.  

 

2) STEP 2: PEARS mode selection  

 In this step, we obtain the mode trajectory for the driving 

cycle. First, at each driving cycle point, the HEV mode with the 

highest labelled efficiency is chosen. Next, rather than going 

ahead and finalizing the chosen mode, to prevent excessive 

mode changes (12)[29], we prefer the mode selected at the 

previous time step if its efficiency is comparable with the 

current highest identified efficiency.  
Fig. 5: Example of SERCA envelopes for a three HEV mode powertrain. 

(a)  

(b)  
Fig. 6: Tuning parameters dependency of multimode implementation of 

SERCA for two different powertrain arrangements on UDDS driving 

cycle. 

 

 



 

 

if       𝜂𝐻𝐸𝑉,𝑏𝑒𝑠𝑡[k − 1] ≥ 90% 𝜂𝐻𝐸𝑉,𝑏𝑒𝑠𝑡[k]       (12) 

then        𝑚𝑜𝑑𝑒 𝐻𝐸𝑉[k] = 𝑚𝑜𝑑𝑒 𝐻𝐸𝑉[𝑘 − 1] 

Note that this step totally differs with SERCA procedure, and 

unlike SERCA, PEARS-based mode identifying occurs in this 

stage of SERCA+. This step substantially improves final mode 

trajectories. 

 

3) STEP 3: Energy Balance Realization  

 At first, the required electrical energy to complete the whole 

driving cycle in pure electric conditions is computed. Unlike the 

“multimode” SERCA illustrated in the previous section, since 

the operative modes have already been chosen in the previous 

step, only a single convex envelope exists at each driving cycle 

point. The HEV modes are then iteratively selected for the 

substitution based on the steepest SERCA slope.  

The SERCA+ procedure explained in this section is 

schematically reported in the flowchart of Fig. 7. To show the 

benefits of the new methodology in terms of consistency and 

the robustness, we investigate the sensitivity to the tuning 

parameters. The fuel consumption fluctuations for the same 

architectures presented in the SERCA section are shown again 

in Fig.8 for SERCA+ for two different powertrain 

arrangements. SERCA+ shows considerably less dependence 

on the tuning parameters for both cases. We also observe a 

similar trend for other investigated arrangements.  

VII. CASE STUDY: STATE-OF-THE-ART ARCHITECTURE 

In this section, we compare the performance of different 

control algorithms on a state-of-the-art powertrain [32]. It 

should be noted that we only refer to the powertrain 

arrangement (Fig. 9), while using reasonable imaginary vehicle 

parameters and powertrain components As it is shown in Fig. 9, 

there exist three clutches in this arrangement, which potentially 

can generate eight different modes of operation. However, only 

five modes are practical. Clutch states for each of these five 

modes are shown in Table II.  

 

 

 

 

 

(a)  

 

 

 
 

Fig.7. SERCA+ algorithm flowchart. 

 



 

 

(b)  

Fig.8: Tuning parameter dependency of SERCA+ for two different 

powertrain arrangements on UDDS driving cycle. 

 
TABLE II 

MODES OF OPERATION 

Mode # Description 
Clutch State 

CL1 CL2 CL3 

1 Pure electric #1 1 1 0 

2 Pure electric #2 1 0 1 

3 Input split 0 0 1 

4 Compound split 0 1 0 

5 Parallel with fixed-gear ratio 0 1 1 

     

 

Fig. 9: State-of-the-art powertrain architecture 

 

The objective of this section is to compare the different 

control strategies on the same powertrain arrangement to 

highlight the benefits of SERCA+. The evaluation is carried out 

on the HWFET and UDDS driving cycles.  

Compared energy management strategies are SERCA+ 

which is introduced in this article, SERCA [21], modified 

PEARS presented in [29], and Dynamic Programming [33]. 

Results for each case are obtained using a desktop computer 

with Intel® Core™ i7-6700 (3.40GHz) and 32 GB of RAM. 

The comparison shown in Table III highlights the benefit of 

the SERCA+ algorithm compared to the other strategies.in 

terms of predicted fuel consumption, computational time, and 

the total number of mode shifts. The augmented fuel 

consumption, SOC, and mode trajectories for two different 

driving cycles are also illustrated in Fig. 10. As shown in this 

table, although SERCA+ is slightly slower than PEARS and 

SERCA to elaborate the EMS, corresponding results 

demonstrate enhanced fuel economy. Results of SERCA+ are 

in fact 3.4% and 7.1% more efficient than SERCA and PEARS 

results for the highway driving cycle, respectively, and 1.1% 

and 10.2% more efficient for UDDS. Sub-optimality of 

 
TABLE III 

STRATEGIES COMPARISON 

Strategy 

Fuel 

Consumption [g] 
CPU Time [s] # of Mode Shifts 

HWFET UDDS HWFET UDDS HWFET UDDS 

DP 593.9 309.9 2520 4380 179 417 

PEARS 642.3 347.6 39 73 14 35 

SERCA 617.4 315.6 114 108 235 536 

SERCA+ 596.4 312.2 140 145 22 42 

 

(a) 

 
(b) 

Fig. 10: Augmented fuel consumption and SOC trajectories of various 

algorithms for (a) HWFET and (b) UDDS driving cycles. 



 

 

SERCA+ results is also demonstrated by generating at most 

0.4% and 0.7% less fuel-efficient results compared to DP. In 

terms of the total number of mode shifts, it is evident that 

SERCA+ outperforms both SERCA and DP by a large margin. 

This is illustrated in Fig. 11, where powertrain mode trajectories 

are shown for two driving cycles. This advantage of SERCA+ 

is mostly due to using (12). Fig. 12 shows the presented results 

in Table III graphically. This figure is helpful to observe that 

SERCA+ is placed in a middle position between strategies as 

DP, characterized by good performances but higher 

computational cost, and as PEARS, converging extremely 

quickly to a solution, but with discrepancy with the benchmark.  

This also shows that SERCA+ benefits from three main 

advantages, which are optimality of DP, swiftness of SERCA, 

and mode management of PEARS. In the previous section, we 

have also observed that SERCA+ is less dependent on the 

tuning parameters. All mentioned characteristics make the  

SERCA+ algorithm an outstanding trade-off between 

robustness, sub-optimality, computation time, and the 

feasibility (excessive mode change avoidance). To conclude, 

we obtained this trend for a six modes application which 

confirms the value of the proposed solution. We propose that 

SERCA+ addresses the problem of the multimode power-split 

HEV powertrains design.  

  

VIII. CONCLUSION 

In this paper, we have presented a new approach to deal with 

the energy management problem for a multimode power-split 

HEV. The proposed algorithm, called SERCA+, is consistent 

and quickly produces good quality results compared to the 

globally optimal solution. This algorithm elaborates more data 

to select the working conditions, yet this does not compromise 

the computational cost, which has been proven to increase only 

by a marginal extent compared to the PEARS strategy. 

Furthermore, the comparison with the other methods has 

highlighted the clear advantage of the proposed approach in 

terms of predicted fuel consumption and reasonable mode 

changes. All these evidences make the SERCA+ a perfect 

candidate as a new strategy to be applied in the design problem 

of multimode power split HEVs, where a rapid and precise 

evaluation of a large pool of candidates is required. 
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