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Abstract

The Hybrid Electric Vehicle (HEV) seems to be one of the most promising short-term solution to improve the
sustainability on the transportation sector. As well-known, the numerical analyses can give a substantial contribute
during the preliminary vehicle design. In this context, the development of the Energy Management Strategy (EMS)
represents the most challenging task. In this paper, an on-line local optimization EMS for a parallel/series hybrid
vehicle is proposed to minimize the CO, emissions. The proposed EMS, implemented in a dynamic simulation
platform, is compared to the well-assessed off-line Pontryagin’s Minimum Principle (PMP). Firstly, the main
differences regarding the energy management are highlighted in detail. Then, the EMSs are assessed in terms of CO,
emissions, putting into evidence that the proposed on-line strategy involves limited penalizations (3-4%) compared to
the PMP target.
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Acronyms

BSFC Brake Specific Fuel Consumption
EFR  Equivalent Fuel Rate
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GOS  Global Optimization Strategy

HEV  Hybrid Electric Vehicle

ICE Internal Combustion Engine

LOS  Local Optimization Strategy

MGU  Motor Generator Unit

PMP  Pontryagin’s Minimum Principle

SOC  State Of Charge

WLTC Worldwide harmonized Light vehicles Test Cycle

Symbols
P Power
t Current time along the driving cycle

Twire  Total driving cycle time

Subscript

req Required

1. Introduction

Nowadays, Hybrid Electric Vehicles (HEVs) have undergone a considerable development since they have proved
to be greatly effective in reducing the fuel consumption, along with the CO» emissions, compared to conventional
vehicles [1]. Although this kind of vehicles turns out to be highly advantageous, their architecture is more complex
and articulated than the traditional ones.

Generally speaking, a hybrid powertrain includes a thermal unit (Internal Combustion Engine - ICE), which is
coupled in series and/or parallel to one or more electric units, linked to an energy storage device, usually consisting
of a battery [2]. The energy management on vehicle can be gained by switching among various operating modes,
maximizing the fuel economy. This target has been achieved through several control strategies, which have been
introduced in the last years. They are addressed to the minimization of a cost function, especially regarding the fuel
consumption, while controlling the State Of Charge (SOC) of the battery. This could be considered as a constrained
optimization problem. The task of the Energy Management Strategy (EMS) is to solve a minimization problem,
subjected to system dynamics and constraints. For this purpose, various methods have been developed, providing
different approaches to handle the energy flow in the hybrid electric vehicles. The EMSs can be classified as follows
[3]: Heuristic Strategies [4], Global Optimization Strategies (GOS) and Local Optimization Strategies (LOS). The
first and the last are on-line strategies, based only on present or past information. Contrarily the second ones require
also future information, so they are commonly called off-line strategies. The GOS has the advantage, knowing ahead
the entire driving cycle, of yielding the optimal solution for the control problem. At the same time, this entails its
impossibility to be implemented on a real vehicle due to the missing knowledge of the future information. So, the
GOS can be used only in simulations. The most recognized GOSs are the Pontryagin’s Minimum Principle (PMP) [5]
and the “dynamic programming” [6]. The GOSs are generally used as “theoretical targets” to find the optimal results
yielded by the hybrid vehicle. About the LOS, it reduces the above-mentioned global problem in a succession of local
problems not solved on the entire driving cycle. In this way, there is no need for future information, so that the strategy
could be implemented on a real application. Of course, the solution provided by the LOS is not able to ensure the
optimality of the control problem, providing hence a suboptimal result. The best-known LOSs are the “equivalent
consumption minimization strategy” [7] and the “stochastic dynamic programming” [8]. The main aim of this work
is the description of a novel LOS, not included in the above recalled categories. The proposed LOS is implemented in
a simulation platform and applied to a reference C segment vehicle along a WLTC [9]. The effectiveness of the
approach is verified against the PMP outcomes, highlighting the main differences in the management of the thermal
and the electric units, and in terms of CO; emissions.
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2. Vehicle architecture and modelling

A HEV of the segment C with parallel/series powertrain is investigated in this work. Its schematization and main
features are shown in Fig. 1. The vehicle is equipped with an ICE, two electric Motor/Generator Units (MGU.;), one
battery, three clutches (Clutch,.3) and two gearboxes (Gearbox.;). Two thermal units are considered, characterized by
similar maps of Brake Specific Fuel Consumption (BSFC), but with different minimum levels (BSFC.,). Because of
confidentiality reasons, the BSFC values are not shown in the text. The energy recovery, obtained by the regenerative
braking, can be carried out by means of the MGU,. For the examined vehicle, two main modes are available, each of
them involving a number of sub-modes. In the series one, the vehicle is moved only by the MGU> and it is provided
with three available sub-states. The first is the pure electric vehicle; in this, the electric unit MGUj fully supplies the
tractive demand, with the only clutchs engaged. In the second, the charging mode;, the ICE charges the battery through
the MGU; with the clutch; engaged, while the MGU> moves the vehicle. In the last, the MGU), provides energy for
the ICE take-off, with the clutch; engaged. Concerning the parallel mode, the vehicle is driven by both ICE and MGU,
and also here three modalities are available. In the pure ICE mode, the only ICE drives the vehicle, while the MGU;
and the MGU; are turned off. In the hybrid propulsion, the MGU, supports the vehicle driving (power-split principle),
when ICE is unable to fully supply the vehicle power demand. Finally, in the charging mode:, the ICE supplies power
to the battery and to the vehicle.
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Fig. 1. Powertrain schematic (left). Main vehicle characteristics (right)

Regarding the vehicle simulation, each component of the schematic in Fig. 1 is described by a lumped-parameter
model. The required tractive demand at the wheels considers the vehicle inertial forces and resistances (aerodynamic
and rolling load). The thermal unit is characterized by a quasi-steady map-based approach. The maps of brake mean
effective pressure, friction mean effective pressure and BSFC are implemented as a function of the engine speed and
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of the accelerator pedal position. A CO, map is not directly considered, and the vehicle CO, emissions are derived by
the fuel consumption along the cycle, expressed in gge/km, through a constant conversion factor of 3.2 geoo/km. This
last is estimated for a stoichiometric combustion of a reference commercial oxygenated gasoline (CH;.9200.03). This
simplified assumption seems reasonable taking into account that the considered ICE works with a stoichiometric air-
fuel ratio over the whole operating plane. For both MGUs, the maximum brake torque curve is implemented in the
model, assuming a constant efficiency of 0.9025. The battery is described by a conventional SOC model, which
calculates the current SOC on the basis of the power absorbed from or supplied to the battery, depending on the electric
flux [9]. An internal resistance is imposed to compute the Joule-effect losses. Finally, the mechanical losses in the
gearbox are estimated assuming a constant efficiency of 0.97.

3. Energy Management Strategies

In the present work, two different EMSs, addressed to the fuel consumption minimization, are analyzed: the well-
known PMP and a novel approach developed by the authors, labelled as Equivalent Fuel Rate Minimization Strategy
(EFRMS). The PMP, thanks to the knowledge of the driving cycle, provides an optimal solution of the control
problem, and it is generally used to assess the potential of a vehicle concept under development. Therefore, here it is
used as a benchmark for the EFRMS. As explained in [5], the PMP is based on the minimization of the Hamiltonian
function, under a number of constraints, also including the same initial and final SOC of the battery along the driving
cycle.

Differing from the PMP, the EFRMS solves a local optimal problem. This means that, at each time, it selects the
problem control variables with the aim of minimizing the instantaneous fuel rate, but not the “global” fuel consumption
along the driving cycle. The developed logics choose the vehicle mode, between series and parallel, the power requests
for the MGUs, the ICE and the brakes, the gear number and the clutch positions, as schematically represented in the
flowchart in Fig. 2a.

The first choice of the EFRMS is between the series and parallel modalities. To this aim, two “equivalent” fuel
rates (EFR;) are calculated and compared: the fuel rate in series mode (EFRgeries) and in parallel mode (EFRparatiet).
Both are function of the power demand required by the vehicle and of the SOC. The concept of the series/parallel
selection logic is summarized in the mathematical expression (1). To avoid excessive fluctuations between
series/parallel modes and engine on/off, at each time step a tunable penalization factor, c, enhances the EFR of the
mode not used. This means that if the series (parallel) mode is active, EFR paratiel (EFRseries) is multiplied by c.

EFR,. (1)> EFR,,. (#)= min EFR = EFR,,. (1)

EFR,, (1)< EFR,.,1 (z) = min EFR = EFR,,, (?) M

vt &[0,7] min EFR(P,,,SOC)

req?

The EFRMS includes a simple threshold-based strategy for the charging mode. This last is activated (deactivated)
when the SOC reaches the lower (upper) threshold. The operating SOC band is set between 0.2 and 0.9 by a
preliminary sensitivity analysis. This range proves to ensure an optimal employment of the battery capacity, avoiding
a full charging/discharging. The EFRMS also entails a regenerative braking modality to charge the battery during the
vehicle decelerations. The amount of recovered energy is limited by the current SOC level and by the breaking capacity
of the MGU..

The most crucial point of the proposed strategy is the estimation of the EFR in series and parallel modes. The logics
of the EFR calculations are summarized in the flowcharts of Fig. 2b. Staring from the series mode, it is expected that
the vehicle is mainly in a pure electric driving (charging mode disabled), so then no fuel is consumed by the ICE. For
this reason, the control strategy can only estimate an “equivalent” fuel rate. The EFRgeries is calculated as the product
of the minimum BSFC and of the power requested to the ICE. This last is computed starting from the vehicle power
demand at the wheels and considering all the losses along the energy path (gearbox,, MGU,, battery and MGU),),
following the flowchart in Fig. 2b). When the charging mode is activated, an additional fuel rate contribution is
considered in the EFReries calculation, corresponding to the quantity consumed by the ICE in the operating point of
minimum BSFC.
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The fuel rate estimation in parallel mode is schematized in the right side of the flowchart of Fig. 2b. Differently
from the series mode, the control logic additionally has to identify the optimal gearbox setting. The main steps of this
task are summarized in Fig. 3. To this purpose, once fixed the current vehicle speed, the engine rotational speed is
derived for each gear (Fig. 3a). Due to noise, vibration and harshness issues, the only gear ratios considered are the
ones ensuring an ICE speed above a certain threshold level (the fourth gear ratio is discarded in the example of Fig.
3a). Then, for the remaining gear ratios, the engine maximum power is evaluated (Fig. 3b). The gear ratios, not
ensuring the fulfilment of the power demand, are hence discarded (the third gear ratio in the example of Fig. 3b).

| > | Tractive Demand |
soc :Driver Control Sl e
o : Series <
— Series Fuel Rate_| 9 : : g_
: 5 . Motors : | Requested MGU, power | =
: ”~ % = | Power I 3
. . . -]
k-] E : I w : 5 : | Requested Battery power | o
c o . Fuel Rate_ | ()] £ : I 2
g o > Parallel 3 ol : :
S 2 | T s e | Requested MGU, power |
s : s : '
2 .5 I_: ................................. > Gear Ratio | Requested ICE power |
s 3S B R R TR PP P PP PP, S () S i S S ) S——
g = | | :Brake Control =
- & : p K > Yes o}(& No
| : ° Regenerative &
|8 § :
I : % Fricti S| :[Equivalent| " |Equivalent Min BSFC Min BSFC
i » 0 riction @ [ Fuel Rate Fuel Rate Optimal Tractive
: g Cltuch W Charge No-Charge Power Demand
. [ . iti °
I : 5 Hybrld Position 5
: L
SRR |
I - ihaﬁmg_mﬂe_ a (a) | Mode Selection | (b)

Fig. 2. Flowchart of the EFRMS (a) and of procedure for the EFR calculation (b)
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Fig. 3. Main steps of the gear ratio selection of the EFRMS in parallel mode

For the remaining gear ratios, the rated ICE power and the related BSFC can be hence calculated, along with the
corresponding fuel rates. To this purpose, different methodologies are applied depending on the charging state. In no-
charging condition (Fig. 3c), the ICE is assumed to fully supply the tractive demand (P qcive in Fig. 3c). Instead, in
charging condition (Fig. 3d), the ICE delivers the power of minimum BSFC, which is split on one side to satisfy the
tractive demand and on the other to charge the battery. If the ICE, working in minimum BSFC condition, is not able
to satisfy the tractive demand, the corresponding gear number is discarded (the second gear ratio in the example of
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Fig. 3d). Among the gear ratios which pass the above tests, the one providing the minimum fuel rate is selected to
define the EFRparaiel. A tunable penalization term is added to the EFRpaane for the gear ratios different from the current
one to avoid excessive gearshifts. In the parallel mode, the power requested to the ICE is computed once again starting
from the vehicle power demand by the wheels. In this case, differently from the series mode, only the losses in the
gearbox; have to be considered along the energy path between the wheels and the ICE. As a final remark, in the
parallel mode, if the ICE is not able to satisfy the tractive demand, the vehicle driving is supported by the MGU>. It is
worth to underline that the proposed control strategy is versatile and suitable to any hybrid vehicle architecture. The
application here described represents just an example for a quite complex test case.

4. Results discussion

The vehicle management strategies, described in the previous section, are applied for the simulation of a WLTC
for a segment C vehicle with different operating conditions in terms of auxiliary consumption, car mass and BSFC
map, summing up 10 cases (Table 1). Before discussing the CO, emission assessment between the PMP and the
EFRMS, some detailed comparisons for a single test case (# 6 of Table 1), about the powertrain and battery
management differences, will be presented.

Table 1. Test matrix

(h)

Case # #1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Vehicle mass (kg) 1659 1679 1759 1759 1759 1659 1679 1759 1759 1759
Auxiliary consumption (kW)  0.40 0.40 0.40 0.75 0.00 0.40 0.40 0.40 0.00 075
BSFCpin (g/kWh) BSFC, BSFC, BSFC; BSFC, BSFC, BSFC, BSFC, BSFC, BSFC, BSFC,
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Fig. 4. PMP/EFRMS comparison of vehicle speed (a), vehicle mode (b), gear number (c¢), SOC (d), MGU, power (¢), MGU, power (f), ICE
power (g) and ICE speed (h) along a WLTC.

To this aim the vehicle speed profile, the vehicle mode (series/parallel), the selected gear number of the gear-boxa,
and the battery SOC are compared on the left side of Fig. 4 and plotted against the normalized time. The power
delivered/absorbed by the electric and the thermal units, in addition to the ICE speed, are analyzed on the right side
of Fig. 4 (a positive value indicates that the power is delivered by the unit). As a first remark, it can be noted that the
vehicle WLTC speed profile is matched by both PMP and EFRMS (Fig. 4a), but the control of the powertrain
components is frequently different. Starting from the mode profile (Fig. 4b), it can be observed that the series (parallel)
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mode is preferred at the beginning (end) of the cycle for both EMSs. Some differences arise in the cycle middle, where
PMP privileges the parallel mode, while the EFRMS more frequently choses the series one.

The series/parallel selection also reflects on the gear number profile of the gearbox,, shown in Fig. 4c. Indeed,
when the parallel mode is chosen by both PMP and EFRMS, the gear number is very often the same. This is consistent
with the advance to operate the thermal unit in the conditions of minimum fuel consumption (speeds between 1500
rpm and 2500 rpm for the considered engine, as shown in Fig. 4h). The mode and gear number comparisons (Fig. 4b
and Fig. 4¢) also underline that PMP involves more frequent changes, which are due to lower penalizations of the
events of series/parallel switches and gearshifts. The SOC assessment in Fig. 4d and requested MGU, power (Fig. 4e)
put into evidence that, during the initial phase of the cycle (up to about 0.35 t/Twirc), both the methodologies prefer
almost an electric driving, resulting in similar battery discharging profiles. When the SOC reaches the lower threshold,
the EFRMS activates the charging mode. This last appears as a sudden SOC increase, which ends when the SOC
achieves the upper threshold. The charging modality also affects the gearbox control, resulting in a downshift (Fig.
4c) and in a sudden increase of the engine power (Fig. 4g). Both those actions, as said in the previous section, have
the aim of making the engine to operate with the minimum possible fuel consumption. Once charged the battery, in
the cycle middle, the vehicle demand is fulfilled by the MGU,, while the power peaks are supplied by the ICE. In
those cases, the series mode is activated once again in a privilege, and only occasionally the parallel one is enabled.
Concerning the PMP approach, in the middle stage of the cycle, the SOC level remains close to the minimum
threshold, and the parallel strategy is more frequently preferred compared to the EFRMS case. In this phase, the power
delivered by the ICE is split and employed to move the vehicle and to charge the battery. Moving to the ending high-
speed cycle section (after about 0.65 t/Twitc), the strategies go back to being very similar, in terms of gear ratio and
power delivered by the thermal unit. In this phase, the vehicle power demand is primarily supplied by the ICE, while
the MGU: is used to fulfill the power request peaks and for the regenerative breakings. Indeed, both the strategies
promote the parallel mode since, at the high speed and load, the ICE works near its minimum BSFC. In addition, as
put in evidence in Fig. 4h, the ICE is turned off to maximize the recoverable energy during the deceleration without
resort to the engine braking.
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Fig. 5. PMP/EFRMS comparison of engine experienced operating points (a) and CO, production (b) along a WLTC.

Main differences concern the charging strategies, as put into evidence by the SOC profile. The PMP goes ahead in
maintaining a reduced SOC level, very close to the lower threshold, till the ending stage of the cycle (after about 0.90
t/Twrrc). Taking advantage of the regenerative breaking at the cycle end, the battery is charged in order to have a final
SOC close to the initial state. The battery charge is also provided by a certain contribution from the ICE, as highlighted
by the MGU, power profile (Fig. 4f). Of course, the viability of this strategy is strictly related to the “a-priori”
knowledge of the whole driving cycle, which is characteristic of a GOS approach such as the PMP. Conversely, the
EFRMS involves a second charging phase, at the beginning of the high-speed cycle stage (about at 0.70 t/Twrrc),
where once again the SOC reaches the upper limit. The subsequent SOC reduction is due to both the auxiliary and
MGU, absorptions. Despite the above discussed differences in the thermal unit management, the conditions
experienced by the ICE lie in the same portion of the operating map, as underlined in Fig. 5a. The latter also shows
the BSFC map under the form of grayscale. Both control strategies make the engine to operate in a speed range
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between 1500 rpm and 2500 rpm, and with a load as high as possible, which corresponds to the minimum BSFC area.
As expected, to avoid inefficient operation, the ICE never works at very low load. When the power demand required
by the vehicle/battery is reduced, a pure electric driving is hence preferred.

The global effectiveness of the PMP and EFRMS strategies are finally assessed in terms of CO, emissions along
the WLTC, as shown in Fig. 5b. This comparison underlines that both strategies respond in a very similar way to the
variations of the vehicle mass, auxiliary consumption and engine efficiency. As expected, the PMP approach foresees
lower CO; emissions, with levels 3-4% minor than the EFRMS results. This is mainly due to the possibility of the
PMP to better control the battery charge/discharge strategy. As a final consideration, the proposed EFRMS approach
has demonstrated an adequate reliability under various vehicle configurations, with an acceptable CO; penalization
compared to the “theoretical” PMP target.

5. Conclusion

In this work, an innovative LOS for series/parallel HEV, labelled as EFRMS, was presented in detail and compared
to a well-assessed global optimization strategy, based on the PMP. The numerical study regarded a HEV of the
segment C, which is representative of the European market. First, the considered engine was schematized in a lumped-
parameter model. The thermal unit was characterized by its BSFC map, while the other mechanical/electrical
components were assumed to have a constant efficiency. The strategies were compared in terms of CO, emissions
along a WLTC. Various vehicle/powertrain architectures were investigated, holding different vehicle mass, auxiliary
consumption and ICE efficiency.

The results highlighted that the EFRMS strategy determined a powertrain management similar to the PMP one
during the urban driving, where an almost pure electric/series driving was applied. The same occurred during the
highway portion of the driving cycle, where the thermal unit was preferred to fulfill the vehicle power demand. The
main differences between the strategies concerned the battery charging method. Because of the above differences, the
EFRMS determined higher CO; emissions (about 3-4 %) along the driving cycle compared to the PMP results. The
EFRMS-related CO, penalization appeared acceptable in the light of the absence of “a-priori” information about the
driving cycle. The proposed methodology could represent an effective path to improve the CO; emissions in an actual
“on-vehicle” application.
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