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Abstract. This paper presents a methodology to develop an energy management strategy that would quasi-optimize the fuel consumption of a parallel
Hybrid Electric Vehicle in real-time operations over the entire trip. Hence, the
main highlight of this study is the presentation of a coherent energetic modeling
technique to simulate a parallel hybrid electric vehicle, by providing an
energy-based representation of the powertrain components; presenting a systematic technique to design the vehicle controller structure and designing
(through a comprehensive global-optimization approach) a rule-based EMS
showing close-to-optimal consumption results over the entire scheduled trip.
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1 Introduction
Hybrid electric vehicles consist of the combination of two power sources: an internal
combustion engine (ICE) and an electric motor. Thus, the complexity of the powertrain
architecture requires extensive modeling and simulation. Several efforts have been made
to model such vehicles that resulted in different modeling techniques. For instance, the
physical system modeling technique provides the beneﬁt of a realistic modeling of
physical components so that it can be easily implemented on hardware [1, 5]. However,
it requires expertise to implement new models. Another illustration of a modeling
approach is the mathematical modeling technique: a process of using mathematical
structures such as graphs, equation, and diagrams to represent a particular model. Its
main advantage is that it allows ﬁnding out the essential characteristics of a component
while removing the gaps in knowledge about the component [8]. Another modeling
method presented in this paper is the Energetic Macroscopic Representation (EMR),
very advantageous for modeling HEVs as it allows tracking the energy flow throughout
the various powertrain components, it provides a simple control over the powertrain
components, and ensures optimal control by combining the model to a global optimization energy management strategy [2]. In this paper, the EMR is used to model a
parallel HEV, along with its powertrain controller and energy management strategy.
© Springer International Publishing Switzerland 2017
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2 Powertrain Architecture
The vehicle studied corresponds to a front-wheel drive parallel hybrid architecture that
combines a mono-directional thermal powertrain to a bidirectional electric powertrain.
The thermal powertrain consists of a 1.2 L downsized-turbocharged engine and a 5
gears automated manual gearbox. The electric powertrain consists of a 27 kW motor, a
power electronics module and a 6.5 Ah NiMH battery. A pre-transmission parallel
hybrid conﬁguration is considered as illustrated in Fig. 1, with direct coupling between
the engine and the motor, separated by a clutch system in order to reduce the engine
drag losses during electric drive mode. The vehicle and components speciﬁcations
needed for modeling are summarized in Table 1.

Fig. 1. Pre-transmission parallel hybrid conﬁguration considered in this study.

Table 1. Vehicle and components speciﬁcations
Vehicle speciﬁcations
Vehicle Mass
Frontal area/Drag coefﬁcient
Wheel radius
Gearbox efﬁciency
Gearbox ratios
Differential ratio
Auxiliaries’ consumption
Battery voltage/capacity

Unit
Kg
m2/m
W
V/Ah

Value
1560
1.2/0.3
0.32
0.95
[3.64 1.95 1.28 0.97 0.77]
3.76
294
240/6.5

3 Powertrain Design and Model
3.1

Energetic Macroscopic Representation

EMR is the synthetic energy-based graphical tool used to model the considered vehicle.
Its main objective is to simulate the energy distribution throughout the powertrain [2].
Each component in the latter is deﬁned as a single subsystem, known as element
illustrated in standard shapes and colors depending on their physical properties. Elements are grouped according to their physical nature: energy sources and sinks, conversion elements, accumulation elements, and coupling elements. They are represented
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by pictograms, illustrated in Appendix A [7]. All elements are connected by two
opposing vectors that represent their action and reaction. The product of the variables
on the corresponding vectors determines the instantaneous power exchange, thus
deﬁning the integral causality principle. For example, the internal combustion engine
(ICE) converts chemical energy to mechanical energy. Being a multi-physical conversion element, it is represented by an orange circle in the model. Its output is the
crankshaft torque (action) whilst its input is the crankshaft rotational speed (reaction).
Therefore, the instantaneous mechanical power produced by the engine can be obtained
by multiplying the action and reaction variables.

3.2

EMR of the Studied Model

The model is divided into subsystems that include the engine, the transmission, the
motor, the battery and the vehicle chassis as stated in the ﬁrst section. These different
components of the vehicle and their corresponding relationships are introduced in this
section.
Engine
The internal combustion engine (ICE) represents a 4 stroke turbo charged engine. It
produces the engine torque TICE, which is controlled by a reference torque TICE,ref
acquired from the MCS. In EMR, the ICE is represented by a controllable power source
with the torque TICE as output and the torque reference TICE,ref as tuning input. ICE is
thus considered a conversion element. The engine drag torque is given by Eq. 1:
Te0 ¼ ae  JICE þ Tf

ð1Þ

where αe is the acceleration required at the crankshaft, JICE is the inertia of the engine
and Tf is the friction torque function of the engine speed. The fuel consumption of the
ICE is obtained from the engine speciﬁc fuel consumption (sfc) map as function the
engine torque and rotational speed.
Electric Motor
The motor is powered through a power electronics module by a DC voltage (Ubat) and
is directly controlled by the reference electric motor torque (TEM,ref) generated by the
MCS. Transient behavior of the motor is not included in the model for simplicity. This
machine is considered as an electromechanical conversion (circle) with the voltage Ubat
and the rotational speed wm as inputs, the current Ibat and the torque TEM as outputs and
the reference torque TEM,ref as tuning input. The motor drag torque Tm0 is given by
Eq. 2.
Tm0 ¼ am  Jm

ð2Þ

where αm and Jm are the acceleration and the inertia of the electric motor respectively.

474

N. Salloum et al.

Hence, the motor electric power is expressed in Eq. 3.
(
PEM ¼

TEM wm
gm

for TEM  0

TEM  wm  gm

for TEM \0

ð3Þ

Battery and auxiliaries
The total power required from or supplied to the battery is given by: Pbat = PEM + Paux
where the auxiliaries’ power is 250 W and the efﬁciency of the DC-DC converter is
85 %. Therefore, the power consumption due to auxiliaries is 294 W. The current Ibat
accounts for the motor load Imot and the auxiliaries load Iaux (Eq. 4). Equation 5
expresses the equation of Imot which results from the battery power exchange, Pbat. It is
expressed as function of the open circuit voltage of the battery Voc and the battery
internal resistance R, both function of the State of charge (SOC). The battery is considered a source element. The battery state of charge SOC is given by Eq. 6.
Ibat ¼ Imot þ Iaux

Imot ¼

Voc ðSOC Þ 

ð4Þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 ðSOC Þ  4 P RðSOC Þ
Voc
bat
2RðSOC Þ



Z t
SOC ¼ Cini þ
I dt
Cmax

ð5Þ
ð6Þ

t0

Transmission System
In EMR, it is represented by a mechanical conversion element (square). It represents
the driveline of the powertrain which consists of a 5 speed manual gearbox along with
the differential. The gearbox torque and speed are expressed in Eqs. 7 and 9 respectively. Note that both thermal and electrical mechanisms are mounted on the same
shaft. The mechanical coupling element sums the two torques TICE and TEM as shown
in Eq. 8.
TGB ¼ Tdriveline  KGB  gGB þ TGB

losses

ð7Þ

Tdriveline ¼ TICE þ TEM þ Tdrag

ð8Þ

wICE ¼ wwheel  KGB

ð9Þ

And the traction force and speed on the wheels as expressed in Eqs. 10 & 11
respectively:
Fwheel ¼
wwheel ¼

1

 TGB

ð10Þ

1
 vveh
Rwheel

ð11Þ

Rwheel
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Vehicle Chassis
The chassis accumulates kinetic energy in the mass of the vehicle. The used vehicle has
a small size with an initial mass (mi) of 1474 kg. Adding the masses of the electric
motor and the battery, the total vehicle mass is:
mveh ¼ mi þ mEM þ mbat

ð12Þ

where the mEM and mbat are function of the electriﬁcation ratio ER.
Equation (13) represents the kinetic energy that builds up in the mass of the vehicle
in function of the traction force Ftraction and the resistive road forces Froad.
mveh 

d
vveh ¼ Ftraction  Froad
dt

ðð13ÞÞ

Froad is calculated in Eq. 14.
Froad ¼ f0 þ f1 vveh þ f2 v2veh

ð14Þ

where f0, f1 and f2 are provided from an experimental test bench.

4 Powertrain Controller
4.1

Maximum Control Structure

Once the vehicle is modeled, it is self-evident to design the powertrain controller. An
Inversion-Based technique, also known as Maximum Control Structure (MCS), is used
for its simplicity and rapid deduction of the control strategy. In order to determine the
variables that will be controlled, a tuning path is developed to link the tuning inputs to
their outputs. Thus, the powertrain elements that are represented by arrows in the
tuning path are the elements that are inverted, constituting the backward tuning path.
The inversion of the determined elements consists of a set of standard rules that
abide by the EMR integral causality principle. Consequently, time-independent variables such as the rotational speed of the crankshaft are directly inverted using the same
formulas of the EMR model whilst time-dependent variables are inverted using a
proportional integrator (PI) controller. Therefore, this control strategy deﬁnes the right
inputs to apply to the system from the desired output. For a better illustrative representation, the control blocks offered by the EMR library differ from the deﬁning blocks
by their blue color and tilted orientation, as illustrated in Appendix A.

4.2

MCS of the Studied Model

As stated previously, the MCS consists of identifying ﬁrst the tuning path and the
control path, and then invert step-by-step the time-independent elements of the tuning
paths. All variables obtained in this section are referred to as reference variables since
they are controlled by the MCS. Figure 2 illustrates the identiﬁed tuning path and its
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three tuning inputs: TEM_ref and TICE_ref as reference control torques for the two power
sources (ICE and the electric motor) and Fbrake_ref as the reference control braking
force.
As a second step, the MCS of the tuning path is deduced by inverting the relevant
elements equations, and the generated control path is represented in Fig. 3.

Fig. 2. Tuning path of the powertrain.

Fig. 3. Control path of the powertrain.

Inversion of the Transmission
The driveline torque is split between the engine and electric motor torques as shown in
Eq. 9. The split ratio of the electric motor torque to driveline torque is known as the
torque split factor and denoted uTSF. The latter represents the operating driving mode.
Hence, a value 1 of uTSF corresponds to electric drive mode, 0 to thermal drive mode and
–1 to brake energy recovery mode. Values between 0 and 1 indicate that both the engine
and the electric machine provide torque for traction, and values between –1 and 0
indicate that the engine provides excess power to drive the vehicle and recharge the
battery through the electric machine (operating in generator mode). Values of uTSF are
obtained from the strategy block that will be further discussed in the next section.
The equations used in the MCS are:

TEM ¼ Tdriveline
TICE ¼ ðTdriveline

ref


þ Tdrag  uTSF

ð15Þ

þ Tdrag Þ  ð1  uTSF Þ

ð16Þ

ref

As for the reference driveline torque, the torque losses due to the gearbox inefﬁciency, and the reference torque of the gearbox, are obtained by directly inverting
Eqs. 7 and 8 to get the following equations:

Energy-Based Approach to Model a Hybrid Electric Vehicle

477

TGB ref
KGB  gGB

ð17Þ

Tdriveline
TGB

ref

¼

losses

¼ Tdriveline

TGB

ref

ref

þ

TGB ref
KGB

¼ Fwheel  Rwheel

ð18Þ
ð19Þ

Inversion of the Chassis
The chassis, being an accumulation element, cannot be directly inverted as it would
violate the integral causality principle of EMR. The control of the actual velocity of the
vehicle requires a PI controller in order to avoid having a derivative operator.
The EMR of the model, along with its inversion based control, is shown in the
following ﬁgure (Fig. 4).

Fig. 4. EMR and MCS of the studied hybrid electric vehicle.

5 Energy Management Strategy
In order to achieve the control strategy in MCS, another control level is added to the
EMR which is the vehicle main control that includes the Energy Management Strategy.
The latter is usually implemented to optimize several objective functions such as the
fuel consumption, the gear-shifting, the driver’s comfort, and the emissions. This study
focuses on the minimization of energy consumption only, while the other objectives are
considered in future works.
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To optimize the fuel consumption, several energy management methods can be
found in the literature. One of them is the Dynamic Programming (DP) which leads to
the global optimal solution. However, DP is a method that cannot be used in real-time
because of the heavy computation time required. The adopted technique for real-time
control is the Rule-Based EMS, which generates a local instantaneous optimum [3, 4].
The aim of this study is to combine the advantages of both strategies to ensure
close-to-optimal fuel savings. This new strategy is known as optimized RB EMS [6, 9]
and will be elaborated in this section.
Building the optimized RB EMS consists of 3 steps:
1. Run the DP algorithm on a pre-deﬁned driving cycle.
2. Cross-compare the load power results with the obtained torque split ratio in order to
identify the different driving modes under optimal control (Fig. 5).
3. Deduce the rules that deﬁne the operating modes based as function of the vehicle
load power.

6 Results
The EMR model, the MCS, and the optimized RB EMS have been tested on the New
European Drive Cycle (NEDC), and obtained results are compared to the DP model
results.
The following ﬁgure shows the torque split factor as a function of the power load
which serves as a basis to determine the rules of the respective driving modes. For
instance, a negative power load corresponds to the Brake Energy Recovery (BER) mode.
A positive power load smaller than the threshold PEV corresponds to the Electric Motor
(EM) mode. A power value ranging between the two threshold values PEV and PPS
determines the power Peaking Source (PS) mode, and a value greater than PPS corresponds to the Engine (ICE) mode.

Fig. 5. Optimized rule-based EMS based on DP optimization results for the NEDC.
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The parameters used to validate the model and its control are (1) the velocity proﬁle
to make sure the actual velocity follows the input velocity (Fig. 6), (2) the battery SOC
that should follow the battery sustainability constraint of maintained initial and ﬁnal
SOC of 60 % (Fig. 7), and (3) the fuel consumption to make sure it is close to the
optimum resulted from DP. A 2.3 % fuel consumption difference was observed when
comparing the DP results (3.82 l/100 km) to the optimized RB EMS results
(3.91 l/100 km).

Fig. 6. Predeﬁned and controlled velocity proﬁles for the NEDC

Fig. 7. DP and RB results of the battery SOC

7 Conclusion
This paper presents the design and simulation of a hybrid electric vehicle using an
energy-based modeling technique, the Energetic Macroscopic Representation. This
approach presents two major advantages namely the ability to track the power flow
through the sub-elements of the powertrain and the easiness to deduce the control level
by a step-by-step inversion of the components. A new energy management strategy,
optimized Rule-Based strategy, is introduced which yields to a close-to-optimal fuel
consumption in a real time framework.
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Appendix A: Synoptic of Energetic Macroscopic Representation
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