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Abstract: Conventional energy management strategies (EMSs) of hybrid electric vehicles (HEVs) only
utilize in-vehicle information, such as an acceleration pedal, velocity, acceleration, engine RPM, state
of charge (SOC), and radar. This paper presents a new EMS using out-vehicle information obtained
by vehicle to everything (V2X) communication. The new EMS integrates cooperative eco-driving
(CED) guidance and an adaptive equivalent consumption minimum strategy (A-ECMS) based on V2X
communication information and road information. CED provides a guide signal and a guide speed
to the driver. It guides pedal behavior in terms of coasting driving, acceleration and deceleration,
and target speed. A-ECMSs calculate the target SOC based on the simplified road information of the
planned route and reflects it in the equivalent factor. An integrated driving hardware-in-the-loop
(IDHIL) simulator is also built to prove the new EMS by integrating a V2X communication device,
a VANET simulator, and a vehicle simulator. The IDHIL test results demonstrate the validity and
performance of the proposed EMS in a V2X communication environment.

Keywords: energy management strategy (EMS); cooperative eco-driving (CED); vehicle to everything
(V2X) communication; equivalent consumption minimum strategy (ECMS); connected plug-in hybrid
electric vehicle (PHEV); integrated driving hardware-in-the-loop (IDHIL) simulator

1. Introduction

Due to global environmental issues, the number of regulations focused on the automo-
tive industry are steadily increasing. The U.S. Corporate Average Fuel Economy (CAFE)
standard aims to improve fuel economy by an average of about 5% per year from 2020 to
2025 and achieve an average fleet fuel economy of 46.7 mpg. The EU adopted regulation
(EU) 2019/631, which sets targets to reduce CO2 emissions by 15% by 2025 and 37.5% by
2030 [1].

Among the solutions to environmental regulations are hybrid electric vehicles (HEVs)
and plug-in hybrid electric vehicles (PHEVs). Various approaches have been proposed as
energy management strategies (EMSs) to improve the fuel economy of (P)HEVs [2–7]. Typi-
cal approaches include optimization-based solutions that determine the power distribution
between the engine and the motor. These include offline optimization algorithms such
as linear programming and dynamic programming and online optimization algorithms
such as Pontryagin’s minimum principle (PMP), model predictive control (MPC), and the
equivalent consumption minimization strategy (ECMS) [8]. In addition, with the help of
artificial intelligence, learning-based EMSs using machine learning and reinforcement learn-
ing techniques have been proposed. Yan et al. [9] proposed a multi-objective EMS based
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on deep reinforcement learning, which showed improvements from three perspectives:
training effort, fuel economy, and battery degradation suppression.

The recent attention of the connected and automated vehicle (CAV) industry has led to
the development of intelligent transportation system (ITS) technologies. This is expanding
the possibilities of improving the EMS performance of connected (P)HEVs using vehicle to
everything (V2X) communication [10]. In an effort to obtain high fuel economy, it has been
identified that the performance of EMSs can be improved by utilizing various information
outside the vehicle, such as road information and traffic information. Chen Zhang et al. [11]
show that fuel economy is improved by considering the slope of the planned driving route
through a terrain preview. Zheng et al. [12] proposed an EMS that uses traffic preview
information to improve fuel economy by optimizing speed profiles and minimizing fuel
consumption. Hofstetter et al. [13] proposed an EMS that utilizes forward driving path
information using radar sensors. Ubiergo et al. [14] introduced an eco-driving strategy that
considers traffic conditions and traffic lights using V2I communication. They compared the
results for fuel economy improvement and waiting time according to market penetration
rate (MPR), congestion, vehicle following model, etc.

Existing EMSs have mainly presented approaches in fixed driving cycles, such as FTP-
75 and HWFET [15–18]. Recently, EMSs for connected (P)HEVs mostly derive speed and/or
SOC profiles based on external information and perform optimal power distribution based
on them. Guo et al. in [19] utilize traffic light timetables to optimize speed, and from this,
power distribution and gear shift schedules are determined using MPC. Heppeler et al. [20]
used data from navigation to compute a predictive SOC trajectory for the long horizon. This
SOC trajectory was then used to optimize the combined vehicle speed and SOC for the short
horizon. Qi et al. [21] proposed a connected eco-driving assistance system to optimize the
operation of PHEVs by integrating powertrain and ITS technologies. Predicting a vehicle’s
speed based on upcoming information can reflect the changing driving environment in real
time, thus improving the potential for actual vehicle fuel economy. However, connected
vehicles are currently difficult to evaluate on the road. This is because there are only
a limited number of locations and vehicles with ITS infrastructure and equipment. In
our previous work, we developed an integrated driving hardware-in-the-loop (IDHIL)
simulator equipped with real V2X communication devices [22]. This simulator integrates a
vehicular ad hoc network (VANET) simulator, a V2X communication device, and a vehicle
simulator (vehicle model, virtual road, neighboring vehicles, traffic signals, etc.). It can
be used to simulate a virtual environment for EMS development and the evaluation of
connected (P)HEVs.

In this paper, we present an EMS for PHEVs using road information and V2X commu-
nication information and evaluate it using the IDHIL simulator. The proposed EMS consists
of cooperative eco-driving (CED) and adaptive ECMSs (A-ECMSs). CED utilizes road
information (curvature, slope, distance, limit speed) and V2X communication information
(traffic light, neighboring vehicles). The road information is simplified by dividing the
entire road into several parts in advance. Using this information, speed and coasting timing
are calculated and provided to the driver through visual guidance. CED guidance provides
the driver with instructions to guide the target speed and pedal behavior (acceleration,
deceleration, and coasting driving). The A-ECMS utilizes road information to approximate
battery usage for the upcoming segment to determine the target SOC. This is reflected in
the equivalent factor (EF) to calculate the optimal power distribution ratio.

This paper is organized as follows. Section 2 describes the IDHIL simulator and its
improvements and additions over previous work. Section 3 describes the EMS, including
CED guidance and the A-ECMS. Section 4 shows the results of the IDHIL simulation test.
Section 5 discusses the results and mentions future work.

2. Integrated Driving Hardware-in-the-Loop (IDHIL) Simulator

The IDHIL simulator was organized as shown in Figure 1. It is a real-time co-
simulation environment that integrates a VANET simulator, vehicle model, traffic scenario,
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driving controller (wheel, accelerator/brake pedals), HIL simulator, Micro AutoBox, etc. In
addition, a V2X communication device (Cohda wireless MK5) was used to make it similar
to the real communication environment.
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Figure 1. IDHIL simulator test environment.

2.1. Target Vehicle

The target vehicle of this study is a parallel PHEV of the transmission-mounted electric
drive (TMED) type with the structure shown in Figure 2, where FD represents final drive,
TM represents transmission, MG1 represents traction motor, ENG represents engine, MG2
represents belt-driven starter and generator (BSG), and BAT represents high-voltage battery.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 21 
 

2. Integrated Driving Hardware-in-the-Loop (IDHIL) Simulator 
The IDHIL simulator was organized as shown in Figure 1. It is a real-time co-simula-

tion environment that integrates a VANET simulator, vehicle model, traffic scenario, driv-
ing controller (wheel, accelerator/brake pedals), HIL simulator, Micro AutoBox, etc. In ad-
dition, a V2X communication device (Cohda wireless MK5) was used to make it similar to 
the real communication environment. 

 
Figure 1. IDHIL simulator test environment. 

2.1. Target Vehicle 
The target vehicle of this study is a parallel PHEV of the transmission-mounted elec-

tric drive (TMED) type with the structure shown in Figure 2, where FD represents final 
drive, TM represents transmission, MG1 represents traction motor, ENG represents en-
gine, MG2 represents belt-driven starter and generator (BSG), and BAT represents high-
voltage battery. 

 
Figure 2. Configuration of TMED-type PHEV. 

The vehicle model was implemented in a MATLAB/Simulink environment using 
dSPACE ASM traffic, as shown in Figure 3. Soft ECU blocks contained controllers for ve-
hicle components (engine, transmission, power steering, brake) and some functions (start 
button, ACC, etc.). The engine block consists of the gasoline engine basic model and the 
fuel consumption calculation model. The drivetrain block consists of the crankshaft, 

Figure 2. Configuration of TMED-type PHEV.

The vehicle model was implemented in a MATLAB/Simulink environment using
dSPACE ASM traffic, as shown in Figure 3. Soft ECU blocks contained controllers for
vehicle components (engine, transmission, power steering, brake) and some functions
(start button, ACC, etc.). The engine block consists of the gasoline engine basic model and
the fuel consumption calculation model. The drivetrain block consists of the crankshaft,
clutch, shaft, transmission, and final drive models. The vehicle dynamics block consists of
the tire, aerodynamics, brake, suspension, steering, and vehicle movement models. The
environment block consists of the maneuver, driver, road, and traffic models. The electric
system block contains models of MG1, MG2, and a battery and controller.
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The main vehicle parameters are shown in Table 1, and the performance maps of
the engine and motors are shown in Figure 4, where (a) shows the brake-specific fuel
consumption (BSFC) map, maximum torque, and optimal operation line (OOL) of the
engine, (b) shows the max/min torque and efficiency of MG1, and (c) shows the max/min
torque and efficiency map of MG2.

Table 1. Vehicle parameters.

Parameters Values

Vehicle mass 1725 [kg]

Engine max. power 108 [kW]

Engine max. torque 180 [Nm]

MG1 max. power 50 [kW]

MG1 max. torque 205 [Nm]

MG1 base RPM 2330 [RPM]

MG2 max. power 8.5 [kW]

MG2 max. torque 43.2 [Nm]

MG2 base RPM 1870 [RPM]

Battery voltage 360 [V]

Battery capacity 31.9 [Ah]
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2.2. Implementation of Vitual Roads for Simulation

Virtual roads were built using dSPACE ModelDesk based on the measured data of real
roads, as shown in Figure 5. GNSS/INS equipment (OXTS RT3100) was used to measure
the real roads, including urban roads and motorways. To create roads using ModelDesk, it
is necessary to quantify and simplify measured road information. We separated roads based
on slope, traffic light locations, and intersections. Each segmented road is represented as a
road segment, and this information is used directly by the EMS. Road segment information
consists of length, slope angle, curvature, and limit speed.
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2.3. Simulation Scenario

Figure 6 shows the simulation scenario with the driving path, traffic light locations,
and traffic jams. The driving path includes a motorway and an urban road, with speed
limits of 80 km/h and 50 km/h, respectively. There are 11 traffic lights, and the traffic light
cycle is the same as observed. The vehicle is operated by the driver by manipulating the
driving controller, and the starting and ending points are fixed and follow the same path.
The total driving distance is about 12.1 km. Also, the driver must obey the road speed limit
and traffic signals.
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3. Energy Management Strategy

This section describes the proposed EMS. It consists of cooperative eco-driving (CED)
guidance and an A-ECMS. It utilizes V2X information and road information for power
distribution and guidance. The information acquired by V2X communication is traffic light
state/remaining time and the average speed of the vehicle in front.

3.1. Cooperative Eco-Driving (CED) Guidance

In previous research [22], only traffic light speed assistance (TSA) using V2I communi-
cation has been applied. V2I communication information is provided in the form of SpaT
(signal phase and timing) messages. It consists of the signal phase, the signal’s remaining
time, and the traffic light ID/location. TSA provides the possibility of passing a traffic light
and the speed required to do so by considering the remaining time of the light and the
distance from the light. Therefore, it was possible to reduce fuel consumption by reducing
the stopping time in driving conditions with traffic lights or guiding the driver to know
where to stop in advance. In this paper, curve speed assistance (CSA) and slope speed
assistance (SSA) based on road information are added. In addition, speed information of
vehicles ahead is acquired through V2V communication. Therefore, traffic jams can be
recognized and prepared for in advance. CSA and traffic jam recognition can not only
prevent accidents in real-world driving but can also be a way to improve fuel economy.
Utilizing a variety of information, CED guidance not only provides eco-driving speeds, but
also improves the timing of coasting driving to prevent unnecessary accelerator pedal use.
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3.1.1. Curve Speed Assistance (CSA)

When a vehicle encounters a sharp curve, it needs to slow down to stay safe. CSA
takes into account the curvature of the curve and calculates a safe speed limit, as shown in
Figure 7. The goal is to provide this information to the driver to encourage safe driving on
sharp curves. It also guides the driver when coasting before entering a curve to minimize
brake use. This means that you can avoid sudden stops and reduce unnecessary use of
the accelerator and brake pedals, which not only improves safety but also improves fuel
economy. The curve speed limit is calculated as shown in Equation (1).

vlim,CSA = max
(√

µroad g
κ

− ∆vsa f ety, vlim,min

)
(1)

vlim,CSA is the curve speed limit for CSA. µroad is the friction coefficient of the road and
uses the default value from the dSPACE ASM. g is gravity acceleration. κ is road curvature.
∆vsa f ety is the additional speed margin for safety (=5 km/h). vlim,min is the minimum speed
limit (=12 km/h).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 21 
 

in Figure 7. The goal is to provide this information to the driver to encourage safe driving 
on sharp curves. It also guides the driver when coasting before entering a curve to mini-
mize brake use. This means that you can avoid sudden stops and reduce unnecessary use 
of the accelerator and brake pedals, which not only improves safety but also improves fuel 
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3.1.2. Slope Speed Assistance (SSA)

SSA allows the driver to decelerate by coasting before the vehicle enters a downhill
area, as shown in Figure 8. The vehicle is then accelerated by gravity on the slope to reach
the slope exit speed. This reduces brake maneuvers on the slope. The slope entry speed is
calculated by taking into account the average slope and length of the segment of road and
the expected slope exit speed. It is assumed that there is no pedal intervention from the
driver and that the engine clutch is disengaged. Since the entry speed is not known, the
speed for calculating the drag force is assumed to be the exit speed after consideration for a
margin of error. To calculate the slope entry speed, the driving resistance force FR of the
vehicle is calculated as shown in Equation (2) below.

FR = Froll + Fdrag + Fgrade
= − froll mgcos θ − 0.5Cd Aρvexit

2 − mgsin θ
(2)

where Froll is the rolling resistance force, Fdrag is the aerodynamics drag force, Fgrade is the
grade resistance force, froll is the rolling resistance coefficient, m is the vehicle mass, θ is the
slope angle, Cd is the aerodynamics drag coefficient, A is the frontal area of the vehicle, and
ρ is the air density.

The slope entry speed vent,SSA is calculated using the trapezoidal rule for approxima-
tion of integrals. It uses the average slope of the segment of road and assumes an ideal
situation where only FR exists. Using the driving resistance force FR, the exit speed vexit,
and the slope length dseg, the slope entry speed is calculated as follows.

vent,SSA =

√
vexit

2 − 2dseg
FR
m

(3)
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3.1.3. Coasting Assistance (CA)

As shown in Figure 9, the purpose of CA is to provide the driver with the timing
of coasting initiation. It works in situations where deceleration is required by TSA, CSA,
SSA, or the speed of the vehicle ahead. When it reaches a location where coasting is
required, it calculates the coasting distance to guide the driver. The coasting distance dC
can be calculated using the trapezoidal rule for approximation of integrals, as shown in
Equation (4) below.

dC =
m

2FR

(
vC,end

2 − vC,start
2
)

(4)

where vC_start is the expected speed of the vehicle at the start of coasting and vC_end is the
speed to be reached after coasting, which uses the minimum of the following: curve speed
limit, slope entry speed, the average speed of the vehicle in front of you, the guide speed
according to TSA, and the speed limit of the road.
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3.1.4. Cooperative Eco-Driving Speed and Guide Signals

The guide speed provided to the driver is determined by considering the assistance
speeds (calculated by CSA, SSA, and TSA), the road speed limit, and the average speed of
the vehicles ahead. The CED speed vCED is determined as follows.

vCED = min
(
vlim,CSA, vent,SSA, vTSA, vlim,road, vavg,v2v

)
(5)

The guide signal consists of three lights: green, yellow, and red. These are described
in detail below:

• Green light: This is a situation where there are no curves, slopes, or traffic jams. The
driver maneuvers the pedals so that the vehicle speed follows the guide speed. It also
includes situations where TSA determines that the vehicle will be able to pass through
the intersection. In this case, the speed to pass through the intersection is provided.

• Yellow light: When there is a curve, slope, or traffic jam ahead, it guides the driver to
coast. In this case, the driver can coast until the guide speed is reached without pedal
control.
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• Red light: This is a situation where TSA has determined that you will be stopped
by an upcoming traffic light. This requires the driver to coast and then stop at the
intersection.

Figure 10 shows dSPACE MotionDesk visualizing the simulation environment. Here,
we configure the UI for visual guidance to display the guide speed and guide signal.
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To summarize, CED guidance works as shown in Figure 11. It utilizes road segment
information, vehicle data, and V2X data as information. With this information, it provides
guide speeds and guide signals to the driver for eco-driving.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 21 
 

• Yellow light: When there is a curve, slope, or traffic jam ahead, it guides the driver to 
coast. In this case, the driver can coast until the guide speed is reached without pedal 
control. 

• Red light: This is a situation where TSA has determined that you will be stopped by 
an upcoming traffic light. This requires the driver to coast and then stop at the inter-
section. 
Figure 10 shows dSPACE MotionDesk visualizing the simulation environment. Here, 

we configure the UI for visual guidance to display the guide speed and guide signal. 
To summarize, CED guidance works as shown in Figure 11. It utilizes road segment 

information, vehicle data, and V2X data as information. With this information, it provides 
guide speeds and guide signals to the driver for eco-driving. 

 
Figure 10. Visual guidance for cooperative eco-driving in the MotionDesk simulation. 

 
Figure 11. Structure of the cooperative eco-driving guidance workflow. 

3.2. Adaptive Equivalent Consumption Minimization Strategy with Target SOC 
3.2.1. Target SOC Decision with Road Information 

The main purpose of determining the target SOC is to ensure that the battery does 
not overcharge or overdischarge by using the road information ahead. For example, a 
downhill road ahead may cause the battery to overcharge and not be able to charge all of 
the regenerative braking energy. In this case, you can drain the battery in advance to make 

Figure 11. Structure of the cooperative eco-driving guidance workflow.

3.2. Adaptive Equivalent Consumption Minimization Strategy with Target SOC
3.2.1. Target SOC Decision with Road Information

The main purpose of determining the target SOC is to ensure that the battery does
not overcharge or overdischarge by using the road information ahead. For example, a
downhill road ahead may cause the battery to overcharge and not be able to charge all of
the regenerative braking energy. In this case, you can drain the battery in advance to make
sure it is fully charged. You may also encounter a situation where the vehicle is driving in
HEV mode due to a low SOC on a road that can be driven in EV mode.
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The estimated driving speed to calculate the SOC change on a road segment considers
the speed limit and curvature of the road. It is assumed that vehicles travel at a constant
speed on a road segment, with speed limited by the road. Therefore, the estimated average
speed is as follows.

vavg,seg = min(vlim,CSA, vlim,road) (6)

Substitute Equation (6) into Equation (2) to calculate the driving resistance FR,est.

FR,est = Froll + Fdrag + Fgrade
= − f roll mgcos θ − 0.5Cd Aρvavg,seg

2 − mgsin θ
(7)

Assuming the vehicle is traveling at a constant speed, the tractive force Ftr,est can be
expressed as

Ftr,est = −FR,est (8)

From the tractive force, we then calculate the estimated torque and angular velocity of
MG1 and determine the estimated driving mode of the vehicle accordingly.

TMG1,est = Rwhl Ftr,estrwhl2MG1 (9)

ωMG1,est =
vavg,est

Rwhlrwhl2MG1
(10)

bmode,est =


1 , TMG1,est > TEV,lim(ωMG1,est)
2 , TEV,lim(ωMG1,est) ≥ TMG1,est > 0
3 , 0 ≥ TMG1,est

(11)

where TMG1,est is the estimated torque of MG1, ωMG1,est is the estimated angular velocity
of MG1, Rwhl is the wheel radius, rwhl2MG1 is the gear ratio from the wheel to MG1, and
TEV,lim(ωMG1,est) is the EV mode torque limit according to the estimated MG1 angular
velocity. If the estimated driving mode bmode,est is 1, it is HEV mode; if it is 2, it is EV mode;
and if it is 3, it is regenerative braking mode.

Next, we calculated the estimated SOC change of the battery, ∆SOCbat,est. When the
driving mode is EV or regen mode, only MG1 is used to drive or brake, and when it is
HEV mode, the engine is assumed to be running at OOL torque, and the extra torque is
driven by MG1. The angular velocity of the engine is the same as MG1. To summarize, the
estimated usage of the battery is calculated from the tractive force. ∆SOCbat,est is calculated
as follows.

Pbat,est =

{
TMG1,estωMG1,estηe,avg, bmode,est > 1

(TMG1,est − TOOL(ωMG1,est))ωMG1,estηe,avg, bmode,est = 1
(12)

∆SOCbat,est = −
Pbat,est dseg

3600VbatQbatνavg,est
. (13)

where Pbat,est is the estimated battery power, ηe,avg is the average efficiency of energy
transfer between MG1 and the battery, TOOL(ωMG1,est) is the engine OOL torque, Vbat is the
battery voltage, and Qbat is the battery capacity. The engine speed is equal to the angular
velocity of MG1. Equations (6)–(13) are calculated for the three road segments ahead, which
we define as segment 1, segment 2, and segment 3, respectively. ∆SOCbat,est for each is
expressed as ∆SOC1, ∆SOC2, and ∆SOC3.

The target SOC is determined by reflecting SOC0, the battery charge status when
entering the next road segment. Figure 12 shows the main idea of the target SOC decision.
As shown in Figure 12a, the main purpose is to determine the target SOC at the end of
segment 1, which is the next road segment. In normal situations, SOC0 and ∆SOC1 are
added together when entering segment 1. The SOC range of the battery must be bounded
by upper/lower limits considering its lifetime, efficiency, voltage, etc. This leads to the
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need to adjust the target SOC according to the conditions of the road to be traveled. In
the situation in Figure 12b, when driving in EV mode in segment 2, it is expected that
the SOC lower limit will be exceeded due to insufficient battery capacity. In response,
the target SOC is adjusted in segment 1, which is HEV mode, to enable full EV driving
in segment 2. In the case of Figure 12c, regenerative braking is expected to be limited to
prevent overcharging when driving in regen mode in segment 3. In response, the target
SOC of segment 1 is adjusted to be lower. Therefore, all the regenerative braking energy
can be obtained in segment 3. This adjustment can prevent situations where EV mode and
regenerative braking are limited. The target SOC decision algorithm is shown in Figure 13.
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3.2.2. Adaptive ECMS

In this paper, we use an A-ECMS, which is one of the various optimal power distri-
bution control methods. The target SOC derived from the road segment information is
reflected in the equivalence factor (EF). This allows for the charge–discharge tendency to
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be adjusted according to the information of the road segment. The equivalent factor s of a
conventional ECMS and an A-ECMS is as follows.

s =
{

s0 , ECMS
s0 + Kp

(
SOCtarget − SOC0

)
+ Ki

(
SOCtarget − SOC0

)
, Adaptive ECMS (14)

where s0 is the initial EF and Kp and Ki are the coefficients of the PI controller.
Next, a quasistationary model of the vehicle was used to calculate the energy con-

sumption required from fuel and the battery in relation to the driver’s required torque [23].
In this paper, the control input candidates (ugrid) used 61 grids. As a result, the power
candidates Pf ,grid for fuel and Pb,grid for the battery are calculated, and the cost function J is
defined as follows.

J = Pf ,grid + sPb,grid (15)

The control input for which the cost function J has a minimum value is

u∗ = arg min
ugrid

J (16)

where u∗ is the optimal power distribution ratio. Therefore, the engine torque command
Teng,cmd and motor torque command TMG,cmd are calculated from the required torque Treq
as follows.

Teng,cmd = u*Treq (17)

TMG,cmd =
(

1 − u*
)

Treq (18)

Teng,cmd and TMG,cmd are sent to the controllers of the engine and motor, respectively.
The workflow of the A-ECMS with target SOC is shown in Figure 14.
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4. Test Results Using the IDHIL Simulator

For the evaluation of the CED guidance and A-ECMS mentioned in Section 3, sim-
ulations were performed on a test bench consisting of the IDHIL simulator environment
from Section 2. Only one driver participated to minimize driver variables. The driving
path and traffic conditions were the same as in the scenario in Section 2.3. For comparison,
the case with no CED guidance and the ECMS with a fixed EF value (normal PHEV) is also
included. The simulation was performed four times each for both the connected PHEV and
normal PHEV cases. The simulation results are shown below in Figure 15 for vehicle speed,
Figure 16 for SOC, and Figure 17 for fuel consumption.
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Table 2 shows the results of the simulation and the fuel consumption calculated from
it. Here, we can see the total driving range, the final SOC of the battery at the end of the
simulation, and the fuel consumption. To calculate the PHEV’s fuel economy, we calculate
the equivalent fuel consumption Vf uel,e based on the battery usage as follows.

Vf uel,e =

(
SOCinit − SOC f inal

)
VbatQbat

α
(19)

where α (=8.9 kWh/L) is the conversion factor for converting 1 L of gasoline to electrical
energy [24]. SOCinit and SOC f inal are the initial and final SOCs. The numerator is the elec-
trical energy consumption as the SOC changes. The total fuel consumption was calculated
by adding the fuel consumption of the engine and Vf uel,e. The average fuel consumption of
the connected PHEV was 29.31 km/L, while the average fuel consumption of the normal
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PHEV was 18.28 km/L. The difference in fuel economy is 11.03 km/L, and the difference
in the improvement rate is 60.28%.

Table 2. Simulation results: fuel economy.

Case Total Distance Final SOC Fuel
Consumption

Equivalent Fuel
Consumption

Total Fuel
Consumption Fuel Economy

Connected
12.099 [km] 0.6856 [-] 0.1801 [L] 0.1754 [L] 0.3555 [L] 34.03 [km/L]

PHEV #1

Connected
12.091 [km] 0.7069 [-] 0.3646 [L] 0.1427 [L] 0.5073 [L] 23.83 [km/L]

PHEV #2

Connected
12.1 [km] 0.6935 [-] 0.2655 [L] 0.1633 [L] 0.4288 [L] 28.22 [km/L]

PHEV #3

Connected
12.101 [km] 0.684 [-] 0.2108 [L] 0.1778 [L] 0.3886 [L] 31.14 [km/L]

PHEV #4

Normal 12.102 [km] 0.7235 [-] 0.5681 [L] 0.1173 [L] 0.6854 [L] 17.66 [km/L]
PHEV #1

Normal 12.104 [km] 0.7212 [-] 0.5413 [L] 0.1208 [L] 0.6621 [L] 18.28 [km/L]
PHEV #2

Normal 12.1 [km] 0.719 [-] 0.531 [L] 0.1242 [L] 0.6552 [L] 18.47 [km/L]
PHEV #3

Normal
12.106 [km] 0.7196 [-] 0.5229 [L] 0.1233 [L] 0.6462 [L] 18.73 [km/L]

PHEV #4

These results show the difference between a connected PHEV and a normal PHEV. It
shows the difference in driving speed depending on whether CED guidance is used or not.
We can also see the difference in fuel and battery usage tendencies with and without the
A-ECMS. This is mentioned in more detail in Sections 4.1 and 4.2

4.1. Comparison of Engine Operating Points between Connected and Normal PHEVs

To analyze the fuel economy improvement effect of the A-ECMS, we compared the
engine operating points of connected and normal PHEVs. Figure 18 shows the engine
operating points of a connected PHEV. Figure 19 shows the engine operating points of a
normal PHEV. In both cases, we can see that the engine operates within a similar range.
The difference is that the engine runs more frequently in the normal PHEV.
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Figure 19. Engine operating points of a normal PHEV: (a) #1; (b) #2; (c) #3; (d) #4.

To analyze engine behavior in more detail, we plotted the frequency of engine oper-
ation as a function of BSFC in Figures 20 and 21. In the case of the connected PHEV, the
engine mainly operated at a low level of BSFC (around 240–300), while in the case of the
normal PHEV, the percentage of engine operation was relatively high in terms of BSFC
(around 350). In other words, it can be seen that the connected PHEV operated in the low
BSFC region.
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To see this clearly, we derived the overall frequency of connected and normal PHEVs,
as shown in Figure 22. We categorized them into four levels based on BSFC: very low
(BSFC: 230–245), low (BSFC: 245–260), medium (BSFC: 260–300), and high (BSFC: 300–600).
The very low level, which is the most energy efficient, has a difference of 5.43%. At the low
level, the difference is 10.7%. Based on these results, we can see that the engine operated at
higher efficiency in the connected PHEV with the A-ECMS than in the normal PHEV.
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4.2. Differences due to Target SOC in the A-ECMS

Figure 23 shows the SOC of normal PHEV #3 and connected PHEV #2. They appear
to be very different, but a closer look reveals that their charge/discharge tendencies are
similar: they each discharge in the same interval, but sometimes the electrical energy
usage is limited by the target SOC, as in Figure 23b. In other words, the charge/discharge
tendency is the same but the amount of charge/discharge is different. On the other hand,
there are cases where the charge/discharge tendencies are opposite, as shown in Figure 23c
where the connected PHEV has a discharge tendency and the normal PHEV has a charge
tendency. The target SOC in this study is determined for each road segment, rather than a
profile as was the case in [25]. This has the advantage of simplicity and low computational
load. However, the fuel economy performance is lower compared to the SOC profile. In
addition, the long initialization period of SOC0 causes the error between actual SOC and
target SOC to be larger. Nevertheless, it can be seen that the charge/discharge tendency
changes significantly when compared to a normal PHEV. The connected PHEV using the
A-ECMS with a target SOC adjusts the charge/discharge amount and the tendency of the
battery according to the information of the road to be traveled in the future. Therefore, it
can perform more efficient power distribution than a normal PHEV that only considers the
torque demanded by the driver’s pedal operation and the vehicle state.
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4.3. Differences due to Cooperative Eco-Driving Guidance

We next compared the driving speed of the vehicles with and without CED guidance.
In Figure 24a, the driving speeds of the connected PHEV and normal PHEV differ at certain
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points. In Figure 24b, the normal PHEV makes a sharp stop as the light turns red, while
the connected PHEV decelerates slowly by coasting. In Figure 24c, the connected PHEV
realizes that the light ahead is about to turn green and decelerates to pass through the
intersection without stopping, while the normal PHEV accelerates again after stopping
at the intersection. In Figure 24d, the normal PHEV tries to accelerate to the speed limit
of 80 km/h and is then slowed down by the traffic jam. However, the connected PHEV
only accelerates to 50 km/h, the average speed of the traffic jam. In Figure 24e, a traffic
jam is encountered on an urban road. The connected PHEV slowed down by coasting
from about 57 s to 71 s. The normal PHEV slowed down by using some braking. In
Figure 24f, the connected PHEV encounters a sharp curve later in the trip. The connected
PHEV decelerates by coasting from approximately 1334 s to 1353 s, while the normal PHEV
decelerates sharply by braking before entering the curve.
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The main purpose of CED guidance Is to reduce unnecessary deceleration. Looking at
Table 3, you can see that the regenerative braking energy of a normal PHEV is higher, which
means that the brake pedal has been pressed more and that energy has to be expended
to accelerate again. If it were an internal combustion engine vehicle without regenerative
braking, all of this energy would have been lost.
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Table 3. Simulation results: regenerative braking energy.

Case Connected PHEV Normal PHEV

#1 24,183.69 [J] 145,252.51 [J]

#2 52,978.61 [J] 144,172.89 [J]

#3 48,528.40 [J] 130,616.57 [J]

#4 34,439.04 [J] 141,808.66 [J]

5. Discussion

In this paper, an EMS combining CED guidance and an A-ECMS was evaluated using
the IDHIL simulator, which integrates a VANET simulator, V2X communication devices,
and a vehicle simulation environment. CED guidance provides guide speeds and guide
signals to the driver by considering road information (curvature, slope, distance, limit
speed) and V2X communication information (traffic light, surrounding vehicle information).
The A-ECMS performs optimal power distribution control by applying the target SOC
derived based on road information to the equivalence factor. The connected PHEV with
the proposed EMS was compared to a normal PHEV without eco-driving and with a
conventional ECMS. The connected PHEV showed a fuel economy improvement of 60.28%
compared to the normal PHEV. This equates to an average reduction in CO2 emissions of
0.54 kg (36.57%). We came to the following conclusions from our simulation results.

• By driving with CED guidance using V2X communication and road information, brake
and acceleration pedal usage is reduced, which can be seen through regenerative
braking energies and engine operating points. This in turn reduces energy loss and
the usage of vehicle systems.

• We can see the change in engine behavior by applying an A-ECMS using road informa-
tion. Based on the road information, the target SOC was determined and reflected in
the equivalent factor. As a result, the engine operated more often in areas with lower
BSFC (higher efficiency).

• CED guidance encourages drivers to drive more efficiently, and the A-ECMS enables
engines to operate more efficiently. We have found that the integration of CED
guidance and the A-ECMS can be synergistic in terms of improving fuel efficiency.

Although we confirmed the improvement in fuel economy from the test results, further
studies are needed to further improve fuel economy by utilizing the IDHIL simulator test
bench with a connected vehicle environment. The first is to apply detailed road informa-
tion in real time. In order to apply road information when driving in a real environment,
real-time information must be guaranteed. In addition, applying a trajectory-based SOC
reference using detailed road information will show a higher fuel efficiency improvement
effect [26]. The second is to evaluate various EMS methods. EMSs for connected (P)HEVs
have been well researched, but validation in a real V2X communication environment is
lacking. Therefore, the IDHIL simulator can be used to test existing methods to validate the
applicability and performance of existing EMSs in real-world V2X environments. Finally,
application of an autonomous driving system should be verified. One of the problems that
reduces the performance of eco-driving is human driver error. Since driver behavior is un-
predictable and inconsistent, the performance of eco-driving systems cannot be guaranteed.
Therefore, if an autonomous driving system is applied, its performance can be guaranteed
because its ability to follow the reference speed is increased.
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