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Abstract—The overtaking planning problem plays a crucial 

role to foster the adaptive cruise control (ACC) technology. It 

reveals extremely challenging due to critical requirements on 

the real-time capability of the control system and on conflicting 

objectives for the longitudinal speed trajectory generated over 

time for the Following Vehicle (e.g. in terms of maneuver 

efficiency, passenger comfort, energy economy). In this paper, 

an approach to solve this problem is proposed by developing an 

optimal energy saving oriented ACC algorithm for overtaking 

scenarios considering a hybrid electric vehicle (HEV) as the 

Following Vehicle. An off-line optimization based on Dynamic 

Programming (DP) is implemented. The proposed DP 

formulation aims at controlling the Following Vehicle 

longitudinal jerk over time to minimize the overall HEV energy 

consumption throughout the overtaking maneuver. 

Optimization constraints are considered for the inter-vehicular 

distance between Leader Vehicle and Following vehicle over 

time, and for the operational limits of the HEV powertrain 

components.  The developed ACC algorithm is demonstrated 

achieving up to 4.1% energy saving and significant 

improvements in terms of passenger comfort in different 

overtaking scenarios. 

Keywords—adaptive cruise control (ACC), energy saving, 

hybrid electric vehicle (HEV), optimal control, overtaking 

scenario 

I. INTRODUCTION 

Autonomous driving is currently a revolutionary topic in 
the automotive industry. However, difficult challenges from 
different aspects toughen the commercialization of high-level 
automated driving systems. For example, the significant cost 
entailed by sensors and the computational power required to 
achieve high-level autonomous driving currently compromise 
the affordability of automated vehicle [1]. Interaction of 
automated road vehicles with human operated vehicles and 
pedestrians is a further concern [2]. In this context, improving 
current advanced driver assistance systems (ADASs) towards 
higher level of automatization could be an intermediate 
solution for commercialization of automated driving systems. 
Adaptive cruise control (ACC) is an example of well-

established ADAS technology [3]. The Leader vehicle can be 
operated by a human driver, while the Following vehicle is 
designed to follow the Leader vehicle.  

Several algorithms can be found in the literature to control 
the Following Vehicle speed in ACC driving aiming at 
maintaining a certain gap between Leader Vehicle and 
Following Vehicle. Related examples can be based on 
proportional integral derivative (PID) control [4] or model 
predictive control (MPC) [5]. Improved ACC algorithms are 
currently developed that can either enhance energy economy 
and passenger comfort for the Following Vehicle [6], or 
effectively handle cut-in maneuvers [7][8]. Few ACC 
approaches have been proposed as well considering lane 
change maneuvers that occur when the Leader Vehicle 
overtakes a vehicle ahead for instance. In 2009, Kim et al. 
integrated collision avoidance during lane-change maneuvers 
in an ACC framework [9]. In 2015, Dang et al. developed an 
MPC-based ACC system with lane-change assistance [10]. In 
2017, Schmidt proposed a virtual vehicle following lane 
change planning algorithm for ACC scenarios [11].  

The above-mentioned research works do not consider the 
propelling energy consumption of the Following Vehicle 
when controlling its longitudinal speed in lane change 
maneuvers during overtaking scenarios. However, as the 
Leader Vehicle may operate a significant longitudinal 
acceleration to rapidly overtake a vehicle ahead, the 
considered ACC scenario may involve noticeable energy 
consumption. New opportunities thus arise for the Following 
Vehicle to exploit the information coming from the Leader 
Vehicle to reduce its energy consumption while efficiently 
completing the overtaking maneuver in ACC driving. The 
identified research gap and the related technological 
opportunity are addressed in this paper by presenting a method 
to design and implement an energy-efficient real-time 
overtaking speed planning algorithm in ACC for a Hybrid 
Electric Vehicle (HEV). Other than energy saving, the 
developed algorithm can ensure improved passenger comfort. 
Dynamic Programming (DP) is retained as an effective tool to 
find the global optimal solution of the considered control 



problem in an off-line simulation approach. The rest of this 
paper is arranged as follows. First, the ACC overtaking 
scenario under analysis is presented. A HEV powertrain is 
consequently modelled. Then, DP is implemented to solve the 
optimal speed trajectory problem in different ACC overtaking 
scenarios. Simulation results are then discussed and the 
performance of the proposed energy-efficient ACC overtaking 
approach is verified. Finally, results and conclusions are 
given. 

II. ACC OVERTAKING SCENARIO 

A schematic diagram of the ACC overtaking scenario 
studied in this paper is illustrated in Fig. 1. Initially, both 
Following Vehicle and Leader Vehicle travel with the same 
speed as the queue of vehicles ahead, hereafter denoted as 
initial speed. The Leader Vehicle then decides to overtake the 
queue of vehicles and accelerates up to a certain speed, 
hereafter denoted as target speed. In this framework, the 
automated Following Vehicle needs to plan the longitudinal 
speed trajectory to appropriately follow the Leader Vehicle. 
The overall overtaking scenario can be divided into three 
phases. In the first phase, the Leader Vehicle performs the lane 
change maneuver while accelerating up to the target speed. 
The queue of low-speed vehicles is overtaken in a reduced 
amount of time during the second phase. In the third phase, 
the Leader Vehicle performs another lane change maneuver 
and returns to the original road lane. In the first and third 
phases, the lateral velocity planning problem for the lane 
change maneuvers in Fig. 1 can be addressed using different 
approaches (e.g. the polynomial method [12]). On the other 
hand, this paper focuses on the longitudinal speed planning 
problem for the overall ACC overtaking scenario. 

During phase 1 in Fig. 1, the Following Vehicle needs to 
adjust its speed and follow the Leader Vehicle while it 
accelerates to overtake the queue of slow speed vehicles. In 
the first time instant (i.e. 𝑡 = 𝑡0), initial values are set for the 
Following Vehicle longitudinal speed, the Leader Vehicle 
longitudinal speed and initial inter-vehicular distance (IVD) 
𝑑0. Both vehicles are assumed travelling at the same speed as 
the queue of slow speed vehicles in the first time instant. In 
the final time instant (i.e. 𝑡 = 𝑡𝑒𝑛𝑑), both vehicles will get to 
a known final state characterized by the value of Following 
Vehicle longitudinal speed being comparable with the value 
of the Leader Vehicle longitudinal speed (i.e. the target speed) 
and by a certain IVD 𝑑𝑒𝑛𝑑. Several requirements need to be 
satisfied for the longitudinal speed trajectory generated over 
time for the Following Vehicle. First, the collision between 
the Following Vehicle and the Leader Vehicle must be 
avoided. Second, the instantaneous values of longitudinal 
speed and acceleration of the Following Vehicle should not 
exceed the respective vehicle operational constraints. Third, 
passenger comfort, maneuver efficiency (i.e. the time required 
to complete the overtaking maneuver), and HEV energy 
economy should be maximized. Nevertheless, these 

requirements are usually contradictory. For example, an 
aggressive longitudinal acceleration leads to improve the 
maneuver efficiency, yet it comes at the expense of worsening 
both the passenger comfort and the energy economy.   

III. HEV POWERTRAIN MODELLING AND CONTROL 

This section describes the implemented numerical 
approach to evaluate the energy consumption of the HEV 
retained as Following Vehicle in the considered ACC 
overtaking scenario. The HEV powertrain architecture and its 
hybrid supervisory control logic are detailed to this end.  

A. HEV Powertrain 

A prototype Chevrolet Blazer is investigated as HEV in 
this study. The electrified Blazer is the McMaster University’s 
vehicle for the US Department of Energy sponsored 
EcoCAR4 competition. The electrified Blazer prototype is 
designed to compete with its traditional version which is 
propelled by an internal combustion engine (ICE) alone.  

Fig. 2 shows a schematic diagram of the electrified Blazer 
powertrain, which relates to a parallel-through-the-road P0-P4 
configuration. The HEV is equipped with a 1.5L 171kW 
turbocharged spark-ignition ICE and a Valeo i-StARS 4kW 
Belt Alternator Starter (BAS) directly connected with the ICE 
shaft in P0 position. During ICE cranking events, the BAS 
drives the engine crank shaft. When the ICE is activated, the 
BAS generates an auxiliary torque that can be either negative 
or positive to adjust the engine torque to its optimal efficiency 
region. The BAS is connected to a 12V battery which powers 
the low voltage vehicle accessories. Both ICE and BAS propel 
the front axle through a nine-speed automatic transmission 
(AT). On the other hand, the rear axle is connected to a YASA 
P400 300V 90kW electric motor/generator (EM) in P4 
position through a final drive (FD) and a clutch. When the 
YASA P400 EM is not operating, the related clutch is 
disengaged to avoid drag losses of the EM. The YASA P400 
EM is linked to a 300V 52kW 1.5kWh GM Malibu Hybrid 
battery pack which serves as high-voltage energy storage 
system (ESS). Separating high-voltage electrical systems 
from low-voltage electrical systems was found to be beneficial 
for HEV fuel economy. In this case, electrical energy 
harvested during braking events by the YASA P400 EM is 

 

Fig. 1. ACC overtaking scenario. 
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Fig. 2. Schematic diagram of the McMaster EcoCAR4 Team’s P0-P4 

electrified Blazer powertrain. 

 



used for operating the rear axle instead of supplying the 
vehicle low-voltage electrical loads [13]. 

In general, the HEV is modelled here according to the 
widely adopted quasi-static approach [14]. At each time 
instant, the torque at the wheels 𝑇𝑤ℎ𝑒𝑒𝑙𝑠 can be expressed as a 
function of the road slope 𝛼, the longitudinal vehicle speed 𝑉, 
and the commanded vehicle longitudinal acceleration 𝑎𝑥  as 
follows: 

 𝑇𝑤ℎ𝑒𝑒𝑙𝑠 = {𝑚 ∙ 𝑔 ∙ 𝑐𝑜𝑠(𝛼) ∙ (𝑓0 + 𝑘 ∙ 𝑉2) +
1

2
∙ 𝜌 ∙ 𝑉2 ∙ 𝑆 ∙ 𝐶𝑥 + 𝑚 ∙

𝑔 ∙ 𝑠𝑖𝑛(𝛼) + 𝑚𝑒𝑞𝑢 ∙ 𝑎𝑥} ∙ 𝑟𝑤ℎ𝑒𝑒𝑙   () 

where 𝑚 , 𝑔  and 𝜌  stand for the vehicle mass, the 
gravitational acceleration, and the air density, respectively. 𝐶𝑥 
is the aerodynamic drag coefficient in the longitudinal 
direction. 𝑓0  and 𝑘  denote rolling resistance coefficients. 𝑆 , 
𝑟𝑤ℎ𝑒𝑒𝑙  and 𝑚𝑒𝑞𝑢  are the vehicle frontal area, the wheel 

dynamic radius, and the equivalent vehicle mass including the 
inertia of rotating components as well.  

Speeds of power components can be directly evaluated 
from the vehicle speed. Moreover, the torque balance at the 
wheels in each time instant can be expressed as follows: 

𝑇𝑤ℎ𝑒𝑒𝑙𝑠 = [𝑇𝐼𝐶𝐸 + 𝑇𝐵𝐴𝑆 ∙ 𝜏𝑏𝑒𝑙𝑡 ∙ 𝜂𝑏𝑒𝑙𝑡
𝑠𝑖𝑔𝑛(𝑇𝐵𝐴𝑆)

] ∙ 𝜏𝐴𝑇(𝑔𝑒𝑎𝑟) ∙

𝜏𝐹𝐷−𝑓𝑟𝑜𝑛𝑡 ∙ 𝜂𝐴𝑇 ∙ 𝜂𝐹𝐷−𝑓𝑟𝑜𝑛𝑡 + 𝑇𝐸𝑀 ∙ 𝜏𝐹𝐷−𝑟𝑒𝑎𝑟 ∙ 𝜂𝐹𝐷−𝑟𝑒𝑎𝑟
𝑠𝑖𝑔𝑛(𝑇𝐸𝑀)

  (2) 

where 𝑇𝐼𝐶𝐸 , 𝑇𝐵𝐴𝑆  and 𝑇𝐸𝑀  are the ICE torque, the BAS 
torque, and the EM torque, respectively. Ratios of the belt 
connecting BAS with ICE, of the engaged gear in the AT, of 
the front axle FD and of the rear axle FD are respectively 
denoted by 𝜏𝑏𝑒𝑙𝑡 , 𝜏𝐴𝑇(𝑔𝑒𝑎𝑟), 𝜏𝐹𝐷−𝑓𝑟𝑜𝑛𝑡  and 𝜏𝐹𝐷−𝑟𝑒𝑎𝑟 . Finally, 

𝜂𝑏𝑒𝑙𝑡 , 𝜂𝐴𝑇 , 𝜂𝐹𝐷−𝑓𝑟𝑜𝑛𝑡 ,  and 𝜂𝐹𝐷−𝑟𝑒𝑎𝑟  stand for mechanical 

efficiencies of the belt, the AT, the FD of the front axle and 
the FD of the rear axle, respectively. Considering the sign of 
the torques of BAS and EM as power factors of respective 
efficiencies for the belt and for the rear FD allows retaining 
both propelling and generating cases for the electric machines.  

  The electrical power values of the 12V battery and of the 
300V ESS can be determined by interpolating in two-
dimensional lookup tables that map the electrical power 
consumption of the BAS and of the EM, respectively, as a 
function of their speed and torque. Low-voltage auxiliary 
loads are considered as well for the 12V battery connected to 
the BAS. The instantaneous values of current for both 12V 
battery and 300V ESS can then be evaluated according to a 
first-order equivalent circuit model by retaining as input the 
respective electrical power. Finally, values of state-of-charge 
(SOC) for both 12V battery and 300V ESS are determined by 
integrating their current over time and by weighting according 
to the respective capacities.  

As regards the ICE, its instantaneous fuel rate can be 
modelled by interpolating in a two-dimensional lookup table 
with speed and torque as independent variables. The interested 
reader can find more details regarding the implemented HEV 
modeling procedure in [13]. 

B. Hybrid Supervisory Control Logic 

The hybrid supervisory controller is responsible for 
deciding the instantaneous torque split between power 
components. This is a crucial decision that affects the overall 
HEV energy economy. The function of the BAS is to generate 
a reactive torque that allows shifting the ICE operating point 
towards highly efficient areas. On the other hand, the torque 

of the EM connected to the rear axle is controlled to enable 
matching between the overall provided value of 𝑇𝑤ℎ𝑒𝑒𝑙𝑠 and 
the corresponding driver’s demand. 

At each time instant, the gear shifting logic embedded in 
the AT selects the gear ratio to be engaged according to the 
current value of vehicle speed. Then, the ICE angular speed 
can be obtained as follows: 

𝜔𝐼𝐶𝐸 =
𝑉∙𝜏𝐴𝑇(𝑔𝑒𝑎𝑟)∙𝜏𝐹𝐷−𝑓𝑟𝑜𝑛𝑡

𝑟𝑤ℎ𝑒𝑒𝑙
   (3) 

The optimal ICE torque is consequently determined by 
maximizing the ICE efficiency based on the current value of 
𝜔𝐼𝐶𝐸 . However, the difference between the wheel torque 
command and the optimal ICE torque should be compensated 
by the BAS and the YASA motor. Thus, after the optimal 
engine torque is obtained, the compensating torque is 
calculated and compared with the upper and lower torque limit 
of the BAS. If the compensating torque is larger than the upper 
limit of the BAS, it means the wheel torque command is too 
large and ICE and BAS are not able to provide enough torque 
alone. The YASA motor will engage in this case and supply 
the rest of the propelling torque. Similarly, the YASA motor 
will provide a reactive torque and charge the high-voltage 
battery pack in case the wheel torque at the front axle exceeds 
the corresponding driver’s demand. 

Once the torque command of ICE, BAS, and YASA motor 
are known, the fuel mass flow rate 𝑚̇𝑓𝑢𝑒𝑙, the current of the 

low voltage battery and the current of the high voltage battery 
can be determined using the motor and battery models 
discussed in the previous section. Evaluating the overall HEV 
energy consumption can be performed in this way. 

IV. OPTIMAL ACC OVERTAKING PLANNING PROBLEM 

In this section, the optimal ACC overtaking planning 
problem is discussed. The aim here involves minimizing the 
overall HEV energy consumption in the considered 
overtaking maneuver time horizon as follows: 

arg min {∫ [

𝐿𝐻𝑉𝑓𝑢𝑒𝑙 ∙ 𝑚̇𝑓𝑢𝑒𝑙(𝑡) +

+𝐼𝐻𝑉(𝑡) ∙ 𝑂𝐶𝑉𝐻𝑉(𝑡) +

+𝐼𝐿𝑉(𝑡) ∙ 𝑂𝐶𝑉𝐿𝑉(𝑡)

] 𝑑𝑡 
𝑡𝑒𝑛𝑑

𝑡0

} 

subject to: 

𝐼𝑉𝐷𝑚𝑖𝑛(𝑡) ≤ 𝐼𝑉𝐷(𝑡) ≤ 𝐼𝑉𝐷𝑀𝐴𝑋(𝑡) 

|𝑥𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔(𝑡)| ≤ |𝑥𝑀𝐴𝑋(𝑡)| 

(4) 

where 𝑚̇𝑓𝑢𝑒𝑙  and 𝐿𝐻𝑉𝑓𝑢𝑒𝑙  are the fuel mass flow rate in 

grams per second and the fuel low heating value in joule per 
gram, respectively. 𝐼𝐻𝑉 and 𝐼𝐿𝑉 stand for values of current for 
the high-voltage battery pack and the low-voltage battery, 
respectively. Finally, 𝑂𝐶𝑉𝐻𝑉  and 𝑂𝐶𝑉𝐿𝑉  are the respective 
values of open-circuit voltage. The overall HEV power 
consumption can be expressed considering fuel power, high-
voltage battery power and 12V battery power in watts in this 
way. 

Two additional constraints are involved in the ACC 
overtaking planning problem. The first one relates to the IVD, 
which must always be limited within minimum and maximum 
values. Indeed, the Following Vehicle must both avoid 
colliding with the Leader Vehicle, prevent getting too far from 
the Leader Vehicle, and avoid colliding with the vehicles 
travelling at low speed during the lateral maneuver to return 
to the starting lane. The second optimization constraint 



involves limiting the instantaneous value of Following 
Vehicle jerk 𝑥𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔  within reasonable values both to 

improve passenger comfort and to comply with the 
operational limits of the HEV powertrain components. The 
follow-up of this section will discuss a DP formulation that 
allows finding the global optimal solution for the presented 
ACC overtaking planning problem. 

A. Dynamic Programming formulation 

DP is a widely implemented approach that enables 
identifying global optimal control trajectories for a given 
dynamic control problem. DP is based on the principle of 
global optimality introduced by Bellman and it involves 
exhaustively sweeping discretized values of control and state 
variables of the control problem [15]. This procedure is 
iterated backwardly while solving an optimal control problem 
from the final time instant to the initial one [16]. The control 
variable set 𝑈 and the state variable set 𝑋 considered in DP for 
this work are reported in (5). 

𝑈 = {𝑥𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔}    ;     𝑋 = {

𝐼𝑉𝐷
𝑥̇𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔

𝑥̈𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔

}               (5) 

DP controls at each time instant the Following vehicle 
jerk. On the other hand, 𝑋 contains the variables whose values 
need to be tracked over time throughout the overtaking 
maneuver. The longitudinal acceleration 𝑥̈𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔  and the 

longitudinal speed 𝑥̇𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔  of the Following vehicle are 

considered here in 𝑋 along with the IVD. Starting from the 
controlled value of  𝑥𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔, all the state variables can be 

updated in the generic time instant 𝑡  according to the 
backward Euler method as follows: 

𝑥̈𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔(𝑡 + 1) =  𝑥𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔(𝑡) ∙ Δ𝑡 + 𝑥̈𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔(𝑡) 

𝑥̇𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔(𝑡 + 1) = 𝑥̈𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔(𝑡) ∙ Δ𝑡 + 𝑥̇𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔(𝑡) 

𝐼𝑉𝐷(𝑡 + 1) =  𝑥̇𝐹𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔(𝑡) ∙ Δ𝑡 + 𝐼𝑉𝐷(𝑡) 

(6) 

where Δ𝑡 is the DP simulation time step in seconds. DP 
explores discretized values of control and state variables in the 
ACC overtaking scenario to find the control solution that 
minimizes the cost function expressed in (4) in terms of 
estimated HEV power consumption. For each possible 
combination of control and state variables, the overall HEV 
energy consumption can be evaluated by following the 
methodology illustrated in Section II. Constraints are imposed 
in this framework to the values of state variables. The open-
source DP function provided by Sundstrom and Guzzella and 
implemented in Matlab® is used in this work [17].  

B. ACC algorithm assessment methodology 

The performance of the proposed algorithm is assessed by 
following the flowchart illustrated in Fig. 3. First, initial 
conditions are considered in terms of longitudinal speed and 
position of Leader vehicle, Following Vehicle and vehicles 
traveling in queue at slow speed.  

Step 1. The longitudinal vehicle and electrified powertrain 
dynamics for the Leader vehicle are simulated throughout the 
overtaking maneuver. In this case, the Leader vehicle is 
supposed embedding the electrified Blazer HEV powertrain 
as well. A Simulink® model is considered here that takes as 
input the target vehicle longitudinal speed profile over time. 
Then, the Simulink® model is composed by the following 
sub-systems: 1) a PID controller which models the driver and 
determines the value of vehicle acceleration required at each 

time instant to reproduce the target longitudinal vehicle speed 
profile; 2) the HEV powertrain model which allows 
accounting for operational limits of power components and 
predicting the overall HEV energy consumption; 3) a 
longitudinal vehicle dynamic model which allows evaluating 
the longitudinal position and speed of the vehicle over time 
considering the instantaneous values of the vehicle resistive 
forces and of the torque 𝑇𝑤ℎ𝑒𝑒𝑙𝑠  provided by the HEV 
powertrain. The initial speed value is set in the first time 
instant, while the target speed is instantaneously imposed to 
the PID controller which models the driver when 𝑡 = 0.1 
seconds. In this case, the power capability of the HEV 
powertrain components will eventually restrict the maximum 
acceleration achievable by the simulated electrified Blazer. 
Here, all the vehicles are assumed traveling on a flat road. The 
Leader vehicle is assumed being 5 meters behind the queue of 
slow speed vehicles in the initial time instant 𝑡0. Then, the 
simulation in Simulink® performed at Step1 is carried out 
until the Leader vehicle gets 15 meters ahead the queue of 
slow speed vehicles. This value has been assumed to allow the 
Following vehicle enough space to enter the lane in between 
the Leader vehicle and the queue of slow speed vehicles. The 
value of the final time instant  𝑡𝑒𝑛𝑑  is determined in this way. 
Simulation results for the Leader vehicle in terms of 
longitudinal position, longitudinal speed and energy 
consumption over time are obtained once Step 1 is completed.  

Step 2. Looking at Fig. 3, this step involves planning the 
longitudinal jerk of the Following vehicle over time 
throughout the overtaking maneuver by performing the DP 
optimization described in Section IV.A. The longitudinal 
trajectory of the Leader vehicle determined in Step 1 is used 
in this case to evaluate the IVD at each simulation time instant 
and thus constrain it within allowed limits. In DP, 𝐼𝑉𝐷𝑚𝑖𝑛 
over time is evaluated here according to a time-headway 
numerical braking model with Following Vehicle speed and 
relative vehicle speed between Leader Vehicle and Following 
Vehicle as inputs. More details regarding this procedure can 
be found in [6]. On the other hand, 𝐼𝑉𝐷𝑀𝐴𝑋 is assumed here 
being 30 meters. The initial IVD is set to 10 meters, while the 
final value of IVD is constrained in DP to be within 3 meters 
and the initial IVD to ensure that both Leader Vehicle and 
Following Vehicle travel approximately the same distance. 
Concerning 𝑥𝑀𝐴𝑋, its value has been set here to 10 m/s3 as the 

 

Fig. 3. Flowchart for assessing the performance of the proposed 

optimal ACC overtaking planning algorithm. 
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complying with the optimization constraints
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Step 3. Simulate Following vehicle overtaking maneuver in Simulink 
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Stop
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threshold for reasonable passenger comfort [18]. Here, the DP 
simulation time step Δ𝑡 is set to 0.1 seconds. 

Step 3. The Following vehicle longitudinal speed over 
time evaluated by DP is fed as input to the same HEV 
Simulink® model used in Step 1. This allows evaluating the 
energy consumption of the Following vehicle according to the 
same numerical platform as for the Leader vehicle. Finally, 
obtained results for the proposed optimal energy saving ACC 
overtaking planning algorithm are analyzed in Step 4. 

V. RESULTS 

This section illustrates the results obtained by the proposed 
DP formulation for solving the optimal ACC overtaking 

planning problem. In particular, the flowchart illustrated in 
Fig. 3 is repeated considering different initial conditions in 
terms of initial speed and target speed (i.e. the overtaking 
speed). Looking at Fig. 1, both Leader Vehicle, Following 
Vehicle and slow speed vehicles are assumed traveling at the 
same speed in the initial time instant. Five test cases are 
retained here with corresponding values of initial speed and 
target speed reported in Table I. The time required to complete 
each overtaking maneuver as calculated during Step 1 in Fig. 
3 is reported as well. The HEV energy consumption in watt-
hour per kilometer of driving in Table I includes both fuel 
consumption, 12V battery energy consumption and high-
voltage battery pack energy consumption. The effectiveness 

TABLE I.  SIMULATION RESULTS FOR THE RETAINED OVERTAKING SCENARIOS 

Test 

case # 

Initial 

speed 

[km/h] 

Target 

speed 

[km/h] 

Over-

take 

time 

[s] 

Energy 

consumption  

- L [Wh/km] 

Energy 

consumption  

- F [Wh/km] 

Road and 

inertia loss 

[kJ] 

ICE loss 

[kJ] 

12V loss 

[kJ] 

300V loss 

[kJ] 

L F L F L F L F 

1 50 70 6.81 0.97 0.96 (-1.8%) 223 224 99 96 37 29 318 305 

2 50 80 5.74 1.43 1.38 (-3.6%) 310 298 84 84 24 24 495 468 

3 60 80 6.50 1.11 1.08 (-2.1%) 268 273 125 124 37 33 398 367 

4 60 90 5.87 1.49 1.43 (-4.1%) 378 361 112 111 25 24 589 548 

5 70 90 6.87 1.16 1.14 (-1.2%) 322 337 178 175 38 32 450 431 

a. L=Leader ; F=Following 

 

Fig. 4. Time series of longitudinal speed, IVD, longitudinal jerk and logitudinal acceleration for both Leader Vehicle and Following Vehicle in 

the ACC overtaking scenarios corresponding to test cases #2 and #5. 

 

Fig. 5. Breakdown of the HEV powertrain losses in the overtaking scenarios corresponding to test cases #2 and #5. 

(a) Test case #2 (b) Test case #5
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of the proposed optimal ACC overtaking planning algorithm 
is demonstrated by the significant improvements in terms of 
overall HEV energy economy for the Following Vehicle 
compared with the Leader Vehicle. Maximum potential 
energy saving relates to the test cases with more aggressive 
Leader Vehicle acceleration (i.e. test case #2 and test case #4) 
and amount to 3.6% and 4.1%, respectively.  

Fig. 4 shows examples of time series for both Leader 
Vehicle and Following Vehicle controlled by the proposed DP 
based optimal ACC overtaking planning algorithm in test 
cases #2 and #5. As it can be noticed, remarkable smoothing 
of the vehicle longitudinal jerk can be achieved for the 
Following Vehicle compared with the Leader Vehicle. Lower 
values of longitudinal jerk consequently entail more uniform 
vehicle acceleration and vehicle speed as well, which is 
beneficial for HEV energy economy. The remarkable 
potential in terms of passenger comfort improvement brought 
by the introduced ACC overtaking algorithm is thus 
demonstrated. The slight acceleration comebacks towards the 
end of the overtaking maneuvers both in Fig. 4(a) and in Fig. 
4(b) can be explained by the compliance of the longitudinal 
speed profile planned by DP with the optimization constraint 
imposed on the final IVD. 

Table I also reports the breakdown of the HEV powertrain 
losses for both Leader Vehicle and Following. In particular, 
the road and inertia loss can be obtained by multiplying 
𝑇𝑤ℎ𝑒𝑒𝑙𝑠 times the wheel angular speed. The ICE loss can be 
determined by subtracting the ICE mechanical power from the 
fuel power. Finally, 12V loss and 300V loss terms are 
evaluated by comparing the electric machine mechanical 
power with the battery electrical power for BAS/12V battery 
and for EM/high-voltage battery pack, respectively. Fig. 5 
illustrates a graphical representation of the breakdown of HEV 
powertrain losses for the overtaking scenarios corresponding 
to test cases #2 and #5, respectively. In Fig. 5 (a), one of the 
major contributors to the energy saving of the Following 
Vehicle compared with the Leader Vehicle relate to the 
decrease in road and inertia loss which can be obtained by 
smoothing the profile of the longitudinal speed over time. 
Both in Fig. 5(a) and in Fig. 5(b), a significant reduction in the 
loss of the high-voltage EM and battery pack can be achieved 
as well thanks to the proposed optimal ACC overtaking 
planning algorithm. As shown in Fig. 5(b), DP unexpectedly 
chooses to increase road and inertia loss of the Following 
Vehicle in test case #5. Nevertheless, HEV energy saving in 
the overtaking maneuver can still be ensured by consistently 
lowering both ICE loss, 12V loss, and 300V loss. 

VI. CONCLUSIONS 

The longitudinal speed trajectory over time during 
overtaking scenarios has a large impact on both passenger 
comfort and HEV energy economy. In this paper, an 
optimization method is adopted to off-line solve the 
longitudinal speed planning problem for an HEV travelling as 
Following Vehicle in ACC overtaking scenarios. DP is 
implemented as global optimal control approach, and the 
optimization target includes maximizing the overall HEV 
energy economy while limiting the longitudinal vehicle jerk. 
Constraints are considered as well for longitudinal dynamics 
of the Following Vehicle and for the safety distance between 
the Following Vehicle and the Leader Vehicle. Simulation 
results are obtained in different ACC overtaking scenarios 
considering the McMaster University’s electrified Blazer as 
test HEV. The introduced DP based optimal ACC overtaking 

planning algorithm can significantly smooth the longitudinal 
jerk of the Following Vehicle in overtaking maneuvers, thus 
enhancing passenger comfort. Moreover, up to 4.1% energy 
saving can be achieved by the Following Vehicle compared 
with the Leader Vehicle. Related future work can involve 
developing and implementing a real-time capable ACC 
overtaking planning algorithm based on the off-line optimized 
control trajectories obtained in this work.  

REFERENCES 

 
[1] N. F. Hutchins, A. J. Kerr and L. R. Hook, "User Acceptance in 

Autonomous Vehicles: The Evolution of the End User," 2019 
International Symposium on Systems Engineering (ISSE), 2019, pp. 1-
8. 

[2] A. Rasouli and J. K. Tsotsos, "Autonomous Vehicles That Interact 
With Pedestrians: A Survey of Theory and Practice," in IEEE 
Transactions on Intelligent Transportation Systems, vol. 21, no. 3, pp. 
900-918, March 2020. 

[3] J. Pauwelussen and P. J. Feenstra, "Driver Behavior Analysis During 
ACC Activation and Deactivation in a Real Traffic Environment," 
in IEEE Transactions on Intelligent Transportation Systems, vol. 11, 
no. 2, pp. 329-338, June 2010. 

[4] P. Shakouri, A. Ordys, D.S. Laila, M. Askari, “Adaptive cruise control 
system: comparing gain-scheduling PI and LQ controllers”, IFAC 
Proceedings Volumes, vol. 44, no. 1, pp. 12964-12969, 2011. 

[5] D. Moser, R. Schmied, H. Waschl and L. del Re, "Flexible Spacing 
Adaptive Cruise Control Using Stochastic Model Predictive Control," 
in IEEE Transactions on Control Systems Technology, vol. 26, no. 1, 
pp. 114-127, Jan. 2018. 

[6] P.G. Anselma, “Optimization-Driven Powertrain-Oriented Adaptive 
Cruise Control to Improve Energy Saving and Passenger 
Comfort”, Energies, vol. 14, no. 10, pp. 2897-2924, 2021. 

[7] M. Althoff, S. Maierhofer and C. Pek, "Provably-Correct and 
Comfortable Adaptive Cruise Control," in IEEE Transactions on 
Intelligent Vehicles, vol. 6, no. 1, pp. 159-174, March 2021. 

[8] A. Capuano, M. Spano, A. Musa, G. Toscano, D. Misul, “Development 
of an Adaptive Model Predictive Control for Platooning Safety in 
Battery Electric Vehicles”, Energies, vol. 14, no. 17, pp. 5291-5304, 
2021. 

[9] D. Kim, S. Moon, J. Park, H. J. Kim and K. Yi, "Design of an Adaptive 
Cruise Control / Collision Avoidance with lane change support for 
vehicle autonomous driving," 2009 ICCAS-SICE, 2009, pp. 2938-
2943. 

[10] R. Dang, J. Wang, S. E. Li and K. Li, "Coordinated Adaptive Cruise 
Control System With Lane-Change Assistance," in IEEE Transactions 
on Intelligent Transportation Systems, vol. 16, no. 5, pp. 2373-2383, 
Oct. 2015. 

[11] K.W. Schmidt, “Cooperative adaptive cruise control for vehicle 
following during lane changes”, IFAC-PapersOnLine, vol. 50, no. 1, 
pp. 12582-12587, 2017. 

[12] G. Xu, L. Liu, Y. Ou and Z. Song, "Dynamic Modeling of Driver 
Control Strategy of Lane-Change Behavior and Trajectory Planning for 
Collision Prediction," in IEEE Transactions on Intelligent 
Transportation Systems, vol. 13, no. 3, pp. 1138-1155, Sept. 2012. 

[13] M. Haußmann, “Development of a Control System for a P4 Parallel-
Through-The-Road Hybrid Electric Vehicle”, M.Sc. Thesis, McMaster 
University, 2019. 

[14] G. Rizzoni, L. Guzzella and B. M. Baumann, "Unified modeling of 
hybrid electric vehicle drivetrains," in IEEE/ASME Transactions on 
Mechatronics, vol. 4, no. 3, pp. 246-257, Sept. 1999. 

[15] R. Bellman and E. Lee, "History and development of dynamic 
programming," in IEEE Control Systems Magazine, vol. 4, no. 4, pp. 
24-28, November 1984. 

[16] F. Miretti, D. Misul, D., E. Spessa, “DynaProg: Deterministic Dynamic 
Programming solver for finite horizon multi-stage decision 
problems”, SoftwareX, vol. 14, p. 100690, 2021. 

[17] O. Sundstrom and L. Guzzella, "A generic dynamic programming 
Matlab function," 2009 IEEE Control Applications, (CCA) & 
Intelligent Control, (ISIC), 2009, pp. 1625-1630. 

[18] Q. Huang, H. Wang, "Fundamental Study of Jerk: Evaluation of Shift 
Quality and Ride Comfort", SAE Technical Paper 2004-01-2065, 2004. 


