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Abstract: An adaptive cruise control (ACC) system is developed based on eco-driving for two
typical car-following traffic scenes. The ACC system is designed using the model predictive control
(MPC) algorithm, to obtain objectives of eco-driving, driving safety, comfortability, and tracking
capability. The optimization of driving comfortability and the minimization of fuel consumption
are realized in the manner of constraining the acceleration value and its variation rate, so-called the
jerk, of the host vehicle. The driving safety is guaranteed by restricting the vehicle spacing always
larger than minimum safe spacing from the host vehicle to the preceding vehicle. The performances
of the proposed MPC-based ACC system are evaluated and compared with the conventional
proportional-integral-derivative (PID) controller-based ACC system in two representative driving
scenarios, through a simulation bench and an instantaneous emissions and fuel consumption model.
In addition to meeting the other driving objectives mentioned above, the simulation results indicate
an improvement of 13% (at the maximum) for fuel economy, which directly shows the effectiveness
of the presented MPC-based ACC system.

Keywords: eco-driving; adaptive cruise control (ACC); instantaneous emissions and fuel consumption
model; simulation

1. Introduction

Reducing fuel consumption, carbon dioxide (CO;), and other air pollution emission has been an
impending sustainable problem facing the transportation sector, especially the automobile industry,
which is currently stalemating over oil scarcity and environmental concerns. Therefore, policymakers
and automobile manufacturers have been exploring numerous strategies and products to minimize fuel
consumption and emissions. Approaches to achieving the reduction of fuel consumption are diverse,
such as advanced engine technology, intelligent vehicle technology, and new energy technology, like
pure electric vehicle and hybrid electric vehicle [1]. Among these strategies and products, eco-driving,
as one of the new control technologies, has been widely noted because of its potential of reducing fuel
consumption in whatever the local microscopic or global macroscopic level [2-9]. The main concept of
eco-driving is to offer the driver an optimal driving strategy or replace the driver with advanced driver
assistance systems (ADAS,) to improve the fuel economy under the guise of satisfying the driving
time and speed limits. The primary objective of eco-driving is to adapt the host vehicle to its driving
surroundings, including road condition and traffic flow, so that the fuel consumption and exhaust
emissions can be minimized.

Eco-driving research related to the idea of controlling the vehicle speed for minimizing fuel
consumption has been around a long time. Studies for optimizing vehicle cruise speed in terms
of its driveline operation condition have been conducted, without considering the effect of traffic

Appl. Sci. 2020, 10, 5271; d0i:10.3390/app10155271 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-3753-5928
http://dx.doi.org/10.3390/app10155271
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/15/5271?type=check_update&version=2

Appl. Sci. 2020, 10, 5271 20f19

surroundings and road information [10,11]. Fuel economy for road vehicles not only depends on the
performance of drivetrain inside the vehicle; it also depends on its operation—this was first proposed
by Leipnik and Schwarzkopf in 1977 [12]. Utilizing an optimal hybrid powertrain and traffic flow data
obtained by intelligent transportation technologies, reducing the fuel consumption driving on the
urban road can be achieved [13]. Fuel economy can be improved by forecasting required engine torque
and optimized speed profile, with the combination of comprehensive traffic information and a model
predictive controller [14]. However, the previously mentioned approaches are impractical to real-time
optimization and calculation, because of lacking the integrated driving behavior before travel.

In addition to optimal driving strategies in terms of automatic operation of a vehicle, a variety of
eco-driving assistance functions have been applied in a real-time driving scenario. A green “ECO”
indicator has been used for displaying if the current driving behavior is fuel economic or not. A research
work to determine the optimum driving strategy of a vehicle based on eco-driving rules has been done
by Saboohi and Farzaneh [15]. However, only the model of the engine in terms of vehicle speed, gear
ratio, and load is considered. Another work that fully responds to the road condition, upcoming traffic
signals, and spacing between vehicles of the real driving scene can generate rough driving behavior
advice, such as speed up or slow down, to the user [16]. Nevertheless, these eco-driving assistance
approaches are more about giving driving guidance qualitatively, rather than providing quantitative
velocity or acceleration data required for fuel economy assessment.

The current existing eco-driving system can be classified into three categories: before the traveling
scheme, during traveling scheme, and after traveling scheme according to the time of data processing.
Due to a greater extent of real-time interaction and engagement with traffic flow and road conditions,
the during-traveling scheme eco-driving system, as a branch of rapidly developed advanced driver
assistance systems (ADASs), has been strikingly concerned academically. Adaptive cruise control
(ACCQ) is an automated vehicle control system of ADASs, and safe car-following is the basic task of
developing the ACC system. Besides the objective of safe car-following, driving comfortability is
of great significance when promoting the performance of ACC system, according to the report on
ACC by the National Highway Traffic Safety Administration (NHTSA) [17]. Hence, if the target of the
controlled host vehicle in the ACC system is to reduce fuel consumption as well as securing driving
safety, guaranteeing the car-following and driving comfortability, an ACC system with multi-objectives
must be developed. Many scholars have been working on designing different control strategies for
the ACC system, including classic proportional-integral-derivative (PID) control, linear quadratic
regulator (LQR) control, sliding mode control, neural network and machine learning, fuzzy logic
control, and model predictive control (MPC) [18-21]. To achieve the research goal, the MPC framework
is adopted to design the ACC system, because MPC has the preview capability to predict future state
within a prediction horizon and the characteristic of receding horizon optimization for performance
evaluation index under restricted conditions. Compared with existing microscopic and macroscopic
traffic simulation models, such as Gipps” model, Newell model, cellular automata model, IDM model,
etc., elaborated in [22], MPC may handle the traffic-imposed constraints more systematically.

As an emerging research topic recently, introducing the MPC algorithm into the ACC system has
been provided with high interest academically. Based on the design of the intelligent ACC system,
the feasibility of applying a hybrid MPC framework into vehicle tracking control was studied [23].
The simulation results validated the effectiveness and industrial viability of the developed hybrid MPC
algorithm. A multi-objective coordinated optimization strategy for the ACC system was designed
based on the MPC method, which includes tracking capability, driving comfortability, and minimizing
fuel consumption [24,25]. However, the distinctness of the cut-in driving situation and related specifics
of designing an MPC-based ACC system is not clearly explained. Furthermore, the concrete fuel
economy performance improvement of the proposed MPC-based ACC system compared with the
classic controller-based ACC system is not clarified.

Accordingly, a new multiple objectives ACC optimization strategy in the framework of MPC is
explored in this brief. The proposed method can be implemented practically in real-time optimization
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by quantitatively providing an acceleration command to achieve eco-driving. Besides, it covers
the shortage of existing microscopic traffic models in handling multiple traffic-related constraints.
Most importantly, it offers a possible solution for reducing fuel consumption, to realize eco-driving
as well as improving the driving comfortability compared with the existing PID-based ACC system,
which pales in considering comfort and fuel economy. The kinematic relationship between the preceding
and the host vehicles is depicted in Figure 1. An ACC-equipped vehicle can follow an expected
spacing when a preceding vehicle is detected, or follow a desired predefined velocity if no vehicle is
running ahead. It considers the basic traffic situation—car-following process, during which, with a
combination of MPC algorithm, an ACC-equipped vehicle simultaneously is capable of achieving
the objective of eco-driving—improving the fuel economy. The contribution of this paper are as
follows: to begin with, the “Bicycle model” for vehicle dynamics is established for the host vehicle.
Next, the longitudinal dynamics ACC system model is developed. In the proposed ACC system
model, not only the inter-distance and speed error between host and preceding vehicles are considered,
but also the acceleration and acceleration variation rate, jerk, of host vehicle are included. The objective
of fuel economy is achieved mainly by setting constraints to acceleration and jerk. Finally, the proposed
MPC-based ACC system is compared with the classic ACC system in the framework of PID controller
to assess the fuel economy improvement of the proposed new ACC system.
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Figure 1. The kinematic relationship.

The rest of this paper is constructed as follows: Section 2 includes the main materials and
research methods, wherein the bicycle model for host vehicle dynamics is described in Section 2.1,
Section 2.2 describes the longitudinal dynamic ACC system model, main control objectives and relevant
constraints, a multi-objective algorithm, including the eco-driving performance index, fuel economy,
is projected in the framework of MPC in Section 2.3, an instantaneous emissions and fuel consumption
model is applied to calculate the emissions factor and fuel economy in Section 2.4, Section 2.5 describes
the overall simulation environment and structure. In Section 3, the simulation results and discussion
of the proposed algorithm are provided, followed by the conclusions in Section 4.

2. Materials and Methods

2.1. Vehicle Dynamics Modeling

In this research, the bicycle model is adopted to describe the host vehicle dynamic explicitly.
The whole control input of this model can be simplified as two parameters, the longitudinal acceleration,
and the front steering angle 6*. The dynamic bicycle model diagram is presented in Figure 2.
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Figure 2. The dynamic bicycle model diagram.

The state vector for this dynamic bicycle model is defined as:

s= [V, Vi, V| (1)

According to the analysis of longitudinal and lateral force interacting with tires, the first derivative
of the state vector with respect to time can be approximated as follows [26]:
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where, V), refers to the host vehicle lateral velocity, Vy represents the longitudinal velocity, Vx refers to
the derivative of longitudinal velocity, the longitudinal acceleration, i refers to the yaw angle, i/ refers
to the variation rate of yaw angle, m refers to the total mass of the host vehicle, I, denotes the yaw
moment of inertia of host vehicle, I and I, represent the longitudinal distance from the center of gravity
to front and rear tires, respectively, C ¥ and C, represent the tires cornering stiffness, and 7 refers to the
longitudinal time constant.

The outputs from the vehicle dynamics, such as longitudinal velocity Vy and lateral velocity V,,
are based on vehicle body coordinates. The goal of steering model is to keep the vehicle within its lane
and follow the predefined road path, by controlling the front steering angle 6*, which is achieved by
driving the yaw angle error e, and lateral displacement error e; to zero, where

e =Y = Pges 4)

The desired yaw angle rate is calculated by %, where R refers to the radius of the road curvature.
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2.2. Adaptive Cruise Control System Modeling

An actual ACC system being implemented is hierarchically distributed into two levels: an upper
adaptive algorithm and a lower maneuver controller [27]. The acceleration command coming from the
upper adaptive algorithm is fed as the input command into the lower maneuver controller. The required
dynamics of the vehicle, as well as the constraints, are determined by the upper adaptive algorithm of
the ACC system; the lower maneuver controller receives the acceleration command from the upper
adaptive algorithm, to control the open-close degree of the throttle and state of the brake. Since this
research concerns more the interaction with external driving conditions, such as the traffic flow
situation, the upper-level algorithm design is the focus. In this case, the behavior of the lower-level
controller can be approximated as a first-order system [28,29].

da(t)
—Z ta(t) =c(t
S a(t) = (1) ©
where 7 represents the time lag of the lower-level controller, a refers to the acceleration of the host
ACC-equipped vehicle, c denotes the acceleration command output by the upper adaptive algorithm.
Adopting the difference approximation method, the discretization expression for (5) can be

obtained as [30]:
a(t+1)—a(t)

TT +a(t) =c(t) (6)

where a(t), c(t) refer to the acceleration and the control command of the ACC-equipped vehicle at the
sampling time ¢, separately, and Ts represents the sampling period.
The desired time headway mechanism is considered [31]:

DTH(t) = xo + 0.0(t) ()

where DTH (t) refers to the desired vehicle spacing at sampling time t, x( represents a fixed safe spacing
as the vehicle speed goes to a low value or zero, 6, denotes the desired time headway, and v(t) is the
actual velocity at time ¢.

The vehicle spacing Ax(t) can be defined as [30]:

Ax(t) = Ax(t=1) + [oy(t = 1)-Ts + 3ay(t = 1)-T2] = [o(t = 1)-Ts + Ja(t - 1)-T2] 8)

where Ax(t) refers to the actual spacing between host and preceding vehicle at the sampling moment ¢,
a; is the acceleration of the vehicle operating ahead, v; = v + Av, is the velocity of the vehicle operating
ahead, Av denotes the velocity difference between the host and preceding vehicles.

The derivative of vehicle acceleration can be derived as jerk [32]:

a(t)—a(t—1)

J(t) = — T, )

The dynamics of an ACC-equipped vehicle can be expressed by the state-space equations:
x(t) = Cox(t—1) + C1e(t —1) + Caay(t 1) (10)

y(t—1) = Csx(t—1) - C4 (11)
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Here, the system matrices can be obtained as follows:

1 0 m ay O 0 ay
01 0 a 0 0 0
C(): 0 0 1 —a1 0 ,Cl— 0 ,C2: as ,
0 0 as 0 as 0
00 0 a 0 a 0 (12)
1 —dg 0 0 O aio
0 0 1 00 0
Cs = Gy =
3 0O 0 010 4 0
0 0 0 0 1 0
g =T ap=-3T2,03=1-2 ay=-1 a5=L qo=1 4, =172, 03 =T
1 — 1s, U2 = 251613* T/a4* T/a5*11a6*11a7*2 s, a8 = 1g,

a9 = 6. and a1y = xg

The upper adaptive algorithm of the ACC system is formed to achieve eco-driving and
other multiple objectives, including driving fuel-economically comfortably and safely during a
car-tracking process.

The performance of the car-following of the ACC system is required to meet the demand for
following preceding vehicle stably. If the actual vehicle spacing is too large, it will not only reduce
the utilization of the road, but also cause the vehicle on the neighboring lanes frequently, cutting into
the host vehicle lane. And a small vehicle spacing can increase the possibility of rear-end collision,
which will make the driver feel nervous. The following capability is mainly guaranteed by reaching the
relative speed Av and vehicle spacing error 0 to zero, i.e., making two vehicles in a relatively static state.

Car-following objective: { i(zfzt)_—ioo , ast — co. (13)

where
6(t) = Ax(t) — DTH(¢) (14)
Av(t) = vi(t) —o(t) (15)

According to [33], to achieve the objective of driving comfortability, the vehicle speed firstly
should be kept at a constant value as far as possible, so that the acceleration is constrained within a
certain range to avoid significant changes. Secondly, the variation rate of the host vehicle’s acceleration
should be as low as possible. Therefore, in this paper, the absolute value of acceleration and its
variation rate are selected as the quantitative characterization index of the ACC system’s comfortability.
The optimization objective can be defined as:

. e min|a(t)|
Driving comfortability objective: ) , (16)
m1n|](t)|
Simultaneously, the acceleration and its variation rate are constrained as:
Ain < a(t) <a
min ( ) max (17)
]min < ](t) < Imax

According to the main purpose of the eco-driving of minimizing fuel consumption, fuel consumption
is mainly related to vehicle acceleration [25]. Under the condition of the same average driving speed
and driving distance, fuel consumption increases, along with the increase of the absolute value of
acceleration. Therefore, the better the vehicle driving comfortability, the higher the fuel economy.
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So, the driving comfortability evaluation index can be used indirectly as the index of fuel economy:.
In addition to the above constraints, the absolute value of acceleration command output by the
upper-level controller of the ACC system should also be constrained.

Cmin < C < Cimax (18)

where ¢,i, and cpx are the minimum and maximum values of expected acceleration, respectively.
To avoid an accident to guarantee the safety when tracking the preceding vehicle, the vehicle
spacing between the host ACC-equipped vehicle and the preceding vehicle must be greater than a
critical minimum distance, x,,;,,. Due to the unallowable reason for the collision, this constraint is set as
a hard one.
Hard constraint: Ax(t) > X (19)

Besides, considering the regulation of traffic law and the limitation of the vehicle’s own physical
ability, the speed of the vehicle in the process of driving needs to be set as a hard constraint in this paper.

Umin < U < Upax (20)

Based on the above analysis, the ACC system, eco-driving objective, and other multiple objectives,
including car-following capability, driving comfortability, and safety, are studied and modeled step
by step; different design objectives are described as different optimization equation and constraints.
Then, the design of the upper-level controller of the ACC system could be conducted within the
MPC framework.

2.3. Framework of Model-Predictive Controller

The fundamental working mechanism of the MPC can be generalized as follows: future system
action is forecasted based on the predictive model and system current state at each sampling moment.
The feedback scheme is used to optimize the forecasting error. At the same time, the inaccuracy of the
prediction model is corrected in the light of output. Then, through solving an online optimization
problem, the optimal control sequence can be obtained, and the first value of this sequence is applied
to regulate the system. Next, the control horizon goes a step forward, so that the MPC working
mechanism is repeated. Thus, the core characteristics of MPC can be summarized as the predictive
model, receding horizon optimization, and feedback correction, which qualifies the MPC for excellent
control effect and good robustness [34]. Furthermore, MPC can cope with multiple inputs and multiple
outputs systems. Moreover, these inputs and outputs are allowed to have interactions with each other.
It can also set constraints for input and output, which makes it a preferential choice when planning and
making a detailed design for the upper-level strategy of the ACC system. Utilizing the ACC system
longitudinal dynamics model as the prediction model, the predictive state can be calculated as [30]:

Xy (¢ +p|t) = Cox(t) + Cie(t + o) + Comy(t +p) (21)

Y, (t+ plt) = Cax(t) + Cselt +¢) + Com(t+ p) = Ca (22)
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where
&y(t+11t) i, (t+1]t)
. Rp(t+20t) | i, (t+21t)
X, (t+plt) = : Yy (t+plt) = : ,
&y (t+p|t) 9, (t +p|t)
c(t) a(t) a(t—1lt)
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_ G| CoCy G -0
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< dla  d’q c ey
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where p represents the predicted horizon, ¢, denotes the control horizon, x(t) refers to the scaled state
at the sampling moment ¢, the calculated control sequence denotes as c(t), c(t+1), ..., c(t+¢;, —1),
d; denotes the acceleration of the preceding vehicle of sampling moment ¢ — 1, but is measured at the
current sampling moment ¢£.

The multiple objectives of the ACC system, including eco-driving fuel economy improvement,
driving comfortability, safety, and tracking capability are integrated into a performance evaluation
standard J using weighting factor [30]:

4 cp—1

J = 'zl[yp(t +ilt) -y, (t+ i)]T.a.[gp(t +ilt) -y, (t + i)] + ‘20 c(t+1)TBec(t +i) (24)

1= 1=

here, § and « are weighting factor matrices of control behavior and multiple objectives, respectively.
From the last section analysis, it is known that the performance requirements of the ACC system are
to make control outputs to track the reference inputs. Therefore, in order to achieve smooth control,
the control output of the ACC system does not directly track the set value. On the contrary, it makes the
dynamic response reach the new stable value along a specific and smooth curve. Hence, the exponential



Appl. Sci. 2020, 10, 5271 90f19

attenuation function is applied as the reference variation trajectory of the optimized vector. The reference
variation trajectory is defined as [32]:
y,(t+i) = p'y(t) (25)

T
where p = 7, Ty and ¢ are sampling period and time constant of reference trajectory, respectively.

The objective of eco-driving fuel economy improvement, driving safety and physical limitation of
the vehicle are regarded as constraints of MPC [30]:

Umin < U(t) < Umax
s.t. Amin < (1) < Gmax (26)
Jerkmin < Jerk(t) < Jerkmax
Cmin < C(t) < Cmax

Accordingly, the multiple control objectives are synthesized based on the principle of MPC.

The above optimization problem can be described as a quadratic programming (QP) question [35].

In conclusion, at every sampling moment, the real-time vehicle inter-distance, speed difference,
host vehicle speed, jerk, as well as acceleration are measured by the proposed ACC system. Using these
measurements, the QP problem is solved to acquire the control sequence, and only the first value of
the control sequence is adopted at every sampling moment to handle the whole ACC system. In such a
way, the entire system operation course is iterated at the next sampling moment. The framework of the
MPC-based ACC system is shown in Figure 3.

Desired time State vector Constraints
headway policy x(t) = [Ax(t), v(t), Av(t), a(t), j(t)] Ax(t) = Xmin
y(t) = [6(), Av(t), a(t), j(t)] Vinin < V(t) = Vmax
PO =0 berv® Amin < a(t) < Qmax

Cmin = C(t) = Cmax

jgrknu'n = jerk (t) =< jerkmax

Vehicle spacing
Ax(t) = Ax(t—1) +

State-space equation of ACC
x(t) = Cox(t — 1) + Cie(t — 1) + Coay(t — 1)

1 Reference trajectory
vt =1)Ts +5a(t = D? Yt—1) = Cx(t—1) = C, jectory
v yr(t+0) =p'y()
1 L.
[v(t — DT, + 3 a(t — VT2 Design into an|MPC framework
Prediction model Performance criterion
Frrorof Vf;laéle spacie Rt +plt) = Cox(t) + Gt + ) + Coar(t + p)
P (t + plt) = Cax(t) + Csé(t + cn) + Co@y(t +p) — Cy LN {7 7]
D e+~ (e + 0]
s . =
Relative velocity a- [37p(t FilE) =y (¢ + i)]
Av=v —v c cp—1
+Z ct+D)T-Brc(t+1i)
i=0
Variation rate of acceleration| ACC lower level controller response
—alt — a(t+1) —a(t)
iy = 0=t D T a0 = )
s

Figure 3. The framework of the model predictive control (MPC)-based adaptive cruise control
(ACC) system.

2.4. Emission and Fuel Consumption Model Development

To quantitatively assess the performance index of eco-driving, fuel consumption is required to
calculate through a specific fuel consumption model. In this research, the white-box fuel consumption
model is applied to calculate fuel consumption, which relies on the working principle of the vehicle
engine cycle [1]. Carbon balance method (CBM) and mean value phenomenological model (MVPM) are
the main constituent of white-box models. The basic methodology of the carbon balance theory is the
mass conservation, i.e., the aggregate mass of carbon after combustion in the exhaust emissions
theoretically is equal to the fuel carbon content before combustion. Then, the prediction and
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measurement of vehicle emissions are required. According to [36-38], acceleration and velocity,
as the direct representation of driving behavior, can be utilized to characterize fuel consumption and
exhaust emissions, i.e., exhaust emissions are primarily decided by vehicle speed and its acceleration.
Consequently, the following instantaneous exhaust emissions and fuel consumption model is applied
to calculate the performance index of eco-driving. The structure of where to obtain the input data and
how it works are shown in Figure 4.

l MPC Framework

T e

Instantaneous emission model

Figure 4. Schematic of overall data transfer.

Emission data under a specific range of speed was collected from the Dynamometer Database of
Argonne National Laboratory [39] to depict the emission maps, which shows each emission rate as a
function of acceleration and speed.

The input data to the instantaneous exhaust emissions and fuel consumption model is a driving
speed-time series profile. In the data conversion process, the speed is manifest provided by the driving
cycle speed profile data. Taking the first derivative of speed in terms of time, the acceleration is

obtained directly:
Ot — Ut

At
where a; refers to the acceleration at current time ¢, vy and v;_; are the vehicle speed at current time ¢
and previous time ¢ — 1, respectively. Moreover, At is the speed profile time step.

After obtaining the emission rates for each emission constituent (HC, CO, CO,), the carbon mass
conservation concept was taken to identify the fuel consumption in liters per 100 km of the vehicle [1].

ar = (27)

FC = % (0.886HC + 0.429CO + 0.273CO») (28)

where, FC denotes the fuel consumption per hundred kilometers in liters, CO refers to carbon monoxide
emission, HC refers to hydrocarbon emission, CO, refers to carbon dioxide emission, and D represents
the gasoline density at 288 K.

Note that the vehicles discussed in this research are all conventional gasoline vehicles rather than
hybrid or electric vehicles.

2.5. Simulation Environment

The overall simulation test bench is established in the MATLAB/Simulink environment, as shown
in Figure 5. The structure of the PID controller for the ACC system is shown in Figure 6. The proposed
closed-loop Simulink model is composed of the host vehicle dynamics module, sensor module, driving
scenario module, sensor fusion and tracking module, and ACC system module. The ACC system
is designed separately by a PID controller or an MPC controller, which can be switched optionally.
The driving scenario module reads the velocity and position data of the host vehicle, and the camera
and radar data. The sensor fusion and tracking module receive and process them into the relative
velocity and distance. The longitudinal velocity from the vehicle dynamics module and relative
distance and speed are input fed into the ACC system. The acceleration command is then transferred
to control the action of the host vehicle.
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9

3. Results and Discussion

The simulation test bench is established to evaluate the performance of the proposed multiple
objectives optimization strategy for the adaptive cruise control system. The simulation and comparison
are conducted separately by two distinct control algorithms. The first one is the proposed MPC-based
ACC system, considering the eco-driving assessment indicator fuel economy and other objectives,
including driving comfortability, safety, and car-following. The other one is the ACC system based on
the classic PID controller, which is only considering the car-following objective. An apparent difference
between the PID controller and MPC controller is that the classic PID controller features in constant
gains. In contrast, the MPC controller regulates the velocity of the host vehicle, while maintaining
a strict safe distance constraint, which means that the MPC controller is capable of applying more
aggressive maneuvers when the environment changes suddenly. The inter-distance from the host
vehicle to the preceding vehicle is regulated strictly so that it is equal or greater than the critical
minimum distance, which is regarded as the demand for driving safety. The magnitudes of acceleration
and jerk are used to assess operating comfortability and fuel economy. The input to the emission and
fuel consumption model is the speed profile data of host ACC-equipped vehicle, and the exhaust
emission rate maps are plotted using instantaneous speed and acceleration data. Ultimately, the vehicle
fuel economy is estimated.
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Two typical simulation driving scenarios are defined and used in this study:

Scenario 1: Following a preceding vehicle with varying speed;
Scenario 2: Following the changing preceding vehicles with a cut in and cut out behaviors.

Generally, most integrated and complicated traffic scenes constitute the above two basic traffic
scenarios. The related input parameters used in the simulation model are listed in Table 1.

Table 1. Input parameters used in the simulation.

Symbol Values Units Symbol Values Units
Ts 0.1 S p 16 -
R 760 m Ch 5 -

m 1575 kg VUmin 0 m/s

L 2875 m-N-s? Umax 50 m/s

1 3 1.2 m Amin -3 m/s?

Iy 1.6 m Amax 2 m/s?

Cs 19,000 N/rad jerkmin -3 m/s’

C, 33,000 N/rad jerkmax 3 m/s>

T 0.5 S Cmin -3 m/s?

0. 15 S Crax 2 m/s?
X0 7 m pg,pé},pé,p; 0.94 -
Ximin 5 m T 340 s
o diag{1,10,1,1} - B 1 -
Oerr_gain 0.5 - Xerr_gain 0.2 -
Orel_err_gain 0.4 - YaWerr_gain 2 -
p proportional_gain 0.2 - Iintegmls,,,-,, 0.1 -

The first scenario of tracking a preceding vehicle with varying speed is the most typical traffic
scene in a real driving situation. The speed profile for the preceding vehicle is reasonably generated.
From Figure 7, it is noted that the host vehicle’s speed responses to the predefined velocity of the
preceding vehicle for both the PID-based ACC system and the MPC-based ACC system perform well.
The cruise speed for the ACC system is set by the driver as 21.5 m/s. The driving comfortability
assessment index, the acceleration, is presented in Figure 8, from which it can be observed that
the MPC-based ACC system possesses a relatively smoother response than the PID-based ACC
system. Figure 9 shows that both the PID-based and MPC-based ACC systems can follow the
preceding vehicle actively without any accident, because the safe spacing is never exceeded the limit.
Therefore, the performance of tracking and driving safety can be ensured for both two controllers.
Table 2 shows the results of HC, CO, CO, and NOx emissions for both models in Scenario 1. Figure 10
shows that, the MPC-based ACC system can achieve about 12% improvement in fuel economy in
Scenario 1.

Table 2. Emissions results in Scenario 1.

HC(g/km) CO(g/km) CO;(g/km) NOx(g/km)
PID-based ACC 1.40 4.36 434.60 3.48
MPC-based ACC 1.30 4.18 429.80 3.34

Improvement (%) 7.14 4.12 1.10 4.02
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In scenario 2, which is about following the changing preceding vehicles with cut in and cut
out behaviors, the ACC-equipped host vehicle operates along a predefined road section. At the
outset, the host green vehicle follows a preceding red vehicle. Then, a yellow vehicle traveling on
the neighboring lane cuts into the lane of the host vehicle, and becomes the newly preceding vehicle.
After a period, this newly preceding yellow vehicle changes to another lane so that the original red one
becomes the preceding vehicle again. The scenario concept is demonstrated in Figure 11. The proposed
ACC system is required to make the reaction to the change in the preceding vehicle on the road.
The initial velocity of the host vehicle is assumed to be 20.5 m/s. The simulation results of two control
algorithms, ACC based on classic PID controller and ACC based on the proposed MPC controller,
are shown in Figures 12-15, and the results for the emissions are reported in Table 3.
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Figure 12. Speed response in scenario 2.
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Table 3. Emissions results in Scenario 2.

HC(g/km) CO(g/km) CO>(g/km) NOx(g/km)
PID-based ACC 1.41 4.65 364.83 3.26
MPC-based ACC 1.15 3.86 308.81 2.88
Improvement (%) 18.70 16.99 15.35 11.65

As shown in Figure 14, the preceding vehicle is driving far ahead of the host vehicle in the
former 120 s. So, the host vehicle accelerates during this period and reaches the driver set velocity,
seen from Figure 11. From 120 to around 200 s, the vehicle driving on the neighboring lane cuts into
the host vehicle lane, and becomes the newly preceding vehicle. The host vehicle operates at the
driver set velocity during around 120 to 150 s, when the spacing between the host vehicle and the
preceding vehicle is large. However, from 150 to 200 s, the spacing is reduced, and then the host vehicle
decelerates its speed to maintain safe spacing from the preceding vehicle, which is shown in Figure 12.
During 200 to 340 s, the preceding vehicle again changes its lane, and the original vehicle becomes
the preceding vehicle again, which can be seen from Figure 14. At this time, the spacing between
the two vehicles is large, so the host vehicle accelerates to reach the driver set velocity. According
to Figure 13, the acceleration response of the MPC-based ACC system shows a smoother transient
behavior indicating that the driving comfortability performs better for the MPC-based ACC system
compared to the PID-based ACC system. Figure 15 represents the fuel economy for two controllers.
The fuel economy of the PID-based ACC system finally stabilized at 8.2 L/100 km, and in contrast,
the fuel economy of the MPC-based ACC system is finally maintained at 7.1 /100 km, which means
that an improvement of 13% in fuel is achieved in this driving scenario.

In summary, through the above analysis, the proposed MPC-based ACC system performs better
driving comfortability in contrast with the classic PID-based ACC system. In terms of following
and driving safety, both are guaranteed by two different controllers. As far as the performance of
eco-driving is concerned, it is apparent that the MPC-based ACC system can reduce fuel consumption
compared with the classic PID-based ACC system.

To justify the proposed MPC-based ACC system, the comparison between the proposed MPC-ACC
system in this research and other standard models implemented on commercial production vehicles such
as the PID-based ACC system and fuzzy logic control (FLC)-based ACC system are summarized and
discussed. Under the standard ACC system, the host vehicle accelerates to the driver set velocity and
cruises until it detects the preceding vehicle, and then it tracks the preceding vehicle, only considering
the safe distance [40,41]. Whereas, the proposed MPC-based ACC system is easy to achieve precise and
optimal control with future traveling information. It is capable of realizing the real-time multi-objective
control, where the eco-driving, reducing fuel consumption, can be achieved by improving the fuel
economy by 12-13%. Compared with the FLC-based ACC system [42], the proposed ACC system
can achieve multiple objectives, including car-following, driving safety and comfortability, and fuel
economy with fewer parameters to consider. However, the FLC-based ACC system generally yields
nonoptimal control command in real driving conditions compared with the proposed MPC-based
ACC system, which conducted an online optimization process to obtain an optimal control command.

4. Conclusions

In this study, an adaptive cruise control system is designed, based on the framework of model
predictive control to optimize multiple objectives, including car-following, driving safety, comfortability,
as well as the eco-driving. The vehicle dynamic model, the adaptive cruise control model, model
predictive control framework, and instantaneous emission and fuel consumption model are proposed
and analyzed. The performance of the proposed MPC-based ACC system is compared with the classic
PID-based ACC system. Based on the above models, the simulation experiments are conducted in
two typical and representative driving scenarios. The simulation results show that the new MPC-based
ACC system performs as well as the classic PID-based ACC system, in terms of car following
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capability and driving safety. What is noteworthy is that the MPC-based ACC system achieves an
improvement of 12-13% in fuel economy, in comparison with the classic PID-based ACC system.
Furthermore, the driving comfortability is optimized by the proposed new ACC system. A prospective
situation is that the proposed MPC-based ACC system will encourage more users to accept the adaptive
cruise control system, as a result of better driving comfortability and fuel economy, and this research
can lay the groundwork for developing a more intelligent autopilot system.
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