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Abstract: This paper introduces an adaptive 

cruise control (ACC) of a vehicle based on 

Model Predictive Control (MPC) as a high-level 

controller of the ACC system. This high-level 

controller calculates the desired acceleration 

for a low-level controller. Also, this paper 

presents a longitudinal dynamic model of a 

vehicle consisting of the dynamics of the 

powertrain and the dynamics of external forces. 

In addition to establishing a steady spacing 

distance between two vehicles, avoiding 

collision, and keeping the acceleration 

calculation within permitted limits, a method is 

proposed to speed up the algorithm and reduce 

the computational effort. Finally, two driving 

scenarios were used to validate the proposed 

method, and a comparison of the performance 

between the original MPC and the speedup 

MPC was introduced. The simulation results 

showed that the host vehicle tracked the 

preceding vehicle accurately for the proposed 

controller without collision. Moreover, it 

showed that the execution time required for the 

proposed method was less than that of the 

original MPC controller. 

 
 
 
 
 
 
 

 

 

 

http://doi.org/10.25130/tjes.32.3.36
mailto:Farah.M.Ali@coeng.uobaghdad.edu.iq
mailto:dr.nizar.hadi@coeng.uobaghdad.edu.iq
http://creativecommons.org/licenses/by/4.0/
http://doi.org/10.25130/tjes.32.3.36
https://orcid.org/0000-0003-2589-869X
https://orcid.org/0000-0002-3034-8783
mailto:Farah.M.Ali@coeng.uobaghdad.edu.iq


 

 

Farah M. Ali, Nizar H. Abbas / Tikrit Journal of Engineering Sciences 2025; 32(3): 1968. 

Tikrit Journal of Engineering Sciences │Volume 32│No. 3│2025  2 Page 

 تطوير نموذج التحكم التنبؤي ذو الخطوتين لنظام التحكم التكيفي في السرعة
 نزار هادي عباس  ، فرح مهدي علي 

 العراق.  –  بغداد / هندسة / جامعة بغدادالقسم الهندسة الكهربائية/ كلية 

 الخلاصة 
( كوحدة تحكم عالية المستوى لنظام  MPC( للمركبة استنادًا إلى التحكم التنبؤي للنموذج ) ACCتقدم هذه الورقة نظام تثبيت السرعة التكيفي )

ACC  نموذجا البحث  يقدم هذا  كما  المنخفض.  المستوى  ذات  التحكم  لوحدة  المطلوب  التسارع  المستوى هذه بحساب  التحكم عالية  تقوم وحدة   .
  بين مركبتين، ديناميكيا طوليا للمركبة يتكون من ديناميكية مجموعة نقل الحركة وديناميكية القوى الخارجية. بالإضافة إلى إنشاء مسافة تباعد ثابتة 

را،  وتجنب الاصطدام، والحفاظ على حساب التسارع ضمن الحدود المسموح بها، تم اقتراح طريقة لتسريع الخوارزمية وتقليل الجهد الحسابي. وأخي
ج  المسرع. أظهرت نتائ MPCالأصلي و MPCيتم استخدام سيناريوهين للقيادة للتحقق من صحة الطريقة المقترحة، ويتم تقديم مقارنة الأداء بين 

لمطلوب  المحاكاة أن المركبة المضيفة تتبع المركبة المتقدمة بدقة لوحدة التحكم المقترحة دون اصطدام. علاوة على ذلك، يوضح أن وقت التنفيذ ا
 الأصلية.   MPCللطريقة المقترحة أقل من زمن تنفيذ وحدة التحكم  

 . نظام تثبيت السرعة التكيفي، تجنب الاصطدام، البرنامج الرياضي، التحكم التنبؤي بالنموذج، ديناميكيات السيارة كلمات الدالة:ال
 

1.INTRODUCTION
In recent years, the number of automobiles on 
the road has grown faster than the number of 
road resources, which has led to significant 
issues with traffic congestion and accidents [1, 
2]. Consequently, it is essential to enhance 
driving controls to lower the number of 
accidents and ensure safety measures. Adaptive 
Cruise Control (ACC) is considered one of the 
Advanced Driver Assistance Systems (ADAS) 
that adapts its speed automatically to follow the 
vehicle ahead according to changes in traffic 
conditions. ACC systems were developed to 
improve the functionality of conventional CC 
systems. Thus, ACC effectively removes one of 
the key risk factors that contribute to rear-end 
crashes [3]. In addition to preventing 
congestion and traffic accidents, ACC can 
reduce drivers’ workloads and increase 
economic efficiency. Adaptive cruise control 
systems utilize various sensors to enhance 
driving safety and comfort. These sensors 
include radar sensors, speed sensors, front 
detection sensors, lane detection sensors, and 
camera sensors. Mohammed et al. [4] revealed 
that camera-based systems offered shorter 
following distances relative to ISO standards 
(increasing traffic capacity but raising safety 
concerns), while radar-based and combined 
camera and radar-based systems provided 
larger following distances, i.e., enhanced traffic 
safety but diminished capacity. Considerable 
research on the ACC system has been done. 
Vibhor et al. [5] used model predictive control 
to evaluate the host vehicle’s spacing-control 
laws for transitional maneuvers (TM). The 
performance of the transitional maneuver was 
formulated and solved as an optimal control 
problem (OCP). Payman et al. [6] introduced 
two control application designs for ACC: the 
gain-scheduling Linear Quadratic (GSLQ) and 
gain-scheduling proportional integral (GSPI) 
control. Zhu et al. [7] designed a two-layer 
controller; the upper layer calculates the 
expected acceleration of the vehicle through an 
optimal control method, while the lower layer 
utilizes the μ control method to improve the 
robustness of the suggested controller. Model 
predictive control (MPC) is presented as an 

approach to solving the multiple input/ 
multiple output problem [8, 9]. MPC is one 
method that utilizes explicit models to predict 
the system’s future behaviour [10]. It is one of 
the most effective methods to manage different 
driving scenarios in real-time conditions while 
preserving a logical optimization-based control. 
Introducing the MPC algorithm into the ACC 
system has generated high academic interest. 
Pratama et al. [11] used neural network 
predictive control (NNPC) to develop a new 
approach to controller design to simulate 
vehicle features and MPC to reduce the 
quadratic error between future reference paths 
and estimated values. Yanzhao et al. [12] 
formulated an optimized speed trajectory for 
the ACC system of an electric vehicle (EV) to 
lower fuel usage by establishing an MPC-based 
energy-optimal ACC function. Moreover, to 
handle measurement uncertainty and 
disturbances, Shilin et al. [13] applied an 
extended state Kalman filter to determine the 
state and disturbance magnitude. They utilized 
an explicit MPC (EMPC) where a binary search 
tree was utilized to decrease the computation 
load. Zengfu et al. [14] also addressed the 
disturbances by suggesting a novel MPC-based 
adaptive cruise control algorithm and active 
disturbance rejection control (ADRC) to 
increase control precision and restrain the 
disturbance. Zhan et al. [15] proposed a robust 
optimal ACC strategy to achieve tracking 
performance and driving comfort of adaptive 
cruise control for intelligent vehicles under 
bounded matching disturbances. First, an 
optimal controller is designed to realize driving 
safety and comfort. Then, the unknown 
parameter is approximated by Adaptive 
Dynamic Programming to solve the optimal 
control law, and Lyapunov analysis is used for 
the asymptotic stability and Uniformly 
Ultimately Bounded stability. Iman et al. [16] 
used experimental data based on real-world 
conditions to investigate the effect of 
automated and cooperative systems in traffic, 
including traditional, ACC, and CACC vehicles. 
Payman et al. [17] proposed a Nonlinear Model 
Predictive Control (NMPC) algorithm in 
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designing ACC and CC systems. Depending on 
the current traffic situation, switching between 
ACC and CC is performed automatically to 
predict future reference paths according to a 
specified distance and speed. Lie et al. [18] 
proposed an ACC algorithm based on MPC with 
a higher-order kinematics model that examines 
the changing characteristics of model 
parameters. Zifei et al. [19] satisfied multi-
objectives, such as eco-driving, safety issues, 
comfort riding, and tracking capability, by 
designing the ACC system using the model 
predictive control algorithm. The results of the 
proposed system were compared with those of 
the conventional PID controller. Antonio et al. 
[20] developed an adaptive MPC for controlling 
the Cooperative ACC scenario of two vehicles. 
During a cut-in maneuver, a safety evaluation 
was performed as the number of platooning 
vehicles was extended to four. Oscar et al. [21] 
proposed an adjusted shifting strategy for the 
Real-Time Iteration (RTI) method, which 
maintained recursive feasibility and stability 
characteristics. This method reduces the 
computational burden associated with the MPC 
significantly. Two modes of longitudinal 
control are used in the ACC system. The first 
mode is the speed control mode (cruise control 
CC), which becomes active if no vehicle is 
encountered in front of the ACC vehicle (host 

vehicle). The second mode is the distance 
control mode (following mode), which becomes 
active when a preceding vehicle is ahead. The 
ACC vehicle faces two situations: the steady-
state operations (a constant speed preceding 
vehicle ahead) and the transient operations. 
The latter situation may occur when the ACC 
vehicle encounters a slower or halted vehicle 
ahead, during a cut-in, or a sudden stop by a 
preceding vehicle or stop-and-go situation. The 
host vehicle must have a high-accuracy tracking 
capability in all the mentioned situations. The 
contribution of this study is to lower the 
computational burden for the MPC and speed 
up the algorithm execution using a two-step 
prediction of the control law, which simulates a 
parallel calculation of the input control. The 
rest of this paper is organized as follows: 
Section 2 describes the mathematical modeling 
problem, Section 3 explains the control 
methodology using an MPC controller, and 
Section 4 describes the proposed MPC for ACC 
as optimal control. The simulation results are 
shown in Section 5. Finally, Section 6 shows the 
conclusion of the paper. 
2.VEHICLE MODEL  
The vehicle’s dynamic is categorized into: 
1) The powertrain dynamic includes the engine, 
torque converter, gearbox, and final drive. 
2) The dynamic considering the external forces. 

 
Fig. 1 Torque as a Function of Throttle and Different Engine Speeds. 

2.1.Powertrain Dynamic 
2.1.1.Engine Model Using Maps 
The first-order model of the engine consists of 
a single state variable (𝑒). The equation of (𝑒) 
is expressed by [22, 23]: 

𝑰𝒆̇𝒆 = 𝑻𝒏𝒆𝒕(,𝒆)   − 𝑻𝒍𝒐𝒂𝒅 (1) 
where 𝐼𝑒  is engine inertia, 𝑇𝑙𝑜𝑎𝑑  is the load 
torque, and 𝑇𝑛𝑒𝑡 (function of the engine speed 

𝑒 and throttle angle ) is the net torque with 
losses; also, it is considered a steady state. 
𝑇𝑛𝑒𝑡  can be obtained from the map shown in 
Fig. 1 (MATLAB Simulink map). 
2.1.2.Torque Convertor Model 
The torque converter characteristics are usually 
described using the following parameters (as 
shown in Fig. 2) [24]: 

https://tj-es.com/
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Fig. 2 Torque Converter Characteristics. 

Speed ratio (𝐶𝑠𝑟)= output speed/input speed: 
𝑪𝒔𝒓  =  𝒕/𝒊 (2) 

Torque ratio (𝐶𝑡𝑟)= output torque/input torque: 
𝑪𝒕𝒓 = 𝑻𝒕/𝑻𝒊 (3) 


𝒄
 = 𝑪𝒔𝒓𝑪𝒕𝒓 (4) 

𝐾𝑡𝑐 =
𝑠𝑝𝑒𝑒𝑑

√𝑡𝑜𝑟𝑞𝑢𝑒
 

(𝐾𝑡𝑐) provides information about the 
converter’s ability to transmit or absorb torque. 
It is proportional to the square of the engine’s 
speed (see Fig. 3) [24]. 

 
Fig. 3 Curve of Capacity Factor of an ICE 

Engine. 
Table 1 Powertrain Dynamic Parameters. 

The input torque of the converter can be 
described as: 

𝑻𝒊 = (
𝒆

𝑲𝒕𝒄
)𝟐 (5) 

The capacity factor range of the engine and 
converter must be identical to match correctly, 
so that: 

𝐾𝑒 = 𝐾𝑡𝑐 
By rewriting Eqs. (2) and (3), the torque 
converter equation becomes: 

𝑇𝑡 = 𝐶𝑡𝑟 𝑇𝑖 , 
𝑡 = 𝐶𝑠𝑟  𝑖 , 

The torque converter outputs (speed and 
torque) should equal the gearbox’s input 
characteristics. Thus, the outputs of the 
gearbox are: 

𝑻𝒐𝒖𝒕 = 𝑹𝒕𝒓 𝑻𝒊𝒏 (6) 
𝒐𝒖𝒕 = 𝒊𝒏 /𝑹𝒕𝒓 (7) 

The (𝑅𝑡𝑟) differs according to the gear set value.  
2.2.Vehicle’s Dynamics with External 
Forces 
2.2.1.Longitudinal Tire Force 
In this paper, no lateral movement of the 
vehicle is investigated. It is essential to define 
an axis system for parameters to describe the 
characteristics of a tire’s moment and the acting 
forces. Figure 4 [24] shows a standard axis 
system suggested by the “Society of Automotive 
Engineers.” 

 
Fig. 4 The Tire Axis. 

A force balance along the vehicle’s longitudinal 
axis yields: 
𝒎𝒙̈ = 𝑭𝒙𝒇 + 𝑭𝒙𝒓 − 𝑭𝒂𝒆𝒓𝒐 − 𝑹𝒙𝒇 − 𝑹𝒙𝒓 ± 𝑭𝒈  (8) 

Parameter Description 

𝐶𝑠𝑟 speed ratio 
𝐶𝑡𝑟 torque ratio 
𝑡 output speed 
𝑖 input speed 
𝑇𝑡 the output torque of the converter 
𝑇𝑖 input torque of the converter 

𝑐
 Efficiency factor 

𝐾𝑡𝑐 capacity factor 
𝑒 rotation speed of the engine 
𝑇𝑜𝑢𝑡 transmission output torque 
 𝑇𝑖𝑛 transmission input torque 
𝑅𝑡𝑟 transmission ratio 
𝑜𝑢𝑡  transmission output speed 
𝑖𝑛  transmission input speed 

https://tj-es.com/
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Table 2 Vehicle’s Dynamic Parameters. 
Parameter Description 

𝑚 mass of the vehicle 
𝑥̈ acceleration of the vehicle 
𝐹𝑥𝑓 front longitudinal tire force 

𝐹𝑥𝑟 rear longitudinal tire force 
𝐹𝑎𝑒𝑟𝑜 longitudinal aerodynamic drag force 
𝑅𝑥𝑓 rolling resistance force at the front tires 

𝑅𝑥𝑟 rolling resistance force at the rear tires 
𝐹𝑧 normal force exerted on the tire 
𝐽𝑤 moment of inertia of the wheels 
𝜔̇ angular acceleration of the wheel 
𝑇𝑤 wheel torque 
𝑇𝑏 brake torque 
𝑅𝑤 wheel radius 
𝑔 Gravitational acceleration 
 road’s angle of inclination 
𝐶𝑟 rolling resistance coefficient 
𝜌 the mass density of the air 
𝐶𝑑 coefficient of aerodynamic resistance 
𝐴 frontal area of the vehicle 
𝑉 vehicle’s speed 

These forces are presented in Fig. 5. 

 
Fig. 5 Vehicle’s Dynamic with Acting Forces. 

a) Traction force (𝑭𝒙) 
The amount of traction parallel to the axis of 
motion is known as the traction force. Pacejka 
[25] designed the “Magic Formula,” a series of 
tire models. These models suit a broad range of 
tire types and operating conditions. Based on 
the percentage of longitudinal slip, the Pacejka 
formula determines the longitudinal force of 
the tire. The Magic Formula given by Pacejka is: 

𝝁(𝝈) = 𝑫. 𝒔𝒊𝒏{𝑪. 𝒂𝒓𝒄𝒕𝒂𝒏(𝑩. 𝝈

− 𝑬. (𝑩. 𝝈

− 𝒂𝒓𝒄𝒕𝒂𝒏(𝑩. 𝝈)))} (9) 
where 𝜇(𝜎) is the friction coefficient, 𝜎 is the 
slip ratio, and B, C, D, and E are fitting 
constants, i.e., describe various road 
conditions, as tabulated in Table 3. 

Table 3 Pacejka Formula Coefficients for 
Different Surface Types. 

Road type B C D E 
Dry Tarmac 10 1.9 1 0.97 
Wet Tarmac 12 2.3 0.82 1 
Snow 5 2 0.3 1 
Ice 4 2 0.1 1 

The longitudinal traction force 𝐹𝑥 can be 
calculated from: 

𝑭𝒙 =  𝝁(𝝈)𝑭𝒛 (10) 
Figure 6 shows an example of slip ratio change 
for specific road conditions. 

 
Fig. 6 Normalized Tire Force vs. Slip Ratio Angle. 

b) Gravitational force (𝑭𝒈): 

When traveling upwards or downwards, the 
vehicle is significantly impacted by gravity. The 
force of gravity pulls the car in the opposite 
direction (negative sign), while it travels 
upward, slowing it down. In contrast, driving 
downward forces the vehicle to accelerate 
(positive sign). 

𝑭𝒈 = ±𝒎𝒈𝒔𝒊𝒏(𝜽) (11) 

c) Rolling resistance (𝑹𝒙): 
The force resisting a body moving on a surface 
is known as rolling resistance. The generic 
equation is expressed as: 

𝑹𝒙 = 𝒎𝒈𝑪𝒓 𝐜𝐨𝐬(𝜽) (12) 
The rolling resistance coefficient is affected by 
factors like wheel design, rolling surface, wheel 
dimensions, and more [24]. 
2.2.2.Aerodynamic Force 
Two sources generate the aerodynamic 
resistance: The airflow across the vehicle body 
and the flow through the radiator system, i.e., 
with the first forming more than 90% of the 
total resistance force [24]. In practice, the 
aerodynamic resistance is a function of the 
vehicle’s speed. It is stated as follows: 

𝑭𝒂𝒆𝒓𝒐 =
𝝆

𝟐
 𝑨𝑪𝒅𝑽

𝟐  (13) 

https://tj-es.com/
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• Wheel dynamic: 
The wheel dynamic for the front and rear axles 
is stated below [23]: 

𝑱𝒘𝝎̇ = 𝑻𝒘 − 𝑻𝒃 − 𝑹𝒘𝑭𝒙 (14) 

3.CONTROLLER DESIGN    
Two-level controllers can be decoupled to 
simplify the design and allow faster control 
rates. The high-level controller (HLC) 
represents a planner that calculates the desired 
acceleration (𝑥̈𝑑𝑒𝑠) of the ACC vehicle and the 
low-level controller (LLC), assuring the 
selection of appropriate throttle and brake 
values (𝑢𝑡 , 𝑢𝑏), as shown in Fig. 7. 

 
Fig. 7 Two-Level Controller Structure. 

In this architecture, a dedicated planning 
(HLC) part could be performed offline and does 
not require running as fast as the inner loop 
(LLC). The reference or desired acceleration 
(𝑥̈𝑑𝑒𝑠) is obtained from the velocity of the host 
vehicle (𝑥̇), the distance from the preceding 
vehicle (𝑥), the desired driver’s speed (𝑣𝑑𝑒𝑠), 
and the desired distance (𝑑𝑑𝑒𝑠). The desired 
distance headway, 𝑑𝑑𝑒𝑠, can be computed using 
the Constant-Time Headway policy as: 

𝒅𝒅𝒆𝒔 = 𝒗. 𝒕𝒉 + 𝒅𝒔𝒂𝒇𝒆 (15) 

where 𝑣 is the following vehicle velocity, and 
(𝑡ℎ) is the constant-time headway, defined as 
the time the ACC vehicle takes to reach the 

point where the leading vehicle is at its present 
speed. (𝑑𝑠𝑎𝑓𝑒) is the additional distance 

between two vehicles to avoid a collision. 
3.1.MPC Controller 
The main working principle of the MPC can be 
summarized as having a system in which its 
action is forecasted depending on the model. 
Another principle in MPC is to use 
measurements of the past to determine the 
most likely initial state of the system. These 
records are reconciled with the model 
measurements to obtain the most likely value of 
the state at the current time. The error between 
actual and predicted values can be optimized 
(minimized) using feedback. In addition, the 
forecasted model's fault is refined according to 
the reference output. The optimal control 
sequence can be determined by solving an 
online optimization problem. Only the initial 
value of this sequence is used to control the 
system. Then, the control horizon moves one 
step ahead, and the MPC control process is 
repeated. Therefore, the fundamental 
characteristics of this control technique, such as 
prediction, receding horizon, and feedback 
mechanism, fulfill the requirements for an 
excellent and robust controller. At the HLL, the 
MPC controller determines the desired 
acceleration (𝑥̈) for the ongoing traffic 
condition. Then, the LLC decides to apply the 
throttle (𝑢𝑡) or brake (𝑢𝑏). The basic block 
diagram of the controller is shown in Fig. 8. 

 
Fig. 8 The Block Diagram of the ACC System. 

The kinematic relationship representing the 
host vehicle and the leading vehicle is modeled, 
as shown in Fig. 9: 

 
Fig. 9 The Host and Leading Vehicles Model. 

The relative distance ∆𝑑  is: 
∆𝒅= 𝒙𝒍 − 𝒗𝒆𝒉𝒍𝒆𝒏𝒈𝒕𝒉 − 𝒙𝒉 (16) 

                             

where 𝑣𝑒ℎ𝑙𝑒𝑛𝑔𝑡ℎ represents the leading vehicle 

length. 
In the ACC system, a control algorithm must be 
applied to maneuver the vehicle to a specified 
inter-vehicle distance (SIVD) called a 
transitional maneuver. Also, this distance must 
be maintained by the ACC vehicle (steady-state 
operation) [5]. Since ACC aims to maintain a 
desired gap between the host and target vehicle 
𝑑𝑑𝑒𝑠, a certain consideration for the MPC 
algorithm is taken below: 
1- The distance error, (∆𝑒), is defined as the 

difference between the gap distance ∆𝑑 
(also called range) and the desired distance, 
𝑑𝑑𝑒𝑠, where 
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∆𝒆= ∆𝒅 − 𝒅𝒅𝒆𝒔 (17) 
(∆𝑒 should converge to zero.) 
2- The velocity difference, ∆𝑣 (also called 

range rate), is defined as the difference 
between the preceding vehicle velocity, 𝑣𝑙, 
and host velocity, 𝑣ℎ, where: 

∆𝒗= 𝒗𝒍 − 𝒗𝒉 (18) 
(∆𝑣 should converge to zero, too.) 
Track smoothly desired acceleration (𝑥̈). 

3- Reach and maintain a safe inter-vehicle 
distance (𝑑𝑑𝑒𝑠) and act quickly in 
dangerous situations (avoiding collision 
with the leading vehicle during TM). 

The range ∆𝑑 and velocity difference ∆𝑣 between 
the two vehicles are used by the HLC to 
determine the desired acceleration commands. 
See Fig. 10 [26].     

 
Fig. 10 Range vs. Range Rate Diagram. 

The continuous-time state space of the system 
can be written as: 

𝒙̇ = 𝑨 𝑿 + 𝑩 𝒖 
𝒚 = 𝑪 𝑿 + 𝑫 𝒖 

(19) 

The state variable of the plant can be defined as: 
𝑋 = [𝑥1 𝑥2 𝑥3]𝑇 

with 𝑥1 = 𝑥ℎ(host car absolute position), 𝑥2 =
𝑥̇ℎ(host car velocity), and 𝑥3 = 𝑥̈ℎ(host car 
acceleration). In the literature, the MPC-
controlled system is generally modeled by a 
discrete-time state space model. Hence, a 
discretized model is obtained as below [26]: 

𝑿(𝒌 + 𝟏) = 𝐀 𝑿(𝒌) + 𝐁 𝒖(𝒌) 
𝒚(𝒌) = 𝐂 𝑿(𝒌) + 𝐃 𝒖(𝒌) 

(20) 

where 𝑘 is the kth sampling point, 𝑢 is the 
control input, 𝐀, 𝐁, 𝐂, and 𝐃 are the state-space 
matrices, and 𝑦 is the system output. The 
matrix 𝐃 is assumed to be zero (the control 
input u does not influence the output y) [27]. 
The state space matrices are 

𝐀 = [

1 𝑇𝑠 0
0 1 𝑇𝑠
0 0 1 − 𝑇𝑠 𝜏⁄

] 

𝐁 = [0 0 𝑇𝑠 𝜏⁄ ]
𝑇  

𝐂 = [
1 0 0
0 −1 0

] 

𝐃 = 0 
where 𝑇𝑠 is the sampling time of the plant, and 
𝜏 is the time constant (time lag) of the low-level 
controller. 
3.2.Feasible Initial Conditions 
When the host vehicle encounters a vehicle 
ahead, the range, range rate, and acceleration 
values are referred to as the initial condition of 
TM. A feasible initial condition scenario is when 
the host vehicle can decrease its velocity to 
reach the target vehicle velocity in time without 
colliding with it during TM. To find the feasible 
initial conditions, the system equations (Eq. 

(20)) should be solved to find the minimum 
distance required by the vehicle to stop for any 
given initial condition. The solution for the 
state equations (Eq. (20)) [5] is 

𝒙(𝒕) = 𝒆𝑨𝒕𝒙(𝟎) + ∫ 𝒆𝑨(𝒕−𝜼)𝑩𝒖(𝜼)𝒅𝜼
𝒕

𝟎

 (21) 

Assuming the host vehicle is moving with 
constant initial velocity (𝑣ℎ(0)), and the target 
vehicle is also moving with constant velocity 𝑣𝑜; 
the initial conditions can be written as 

𝒙(𝟎) = [
𝟎

 𝒗𝒉(𝟎) − 𝒗𝒐
𝟎

] 

Given 𝑒𝐴𝑡 and 𝑥(0) for the maximum 
deceleration maneuver, the solution of a system 
of equations can be written as: 

𝒙𝟏(𝒕) = (𝒗𝒉(𝟎) − 𝒗𝒐)𝒕
+ (𝟎. 𝟐𝟓 − 𝟎. 𝟓𝒕
+ 𝟎. 𝟓𝒕𝟐

− 𝟎. 𝟐𝟓𝒆−𝟐𝒕)𝒖𝒎𝒊𝒏 
𝒙𝟐(𝒕) = 𝒗𝒉(𝟎) − 𝒗𝒐

+ (−𝟎. 𝟓 + 𝒕
+ 𝟎. 𝟓𝒆−𝟐𝒕)𝒖𝒎𝒊𝒏 

𝒙𝟑(𝒕) = (𝟏 − 𝒆
−𝟐𝒕)𝒖𝒎𝒊𝒏 (22) 

The initial condition is said to be feasible if the 
initial range is greater than the 𝑑𝑑𝑒𝑠 obtained, 
i.e., at which the range rate becomes zero. 
3.3.MPC Formulation 
Let the sampling instant be 𝑘𝑖, 𝑘𝑖 > 0, the state 
variable vector 𝑥(𝑘𝑖) is available, and the length 
of the optimization window is 𝑁𝑝 (also called 

prediction horizon), then the future control 
trajectory is: 

∆𝒖(𝒌𝒊), ∆𝒖(𝒌𝒊 + 𝟏),… , ∆𝒖(𝒌𝒊 + 𝑵𝒄 − 𝟏) 
where 𝑁𝑐 is called the control horizon. The 
future state vector is: 

𝒙(𝒌𝒊 + 𝟏|𝒌𝒊), 𝒙(𝒌𝒊 + 𝟐|𝒌𝒊), … , 𝒙(𝒌𝒊
+𝒎|𝒌𝒊), … , 𝒙(𝒌𝒊+𝑵𝒑|𝒌𝒊) 
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where 𝑁𝑐 ≤ 𝑁𝑝 

Based on the state-space model, the future state 
variables can be evaluated: 

𝒙(𝒌𝒊 + 𝟏|𝒌𝒊) = 𝑨𝒙(𝒌𝒊) + 𝑩∆𝒖(𝒌𝒊) 

𝒙(𝒌𝒊 + 𝟐|𝒌𝒊) = 𝑨𝒙(𝒌𝒊 + 𝟏)
+ 𝑩∆𝒖(𝒌𝒊 + 𝟏)
= 𝑨𝟐 𝒙(𝒌𝒊)
+ 𝑨𝑩∆𝒖(𝒌𝒊)
+ 𝑩∆𝒖(𝒌𝒊 + 𝟏) 

⋮ 

𝒙(𝒌𝒊 + 𝑵𝒑|𝒌𝒊) = 𝑨
𝑵𝒑  𝒙(𝒌𝒊)

+ 𝑨𝑵𝒑−𝟏𝑩∆𝒖(𝒌𝒊)

+ 𝑨𝑵𝒑−𝟐𝑩∆𝒖(𝒌𝒊 + 𝟏)
+ ⋯
+ 𝑨𝑵𝒑−𝑵𝒄𝑩∆𝒖(𝒌𝒊
+ 𝑵𝒄 − 𝟏) (23) 

By substitution, the output can be calculated as: 
𝒚(𝒌𝒊 + 𝟏|𝒌𝒊) = 𝑪𝑨𝒙(𝒌𝒊) + 𝐂𝑩∆𝒖(𝒌𝒊) 
𝒚(𝒌𝒊 + 𝟐|𝒌𝒊) = 𝑪𝑨

𝟐 𝒙(𝒌𝒊)
+ 𝐂𝑨𝑩∆𝒖(𝒌𝒊)
+ 𝐂𝑩∆𝒖(𝒌𝒊 + 𝟏) (24) 

⋮ 

𝒚(𝒌𝒊 + 𝑵𝒑|𝒌𝒊) = 𝑪𝑨
𝑵𝒑  𝒙(𝒌𝒊)

+ 𝑪𝑨𝑵𝒑−𝟏𝑩∆𝒖(𝒌𝒊)

+ 𝑪𝑨𝑵𝒑−𝟐𝑩∆𝒖(𝒌𝒊
+ 𝟏) +⋯
+ 𝑪𝑨𝑵𝒑−𝑵𝒄𝑩∆𝒖(𝒌𝒊
+ 𝑵𝒄 − 𝟏) 

Rewrite the equations in a vector form: 

𝒀 = [𝒚(𝒌𝒊 + 𝟏|𝒌𝒊)     𝒚(𝒌𝒊 + 𝟐|𝒌𝒊)   𝒚(𝒌𝒊

+ 𝟑|𝒌𝒊) …  𝒚(𝒌𝒊 + 𝑵𝒑|𝒌𝒊)]
𝑻
 

∆𝑼 = [∆𝒖(𝒌𝒊)     ∆𝒖(𝒌𝒊 + 𝟏)   ∆𝒖(𝒌𝒊
+ 𝟐)… ∆𝒖(𝒌𝒊 +𝑵𝒄 − 𝟏)]

𝑻 
Collecting Eqs. (23) and (24) in a compact 
matrix form to get: 

𝒀 = 𝑮𝒙(𝒌𝒊) + 𝚽𝚫𝐔 (25) 
where 

𝑮 =

[
 
 
 
 
𝑪𝑨
𝑪𝑨𝟐

𝑪𝑨𝟑

⋮
𝑪𝑨𝑵𝒑]

 
 
 
 

   

𝚽 =

[
 
 
 
 

𝑪𝑩 𝟎 𝟎 … 𝟎
𝑪𝑨𝑩 𝑪𝑩 𝟎 … 𝟎
𝑪𝑨𝟐𝑩 𝑪𝑨𝑩 𝑪𝑩 … 𝟎
⋮     

𝑪𝑨𝑵𝒑−𝟏𝑩 𝑪𝑨𝑵𝒑−𝟐𝑩 𝑪𝑨𝑵𝒑−𝟑𝑩 … 𝑪𝑨𝑵𝒑−𝑵𝒄𝑩]
 
 
 
 

 

To solve the MPC problem at every iteration, a 
general cost function as given in [24] is defined. 
This cost function is defined as follows: 
𝑱 = (𝑹𝒔 − 𝒀)

𝑻(𝑹𝒔 − 𝒀) + 𝚫𝑼
𝑻𝑹̅𝚫𝑼 (26) 

where 𝑅𝑠 is the data vector containing the set-
point value, 

𝑹𝒔
𝑻 = [𝟏 𝟏 … 𝟏]⏞          

𝑵𝒑

𝒓(𝒌𝒊) 
where 𝑟(𝑘𝑖) is the given set-point signal at time 
instant 𝑘𝑖. 
Now, ∆𝑈 can be optioned by: 

∆𝑼 = (𝚽𝑻𝚽+ 𝑹̅)−𝟏𝚽𝑻(𝑹𝒔 − 𝑮𝒙(𝒌𝒊)) (27) 

When ∆𝑈 vector is obtained, only the first 
element is applied to the present system. This 
vector value must be limited to an upper and 
lower bound according to the physical 
limitations of the vehicle acceleration/ 
deceleration values. 
4.MPC FOR ADAPTIVE CRUISE 
CONTROL SYSTEM 
4.1.Formulation of MPC as an Optimal 
Control Problem 
An online optimal control problem (OCP) is 
solved using a receding-horizon approach to 
obtain state feedback control variables. State 
space representation of the two vehicles model 
(Fig.9) can be formed by rewriting Eq. (20) as 

𝑿(𝒌 + 𝟏) = 𝐀 𝑿(𝒌) + 𝐁 𝐮(𝐤) 
𝒚 = 𝚼𝑿(𝒌) (28) 

where 𝑋 = [Δ𝑒 Δ𝑣 𝑥̈]𝑇 

Υ = [
−1 0 0
0 −1 0

] 

By choosing the range error Δ𝑒  and relative 
velocity Δ𝑣  as the output variables, the output 
vector becomes: 

𝒚 = [𝚫𝒆 𝚫𝒗] 
4.2.Cost Function and Constraints 
The control objectives and other constraints 
necessary for the formulated control problem 
are as follows: 

𝑱𝑵(𝒙𝟎, 𝒖) = 𝑽𝒇(𝒙(𝑵))

+∑ 𝒍(𝒙(𝒌), 𝒖(𝒌)

𝑵−𝟏

𝒌=𝟎

 

𝒔. 𝒕.     𝒖 ∈ 𝕌, 𝒙 ∈ 𝕏 (29) 

𝑱𝑵(𝒙𝟎, 𝒖) = 𝒙(𝑵)
𝑻𝑺𝒙(𝑵)

+ ∑𝒙(𝒌)𝑻𝑸𝒙(𝒌)

𝑵−𝟏

𝒌=𝟎

+ 𝒖(𝒌)𝑻𝑹𝒖(𝒌) (30) 
where 𝑆, 𝑄, and 𝑅 are nonnegative weighting 
matrices, and 𝑁 is the time horizon.  
Several constraints should be considered to 
obtain realizable calculated results of the 
designed controller, as follows 
1- Control constraints: This physical 

constraint related to the ACC vehicle 
defines the limit of acceleration, and it is 
assumed to range between 𝑢𝑚𝑎𝑥 (0.25𝑔 𝑚/
𝑠2) and 𝑢𝑚𝑖𝑛 (−0.5 × 𝑔 𝑚/𝑠2).  

𝒖𝒎𝒊𝒏 ≤ ∆𝒖(𝒌) ≤ 𝒖𝒎𝒂𝒙 
2- State constraints: They define the limits of 

distance error ∆𝑒 and range rate ∆𝑣, which 
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must satisfy the feasible initial condition 
mentioned in Section 3.2 to avoid collision 
between the two vehicles: 
∆𝑒≥ 𝑑𝑑𝑒𝑠            (collision avoidance) 
∆𝑣≤ 𝑣𝑙           (guarantees 𝑣ℎ ≥ 0) 

3- Terminal constraints: They refer to the final 
state values of the model states, which must 
all converge to zero: 

𝒙(𝑵) = [
∆𝒆
∆𝒗
𝒙̈

] = [
𝟎
𝟎
𝟎
] 

The whole problem of the performance index 
and the constraint equations forms a 
mathematical program (MP). The solution is 
then obtained using a mathematical 
programming solver. The control inputs are 
calculated by solving the OCP below during 
each simulation time step. 
𝒎𝒊𝒏𝒖 𝑱 = 𝒙(𝑵)

𝑻𝑺𝒙(𝑵)

+ ∑𝒙(𝒌)𝑻𝑸𝒙(𝒌)

𝑵−𝟏

𝒌=𝟎

+ 𝒖(𝒌)𝑻𝑹𝒖(𝒌) 
 

s.t 
𝒖𝒎𝒊𝒏 ≤ ∆𝒖(𝒌) ≤ 𝒖𝒎𝒂𝒙 

−𝒙𝟏(𝒌) ≤ 𝒅𝒅𝒆𝒔 
𝒙𝟐(𝒌) ≤ 𝒗𝒍 

𝒙(𝑵) = [𝟎 𝟎 𝟎]𝑻 

(31) 

4.3.Two-Step Prediction MPC Algorithm 
Real-Time Iteration (RTI) is a method created 
for nonlinear optimization in optimal feedback 
control and used by Villarreal and Rossiter [21] 
to determine real-time performance based on 
several strategies. One of these strategies is 
Initial Value Embedding (IVE), which uses a 
shifted version of the solution determined in 
the prior step to obtain the nominal trajectory 
[21]. Recursive feasibility, in which a given 
solution at the current time is feasible, and then 
all following solutions at future times also 
remain feasible, is an important property to 
preserve in an optimization technique. 
Recursive feasibility is guaranteed if the 
optimization includes the solution from the 
prior time step as a possible solution of the 
current optimization (called the tail). An 
approach that decreases the computational 
burden for the MPC, which is based on IVE with 
a two-step prediction, is presented in the 
present paper. In this method, the tail is used as 
a solution in time step k, and the average of two 
control inputs, namely, 𝑈𝑘𝑖 and 𝑈𝑘𝑖+1, is used 
as a solution in time step k+1. This method 
simulates a parallel calculation inside the 
optimization algorithm. The proposed scheme 
helped reduce the execution time of the 
algorithm at the cost of increasing the 
commanded acceleration fluctuation. However, 
this fluctuation is considered acceptable and 
within the permitted range.  
The algorithm is illustrated below: 
 

Algorithm 1: Implementation of the MPC 
algorithm 
(1) Driving Mode Selection: sense the road ahead 
 If no preceding vehicle occurs Then keep CC mode          
Goto (5) 
Elseif a preceding vehicle is encountered Then switch 
to ACC mode. 
(2) Measure range and range rate and formulate OCP to 
compute the optimal input 𝒖  using the proposed MPC, 
which represents the desired acceleration 𝒙̈𝒅𝒆𝒔. 
(3) Compute the desired throttle and brake signal that 
tracks 𝒙̈𝒅𝒆𝒔. 
(4) If the preceding vehicle stopped, Goto (6) 
 Else Goto (2) 
(5) Set 𝒗𝒉 = 𝒗𝒅𝒆𝒔 Goto (1) 
(6) Stop and End. 

5.SIMULATION RESULTS 
The proposed control scheme was investigated 
for two traffic situations based on the 
longitudinal dynamic model of the host vehicle 
to evaluate the control algorithm. The sampling 
time T was 0.1s. Q, R, and S matrices were 
chosen to be identity matrices. The controller 
algorithm and the host vehicle’s response were 
performed using MATLAB. In the first scenario, 
the ACC vehicle traveled with a constant cruise 
speed of 20 m/s (CC mode), and then a halted 
leading vehicle was detected. The initial gap 
spacing between the two vehicles was set to 110 
m. The control law found by the algorithm is 
successful if the ACC vehicle can maneuver to 
the desired gap distance without colliding with 
the preceding vehicle. In Fig. 11(a), the inter-
vehicle distance can be seen starting from 110 
and ending at zero, which is the intended range 
error. Figure 11(b) shows the velocity profile of 
the host and target vehicles. The target vehicle 
speed was zero, while the ACC vehicle 
decelerated from its initial speed (20 m/s) to 
zero as it encountered a stopped vehicle ahead. 

 

 
Fig. 11 Absolute Range and Velocity for 

Scenario 1. 
In Fig.12 (a) and (b), the solid black line shows 
that in the case of constrained deceleration, the 
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host vehicle maneuvered the preceding vehicle 
to the desired distance and maintained this 
distance without collision. The red line 
represents the response of the ACC vehicle with 
deceleration limits applied by checking for 
saturation. In this case, the host vehicle collided 
with the stalled vehicle because the deceleration 
limits were not included as constraints in the 
formulated problem. An “x” mark is used to 
depict the collision point, and the dashed lines 
represent the ACC vehicle path once it has 

crossed the 𝑑𝑑𝑒𝑠. In Fig. 12 (c) and (d), the 
actual and the commanded acceleration 
calculated by the HLC MPC controller are 
plotted. The acceleration values of the MPC 
remained within the upper and lower permitted 
limits. In addition to the two cases’ responses 
shown earlier, an extra case (unlimited) is 
illustrated in Figs. 13 and 14 to test and 
compare both controllers’ performances. 

 
Fig. 12 Two Cases Deceleration for Scenario 1. 

 

Fig. 13 Three Cases Simulations for Scenario 1 with Original MPC.
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The execution time was approximately 1.1 s and 
0.8 s for the original MPC and speedup MPC 
controllers, respectively. The fluctuation 
mentioned in the previous section can be seen 
in the three deceleration cases (Fig. 14 (c) and 

(d)). No collision occurred in the unlimited 
deceleration case, yet it can be neglected since 
it is not applicable practically and is plotted for 
analytical purposes only. 

 
Fig. 14 Three Cases Simulations for Scenario 1 with Speedup MPC.

In the second scenario, the ACC vehicle 
encountered an accelerating leading vehicle. 
The simulation was initialized with 30 m/s (CC 
mode) for the ACC vehicle and an accelerating 
preceding vehicle at a range rate of 20 m/s. 
First, the initial distance between the two 
vehicles was 60 m. Then, the preceding vehicle 
accelerated and maintained a speed of 27 m/s. 
Figure 15 shows the ACC vehicle’s response to 
the control command with the original MPC. It 
shows that the control input initially 
commanded the host vehicle to decelerate as 

the target was encountered. Since the gap 
between the two vehicles increased due to the 
accelerating target vehicle, a control command 
instructed the host vehicle to accelerate. The 
ACC vehicle maneuvered the target vehicle 
successfully without collision. It can be noticed 
from Fig. 16 that the ACC vehicle acted similarly 
and maintained the desired spacing ahead. The 
simulation shows that the ACC vehicle first 
decreased its velocity to track the target vehicle, 
and then it settled down, approximately after 
five seconds, to the steady-state value.  

 
Fig. 15 Host Vehicle Response for Scenario 2 with Original MPC. 
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Fig. 16 Host Vehicle Response for Scenario 2 with Speedup MPC.

From Fig. 17 (a) and (b), it can be seen that 
input control initially decreased the host vehicle 
speed as the target was encountered. Still, since 
the target vehicle continuously accelerated, the 
controller commanded the ACC vehicle to 
increase its speed after 5 seconds of simulation 
to track the target vehicle ahead. Both 
controllers performed similarly; however, the 
proposed algorithm outperformed the original 
controller in terms of execution time. The 

algorithm for the original MPC took 0.226 s, 
while the speedup MPC took 0.130 s. To 
simulate real-world disturbances and 
uncertainties due to noise or inaccurate 
measurement by the sensor, a third scenario 
was tested. This scenario is similar to the 
second one but with a randomized speed trace 
for the target vehicle to emulate variability in 
driving, as shown in Fig. 18 (b) and Fig. 19 (b). 

 
Fig. 17 Host Vehicle Response of Both Controllers for Scenario 2 (a) Original MPC, (b) Speed up 

MPC. 

It can be seen that the proposed method 
outperformed the simple MPC for both the 
vehicle’s acceleration and commanded 
acceleration. The error in the target vehicle 
speed affected the calculated acceleration for 
the ACC vehicle in the original MPC controller 
(Fig. 18 (c) and (d)). In contrast, in the 
proposed method, the error was canceled (Fig. 
19 (c) and (d)). This behavior happened due to 
the inherent recursive feasibility property of the 
proposed strategy that uses two tails of control 
inputs (past and current) as possible solutions 
for the next step. 
6.CONCLUSIONS 
The following conclusions can be drawn from 
the present study results: 

• A High-level controller for the ACC system 
based on MPC was designed and 
simulated. 

•  A method to increase the efficiency of 
computations was presented. 

•  Two driving scenarios were used to 
evaluate and compare the effectiveness of 
the proposed algorithm, showing a 

successful transitional maneuver and 
collision avoidance for the ACC vehicle. 

• A collision occurred when starting with an 
infeasible scenario. As an example of 
infeasible initial conditions, the initial 
range between the two vehicles was less 
than the required distance to perform a 
full-stop brake. In addition, when a 
deceleration limit was not involved as a 
constraint in formulating the control 
problem, it led to nonrealistic control 
input. 

• The proposed controller performance was 
better in terms of computation efforts and 
measurement uncertainty. Moreover, 
reducing computational effort and 
stability are conflicting objectives, so a 
balance based on the design requirements 
is required for an acceptable result. This 
conflict was apparent when a reduction in 
computational time led to fluctuations and 
variations in the commanded control 
input of the controller.  
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NOMENCLATURE   
𝐴 Frontal area of the vehicle, m2 
𝐶𝑟 Rolling resistance coefficient 
𝐶𝑑 Aerodynamic resistance coefficient 
𝐶𝑠𝑟 Speed ratio 
𝐶𝑡𝑟 Torque ratio 
𝐹𝑥𝑓 Front longitudinal tire force, N 

𝐹𝑥𝑟 Rear longitudinal tire force, N 
𝐹𝑎𝑒𝑟𝑜 Longitudinal aerodynamic drag force, N 
𝐹𝑧 Normal force exerted on the tire, N 
g Gravitational constant, m/𝑠2 
𝐽𝑤 Moment of inertia of the wheels Kg. m2 
𝐾𝑡𝑐 Capacity factor 
𝑚 Mass of the vehicle, Kg 
𝑅𝑥𝑓 Rolling resistance force at the front tires, N 

𝑅𝑥𝑟 Rolling resistance force at the rear tires, N 
𝑅𝑤 Wheel radius, m 
𝑅𝑡𝑟 Transmission ratio 
𝑇𝑡 Output torque of the converter, N. m 
𝑇𝑖 Input torque of the converter, N. m 
𝑇𝑜𝑢𝑡 Transmission output torque, N. m 
𝑇𝑖𝑛 Transmission input torque, N. m 
𝑇𝑤 Wheel torque, N. m 
𝑇𝑏 Brake torque, N. m 
𝑉 Vehicle’s speed, m/s 
𝑥̈ Acceleration of the vehicle, m/𝑠2 

Greek symbols 

𝑐
 Efficiency factor 

 Road’s angle of inclination, rad 
𝜌 Mass density of the air, kg/m3 
𝜔̇ Angular acceleration of the wheel, rad/s 
𝑡 Output speed, rad/s 
𝑖 Output speed, rad/s 
𝑒 Engine rotation speed, rad/s 
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