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1. Introduction

Automated vehicle control systems are an 
important part of autonomous vehicles, 
representing the core of Intelligent Vehicle 
Systems (IVSs) (Dokur & Katkoori, 2023; Rajabli 
et al., 2021).

Recently, Advanced Driving Assistant System 
(ADAS) has become the starting system 
development stage of IVSs technology (Tiganasu 
et al., 2021, Wang et al., 2024). It can use a 
sophisticated control and sensing elements to 
collect relevant data and realize the possibility 
of automatic vehicle control (Hu et al., 2023; 
Dey et al., 2015). As an ADAS system, Adaptive 
Cruise Control feature has been integrated into 
the passenger cars. It can automatically adjust the 
velocity of the controlled car to keep a desired safe 
spacing (Yang et al., 2024; Ma et al., 2022), the 
purposes of this system being to increase drivers’ 
safety, decrease accident rates, and improve traffic 
flow (Duffney et al., 2022; Sakhdari & Azad, 2018).

Fully automatic Cruise Control systems are a 
crucial part of the new architecture of modern 
highway systems, which tend to increase traffic 
flow (Dawood et al., 2018). The function of 
CC control system can be used to take over the 
control of the car according to the desired velocity 
set by the driver, instead of the driver regularly 
adjusting the throttle and brake pedal. Therefore, 

this function has the added benefit of reducing 
driver fatigue during a long road trip (Sivaji & 
Sailaja, 2013; Zhou et al., 2022). ACC system is 
extended from the CC system, as a more advanced 
version of it (Pan et al., 2022). In 1990s, this 
system has been applied for luxury vehicles in 
many companies such as Mercedes-Benz, Audi, 
BMW, etc.

The commonly used methods for the design of 
ACC algorithms include model predictive control 
(Al-Gabalawy et al., 2021), sliding mode control 
(Wu et al., 2019) and Fuzzy PI control (Maji et 
al., 2015). Fuzzy logic controller has been used 
for automatic ACC system by (Tsai et al., 2010), 
while an adaptive neuro-fuzzy predictive control 
has proposed in (Avdagic et al., 2019).

For real-time testing for smart car area, mobile 
robot platform has been of interest for some authors 
(Yue, Guo & Yuan, 2017; Trudgen et al., 2018) 
have proposed the application of robot platooning 
for the ACC with different controllers, such as 
predictive controller and sliding mode controller, 
and have taken into account the noise of both the 
devices and the motors. The area of smart cars has 
been developed and tested in several other papers 
(Lupu et al., 2018) with the purpose of avoiding 
collisions and spotting people and fires, while 
tracking the lane system, at the same time.
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However, one of the major problems of using these 
algorithms is the large and complex computation 
amount. Thus, it is difficult to implement them in 
real-time application or in discrete time system.

As far as known, there are very few scientific 
works on RST algorithms applied to autonomous 
cars, especially ADAS systems. In this study, RST 
algorithm is proposed to design both the CC and 
the ACC system. Digital Control Design by the 
polynomial method, such as RST algorithm, has 
two outstanding advantages: simplicity and real-
time applicability. A RST control approach has 
been introduced by some scholars as (Lupu et al., 
2014; Ayadi et al., 2008).

This paper focuses on implementing digital 
control design by the polynomial method in the 
discrete time system for ADAS systems. The 
leader car is designed by the CC system with 
the reference of the closed-loop (CL) system, in 
order to obtain the desired velocity, using a RST 
controller. The host car is designed by the ACC 
system with the reference of the CL system, in 
order to obtain the desired distance, using a RST 
controller. The purpose is to follow the leading car 
at the desired distance, based on both the Constant 
Time Headway Policy (CTHP) and the Constant 
Spacing Policy (CSP).

Next, the experiment verifies the performances 
of two smart cars consisting of a leading (CC 
system) and a host smart car (ACC system), with 
the constant spacing policy. 

The present study is structured as follows. 
Section 2 considers the modelling of the cars. 
Then, CC system design for the leading car 
is presented in Section 3. In Section 4, ACC 
system design for host car is presented. Section 
5 describes the hardware structure of the present 
approach. In Section 6, the illustrative examples 
and the testing results are provided through the 
performance analysis and, finally, Section 7 offers 
the conclusions of this study.

2. Modelling of Cars

Considering two cars which run on a single lane, 
namely the leading car and the host car. Assume 
that the operation of the host car installed with 
the ACC system looks at a single driving car, as it 
can be seen in Figure 1, and each car is equipped 
with sensors meant to measure the distance and 
the relative velocity to the leading car.

Figure 1. Two cars following each other on  
a single lane (Luu et al., 2023)

According to Newton’s second law, the balance of 
the forces acting on the vehicle longitudinal axis 
is described as follows (Rajamani, 2011; Ulsoy 
et al., 2012):

2

( ) ( ) sin cos

0.5 ( )
i i

di

m x t F t mg fmg

AC v t

δ δ

ρ

= − −

−



             
(1)

where, the position, velocity, and acceleration in 
longitudinal axis of the leader car at time instant 
t are indicated by x(t), ( )v t , ( )a t , respectively. m 
is the car mass, F is the traction force provided 
by the engine, the resistances of car includes air 
resistance, road friction, ramp resistance, in which 
A is the cross-sectional area of car, Cdi is the drag 
coefficient, ρ  is the air density, f  is the road 
friction coefficient, δ  is the road slope, g is the 
gravitational acceleration. The actual acceleration 
variation of the car may be indicated as:

[ ]1( ) ( ) ( )i ua t F t F t
mς

= −

                              
(2)

where the time constant of the lag in tracking 
any desired acceleration command of the car is 
set to ς . Assume that 0ς ς≤  and 0ς  is an upper 
bound on the time lag constant, thus it can be 
chosen as 0.2s.

Replace formula (1) into formula (2):

2
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cos 0.5 ( )

u
i

di

F t ma t mg
a t

m fmg AC v t

δ
ς δ ρ
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(3)

The expected traction force is given as:

2
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0.5 ( )
u

di
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ρ

= + +

+               
(4)

Now, replace formula (3) into formula (4), the 
longitudinal dynamics of each car in the platoon 
can be written as:

( ) ( ) ( )a t a t u tς + =                                         (5)
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Then, the dynamic equation of longitudinal 
dynamic model of the car is of the form:

( ) ( )
( ) ( )

( ) ( ) ( )

x t v t
x t a t

x t x t u tς

=
 =
 + =





                                        

(6)

From formula (6), the transfer function between 
the commanded acceleration and the velocity or the 
longitudinal position of the car model is given by:

( ) 1( )
( ) ( 1)

V sG s
U s s sς

= =
+                                 

(7)

or



2

( ) 1( )
( ) ( 1)

X sG s
U s s sς

= =
+                               

(8)

3. CC System Design for  
Leading Car

The leading car is designed by the CC system 
meant to adjust the velocity of car which is 
appropriate for the CL system. Based on formula 
(7), the transfer function of the car model 1( )G z−

 
in the discrete time system for the digital system 
has the following general form (Landau & Zito, 
2006; Popescu et al., 2017):

1
1

1

( )( )
( )

A zG z
B z

−
−

−=
                                               

(9)

where, the polynomials 1( )A z−  and 1( )B z−  are the 
car model of CC system that is determined by the 
following expressions:
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(10)

Figure 2 represents the CC structure of the leading 
car which is implemented by the RST controller 
based on the longitudinal dynamic model of the 
car formula (9). RST controller is described by:

1 1
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1 1
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(11)

with z-1 being the transfer function variable in 
discrete system, where vref(k) is the desired velocity 
set by the human; u(k) is the desired acceleration 
for car (control signal); v(k) is the measured output 
signal of the physical system (velocity of car); and 
R(z-1), T(z-1), S(z-1) polynomials are the weighting 
regulation block, the sensitivity block, and the 
tracking block, respectively. These blocks are 
given by:
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(12)

The control algorithm in formula (11) can be 
rewritten as follows:

1
ref 0 1

0 1

( ) ( ) ( ) ( 1)1( )
( 1)

T z v k r v k s u k
u k

s r v k

− − − −
=  

− −    
(13)

For the constraint condition, it is more suitable 
with the driver’s operation. The constraints are 
defined as: min max( ) ( ) ( )u k u k u k≤ ≤ , where 

min ( ) 0u k <  and max ( ) 0u k > are bounds of control 
input for the leading car. 

The CL transfer function between the desired 
velocity ( )refv k

 
and the measured output signal 

Figure 2. Digital controller of CC system for the leading car
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( )v k , using a digital controller canonical structure, 
has the expression:

1 1
1

1 1 1 1

( ) ( )( )
( ) ( ) ( ) ( )CL

B z T zH z
A z S z B z R z

− −
−

− − − −=
+       

(14)

In the present model the characteristic polynomial, 
P(z-1) has the following order:

1 1 2
1 2( ) 1P z p z p z− − −= + +                             (15)

The characteristic polynomial P(z-1) has the 
following form, as per formula (14):

1 1 1 1 1( ) ( ) ( ) ( ) ( )P z A z S z B z R z− − − − −= +           (16)

The input/output transfer of the CL system is 
described by:
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ref1
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(17)

The polynomials R(z-1) and S(z-1) are determined 
through the following matrix equation:

-1X = M p                                                  (18)

where:
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M

Usually, to calculate the polynomial controller, a 
second-degree transfer function is expressed as:

2
0

ref2 2
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s s
ω
ζω ω

=
+ +                    

(19)

where ζ  is the damping coefficient and 0ω  is the 
natural frequency and the polynomials p1, p2 are 
determined as (Landau & Zito, 2006):

2
0 0

0

cos( 1
1

2
2

2 s

s

T Ts

T

p e

p e

ζω ω ζ

ζω

− −

−

= −

= −                                
(20)

Based on the design method presented in 
(Stefanoiu et al., 2016), T(z-1) polynomial 
coefficients are determined using the following 
formula:



1 1 1( ) ( ) ( )T z P z B z− − −=                                 (21)

where  1( )P z−  is another unknown polynomial.

4. ACC System Design for Host Car

The ACC system is one of the applications of the 
longitudinal control of the car. Using the ACC 
system of the host car means maintaining the 
same velocity with the leading car, while also 
maintaining the desired distance value with respect 
to the leading car. Host car allows following its 
preceding car with the desired spacing defined by 
the spacing policies.

The structure of discrete time car model (7) used for 
digital controller design has the following general 
form (Landau & Zito, 2006; Popescu et al., 2017):
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(22)

where the polynomials 1 1( ), ( )A z B z− −
   represent 

the car model of ACC system using the complex 
mathematical model determined as:
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(23)

The ACC system structure of the host car which is 
implemented by the RST controller is illustrated in 
Figure 3. Clearly, RST controller is provided by:  
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(24)

In the ACC system is the desired distance defined 
by the CTHP and the CSP; ( )u k  is the desired 
acceleration for host car (control signal); and L is 
the car length.

ref 0 hos

ref 0

( ) ( ) ( ) for CTHP
( ) ( ) ( ) for CSP  

k td k c t v k m
d k l k m

= +
 =    

(25)

where the forward velocity hos ( )tv k  is weighted 
with the headway time tk. c0, tk denote the distance 
to be kept at zero velocity, and the time headway, 
respectively.

d(k) is the actual distance between the host car and 
the leading car. Iy is measured using radar sensor 
mounted on the front bumper of each car and it 
is defined as:

ref host( ) ( )leadd k x k x L= − −                          (26)
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The polynomials 1( )R z−
 , 1( )T z−  and 1( )S z−

  of 
the proposed RST digital feedback controller are 
defined as below:
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Taking into account the expression of 1( )S z−
 , the 

control signal 1( )u z−  is computed on the basis of 
formula (24), by means of the formula:
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1
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The constraint condition for the host car is 
the following: min max( ) ( ) ( )u k u k u k≤ ≤    where 

min ( ) 0u k <  and max ( ) 0u k >  are bounds of control 
input for the host car.

In this case, the transfer function in closed-loop 
is given by:
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The input/output transfer of the CL system is 
described by:

( )
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The calculation of the polynomials 1( )R z−


 and
1( )S z−



 is carried out starting from the choice of 
the polynomial 1( )P z−

 :
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where the polynomials 1 2,p p   are determined as 
(Landau & Zito, 2006):
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Figure 3. Digital controller of ACC system for host car

Algorithm 1. RST scheme of the host car
Input: set the structural index of the model: 

the system parameters c0, tk, L, l0, sampling 
time Ts, desired setpoint dref(k), the constraint 
sets ( )u k .

Output: actual distance d(k)
Start loop to compute:
1: Compute discrete time car model in order 

to achieve 1 1( ), ( )A z B z− −
 

2: Solve (33) to compute 1( )R z−


 and 1( )S z−


 
polynomials of the controller.

3: Solve (21) to obtain 1( )T z−


 polynomial
4: Measure output signal 
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5: Generate control signal 
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6: Update 1k k← +  and go to step 1.
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The coefficients of 1( )R z−


 and 1( )S z−
  contained 

in vector X  are given by:
1−= 

X M p                                                  (33)

where:
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5. Hardware Structure Description

For a real-time application in the autonomous 
car area, a new smart car platform was 
made in (Luu et al., 2019). The experiment 
was performed as an approach technique 
of longitudinal control for autonomous car. 
This platform has several advantages such as 
simplicity and real-time applicability.

Since the smart cars are moved within a very 
small space, it is not practical to measure the 

distance between them by using GPS or another 
device. The infrared sensor is employed instead. 
Each device is tested in real time separately. For 
obtaining more details, several sensors are tested, 
as illustrated in Figure.4.

The smart car platform, known as “Arduino cars”, 
can be seen from Figure 5, it considers one leading 
car and one host car. For the smart car platform, 
the velocity is measured by using signals from 
the wheel encoders on all wheels. Computations 
are needed, in order to determine the exact wheel 
velocity. In this way, smart cars will be able to 
keep a fixed distance between them. The micro-
controller commands the motors through a motor 
driver controlled by pulse width modulation 
(PWM) signals.

This prototype smart car does not contain the 
complex automobile dynamics, it is static in 
the laboratory, there is no significant airflow 
around the car and the rolling resistance is based 
entirely on different phenomena. Therefore, an 
experimental method is proposed, namely the 
transfer function of the model, in order to identify 
the longitudinal dynamics in smart car platform.

Figure 4. Testing infrared speed sensor and distance sensor (Viet Hung et al., 2024)

Figure 5. Experiments with the smart car platform in the laboratory (Luu et al., 2023)
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6. Illustrative Example

6.1 Numerical Results

Before the start of the numerical example, the 
parameters of the car were established as follows: 

0.2 , 5( )s L mς = = . The system constraints are  
as follows:

2 2( ) 2.5( ), ( ) 2.5( )m mu k u k
s s

≤ ≤ .

The choice of the polynomials R, S and T allows 
solving both the regulation and the tracking 
problem. By using a sampling period of Ts = 0.1 
second and model parameters from (10) and (23), 
the controllers can be computed based on method 
proposed in (Chiriac, 2021; Popescu et al., 2017):

1 1 2

1 1 2

1 1

1

1 1
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− − −

− − −

− −

−

− −

= − +

= +

= − +

=

= −              

(34)

and, for the host car
1 1 2 3

1 1 2

3
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( ) 0.00073877 0.0026
0.0005755

A z z z z
B z z z

z

− − − −

− − −

−

= − + −

= +

+





  (35)
1 1 2

1

1 1 2

( ) 249.4258 387.5863 148.0126
( ) 9.8521

( ) 1 0.7841 0.1404

R z z z
T z

S z z z

− − −

−

− − −

= − +

=
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The Cruise Control problem for the leading car is 
following the reference trajectory with the desired 
speed vref(k), at a discrete time k. 

The Adaptive Cruise Control for the host car is 
following the reference trajectory with the desired 
distance dref(k), at a discrete time k. The parameters 
of ACC system are based on the constant time 
headway policy given as c0=2(m), tk=0.65(s), and 
the desired distance is proportional to its velocity. 
For the constant spacing policy, the ACC system 
maintains at a fixed constant between the two cars, 
namely l0=5(m).

The numerical results of the car system, with 
proposed controller, are indicated in Figures 6 
- 11. For the host car using ACC system based 
on the constant time headway policy, the results 

are depicted in Figures (6), (7) and (8) and those 
for the host car using ACC system based on the 
constant spacing policy are depicted in Figures 
(9), (10) and (11).

The leading car using RST algorithm follows 
the velocity profile introduced at reference 
velocity by drivers set. For the host car, Figures 
(6) and (9) illustrate the velocity for both 
constant time headway and the constant spacing 
policies, together with the reference velocity 
of the leading car. The purpose is to assess the 
capability of the vehicle to follow the efficiency 
of RST algorithm. Thus, from these figures, it 
can be observed that the speed profile introduced 
as reference for the leading car is followed, i.e., 
when the leading car accelerates and decelerates, 
the host car (ACC car) also accelerates and 
decelerates accordingly. However, there is a 
slight overshoot in the case of the constant time 
headway policies, as it can be observed in the 
zooms from Figures (6) and (9).
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host car based on CTHP

20 40 60 80 100 120 140 160 180

time (samples)

5

10

15

20

di
st

an
ce

 (m
)

reference

actual distance

Figure 7. Inter-car distance between two cars  
based on CTHP



https://www.sic.ici.ro

104 Duc Lich Luu, Ciprian Lupu, Van Ga Bui, Nguyen Viet Hung

20 40 60 80 100 120 140 160 180

time (samples)

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
er

ro
r (

m
)
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based on CTHP
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Figure 9. The velocity of the leading car and the  
host car based on CSP
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Figure 10. Inter-car distance between two cars  
based on CSP
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Figure 11. The distance error of the host car  
based on CSP

The distance error, the inter-car spacing for two 
cases using the constant spacing and the constant 
time headway policies are analyzed, and the 
simulation results are depicted in Figures (7), (8), 
(10), and (11).

The host car for these two cases maintains well 
the desired distance with respect to the leading 
car, which is expressed through distance errors 
(see Figures (8) and (11)). Due to the different 
velocities between the two cars, the spacing 
deviation is changing. Overall, from the resulted 
obtained after simulation, it can be observed 
that distance error of the host car for both cases 
converges to zero value.

For CTHP, as seen in Figure 8, the error bound of 
the RST controller spacing error is -0.35 to 0.57m. 
The peak value of the spacing error generated 
by the RST algorithm is about 0.57m, while the 
peak values of the PID (Proportional Integral 
Derivative) algorithm is about 1.2m. For CSP, 
as seen in Figure 11, the error bound of the RST 
controller spacing error is -0.03 to 0.048m. The 
peak value of the spacing error generated by the 
RST algorithm is about 0.048m. 

In the constant spacing policy case, the distance 
error is decreasing faster. It can be observed 
that the RST algorithm can reduce the peak 
value of the following spacing error of the car. 
The peak value of the spacing error reflects 
the performance of the control strategy under 
extreme conditions, such as sudden acceleration 
and sudden deceleration.

To sum up, the effectiveness of the proposed 
approach is well demonstrated, i.e., the leading car 
equipped with the CC system using RST algorithm 
has a quick response in obtaining the values closer 
to the reference. The host car equipped with the 
ACC system for two-type policies using RST 
algorithm has also a quick response and keeps the 
desired distance values.

6.2 Testing Results

The proposed method will be tested for a single 
lane smart car platform, in a laboratory, as it has 
been shown in Figure 5, in order to verify the 
effectiveness of its practical use.

As it has been described in section 5, the smart car 
platform consists of a leading car and a host car. The 
cars travel the distance at a very slow speed, so, by 
using the infrared device, the distance between the 
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leading car and the host car can be measured. The 
longitudinal speed is measured using the encoder 
sensor mounted on the rear wheels. The advantages 
of the RST structure include its simplicity and 
applicability in real-time systems.

This sector will focus only on the hosting car 
using RST controller, based on the CSP, which 
is a common type of strategy that shows real-
time applicability. The RST algorithm will be 
embedded into two smart cars, where the leading 
car equipped with the CC system stays at the 
desired speed, and the host car equipped with the 
ACC system keeps at the desired fixed distance.

The leading car maintains speed at 0.45 m/s during 
the time interval [0, 30s], then decelerates from 
0.45 m/s to 0.35 cm/s during the interval [30s, 
35s], and then maintains speed to 0.35m/s during 
interval [35s, 55s], where initial distance and 
desired fixed distance are set to 0.3m.

Their velocities and the distances between the two 
smart cars are indicated in Figure (12) and Figure 
(13), respectively.From the results obtained after 
the simulation, as illustrated in these figures, it can 
be seen that the velocity tracking operates well.
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Figure 12. Velocities of the two smart cars of the  
host platform based on CSP

Figure 13. Inter-car distance between the two smart 
cars of the host platform based on CSP

Clearly, the distance related to the host smart car 
platform converges to the desired value, i.e., 0.32m.

For the host smart platform, there is a little 
long distance at the beginning (time at 0s) and 
a little overshoot after that, mainly caused by 
a starting voltage higher than the minimum 
operating voltage. From the testing results, it can 
be clearly seen that the RST algorithm satisfies 
the experiment demand for the two smart cars. 
However, the time delay occurred when the cars 
electronic control unit of the cars determined 
the control command for the engine driver. The 
devices are affected by various environmental 
factors, such as noise and brightness, which 
lead to unstable measurements. Although, it 
does not seriously affect the results. In general, 
an accurate sensor would be more appropriate, 
as it will improve the performance of the smart 
car platform.

7. Conclusion

In this study, the CC and ACC systems have 
been designed, simulated, and tested. Initially, 
the continuous time system of the mathematical 
models of the car was converted into discrete time 
system, by using the MATLAB function. Then, 
two discrete-time controller RST structures that 
apply to the CC system of the leading car and the 
ACC system of the host car were implemented 
and simulated in MATLAB. These controllers 
were next embedded and tested in real-time on 
a two-smart car platform, in a laboratory, for 
both CC and ACC systems, in order to evaluate 
the performance and effectiveness of the RST-
structure for discrete-time controllers. 

Based on the simulation and testing results that 
the system responded smoothly, the proposed 
method can provide solutions with good 
performance. The advantages of RST-structure 
consist in simplicity and applicability in real-
time system, while, as a disadvantage, the lack 
of a very elaborate theoretical foundation can be 
observed first of all.

As a next step, in future research regarding 
real-time applications of this topic, a platoon of 
smart cars that use the hardware for vehicle-to-
vehicle channels or the vehicle-to-infrastructure 
communication, in order to connect with other 
robots via WiFi, can be implemented.
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