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ABSTRACT 
This research developed a model reference adaptive controller for 
string stability in truck platooning. String stability is the ability of a 
platoon to maintain a stable formation as disturbances propagate 
through the string of vehicles resulting in oscillations or collisions. 
These disturbances include vehicle breakdown, intruding vehicles, 
change in speed or position. Designing an adaptive platoon controller 
that adapt to the disturbances and varying working conditions (such as 
road conditions and driving behaviours) while ensuring safety, stability, 
and efficiency has been explored in literature. This leads to the 
development of adaptive Proportional Integral Derivative (PID) 
Controller, Model Predictive Controller (MPC), sliding mode controller 
(SMC), and H-infinity (Hꝏ) controller for string stability of a platoon. 
However, the performance of these control schemes is affected by the 
model complexity and parameter uncertainty of the system resulting to 
an unstable system. In order to address these problems, a reference 
model of the trucks and adaptive mechanism is designed for error 
estimation and controller parameter adjustments respectively. A 
stabilizing controller was designed based on the concept of Lyapunov 
energy function. The performance of the controller is evaluated by 
comparing with that of MPC incorporated with PID controller using 
vehicle distance, vehicle velocity, inter vehicle gap error and velocity 
error as performance metrics. The simulation results obtained shows 
that MRAC has a better tracking performance and updates the 
controller in real-time there by attenuates disturbance when compared 
to DMPC- PID with an improvement in achieving a constant 
intervehicle gap of 20 𝑚, a desired speed of 20 𝑚/𝑠 at a settling time 

of 20 𝑠𝑒𝑐𝑜𝑛𝑑𝑠. The simulation result shows a reduction in average 

intervehicle gap error of 0.15 𝑚 from the leader vehicle to the follower 

vehicles. An average velocity error of 0.13 𝑚/𝑠 between the leader 
vehicle and followers. It also recorded an average acceleration of 0.73 
𝑚/𝑠2 and deceleration of 0.27 𝑚/𝑠2 to achieve the desired steady 
state speed. The designed controller shows improvements over the 
existing control technique in terms of the intervehicle gap and system 
stability in the platoon.  

 
INTRODUCTION 
  The demand for highway travel keeps 
on growing as the population rises, especially in 

urban areas. The capacity of goods transportation 
alone has been projected almost double by 2020, 
hence intelligent transportation with a feasible 
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control algorithm is important to ensure smooth 
traffic flow on the highway (Musa et al., 2018). The 
field of intelligent transportation system (ITS) has 
grown significantly due to advancement in 
wireless communication, data processing control 
system, artificial intelligent algorithms, machine 
learning, adaptive cruise control, among others, 
which enable vehicle to navigate at a cruise speed 
that adapts to the speed of preceding vehicle 
(Villenas et al., 2023).  
  Vehicle platooning is a group of vehicles 
travelling in a closely coordinated convoy 
communicating electronically with each other, in 
which one vehicle following another at a close 
distance. The prospect of road transport has 
improved with the promises offered by 
autonomous vehicle as a means for future 
navigation, increased safety, reduced CO2 
emission and avoid traffic accident caused by 
drivers’ fatigue (Ajayi et al., 2022). The truck 
platoon control is composed of the lateral control 
and the longitudinal control. The lateral control is 
to keep a following truck behind its predecessor 
truck while longitudinal control of the truck is 
responsible for regulating the vehicle cruise speed 
and desired position (Feng et al., 2023). 
 
PROBLEM STATEMENT 
  Truck platooning serves as a practical 
application and testing ground for emerging 
technologies such as vehicle-to-vehicle 
communication, automated driving features and 
artificial intelligence algorithms by gradually 
introducing and refining these technologies in real 
world scenarios. String stability is the property that 
disturbances are attenuated as they propagate 
along the stability of interconnected vehicles that 
guarantee uniform boundedness of all the states 
of interconnected vehicles for all time in the 
platooning. The implementation of autonomous 
driving in real life is mainly affected by the string 
stability in the platoon. The control design of this 
research is aimed at addressing the limitation of 
the existing control algorithms by guaranteeing 
collision safety at all times and attenuating 
disturbances along the platoon. 
methodology 
 

Development of a Vehicle Model 
  The vehicle model is based on the fact 
that. The vehicle model was formulated from 
Newton third law of motion that say’s tractive force 
is equal to resistive force; 
 
𝐹𝑡𝑟 = 𝐹𝑎 + 𝐹𝑖 + 𝐹𝑔 + 𝐹𝑟   (1) 

Where the respective forces are defined as: 
 

𝐹𝑎 = 
1

2
 𝜌 𝐶𝑑  𝐴 𝑣

2  

𝐹𝑖 = 𝑚𝑎                                        
                         (2) 
𝐹𝑟 = 𝑚𝑔𝐶𝑟𝑟  

𝐹𝑔 = 𝑚𝑔𝑠𝑖𝑛𝜃  

 
Where; aerodynamic drag force (𝐹𝑎), rolling 

resistance force (𝐹𝑟), gradient force (𝐹𝑔), inertia 

force and tractive force (𝐹𝑡𝑟), 𝜌 is the air density, 
𝜐 is the velocity, 𝐶𝑑 is the drag coefficient, 𝛢 is the 

frontal area, 𝑚 is the mass, and 𝑎 is the 
acceleration. 
 
Let 
𝑥1 = 𝑠
𝑥2 = 𝑣
𝑥̇1 = 𝑣
𝑥̇2 = 𝑎

}            (3) 

 
From equation (1)  
𝐹𝑡𝑟 = 
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𝑚
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       (4) 

 
The acceleration of vehicle 𝑥̇2, is defined in the 
state equation as obtained from equation (4). 
Designing the Reference Model 

The reference model 𝑋̇𝑚 of a vehicle in MRAC 
design is in the form of  
 

𝑋̇𝑚 = (𝐴 − 𝐵𝐾1)𝑋𝑚 + 𝐵𝐾2𝑟          (5) 
 
With;  𝐴𝑚 = 𝐴 − 𝐵𝐾2 and 𝐵𝑚 = 𝐵𝐾2  
 
Where Am and Bm stands for constant plant 
parameter, r is the reference signal, K1and K2 
represent the adaptive gains and 𝑋𝑚 is the 
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system state vector. The vehicle dynamic model 
(plant model) is defined from equation (3.4) as; 
 

𝑥̇2 = −𝑔𝑠𝑖𝑛𝜃 − 
1

2𝑚
 𝜌 𝐶𝑑𝐴𝑣

2 + 
1

𝑚
𝐹𝑡𝑟  (6) 

 
The derivative of the state of the reference model 
of the vehicle is obtained by neglecting the effect 
of rolling friction (𝐹𝑟): 
 
𝑥̇1 = 𝑣 = 𝑥2                                               

𝑥̇2 = −𝑔𝑥1 − 
1

2𝑚
 𝜌 𝐶𝑑𝐴𝑥2

2 + 
1

𝑚
𝐹𝑡𝑟

} (7) 

Where sin 𝜃 ≈ 𝜃 = 𝑥1. The state equation 

model of the vehicle is written in the form of 𝑋̇ =
𝐴𝑋 + 𝐵𝑢 as: 
 

 𝑋̇ = 𝑥̇2 = [
0 1

0
1

2𝑚
 𝜌 𝐶𝑑𝐴𝑥2

2] [
𝑥1
𝑥2
] + [

0
1

𝑚

] 𝐹𝑡𝑟  (8) 

 
The reference state model is obtained by 
neglecting road grade (𝜃 ≈ 0) since the vehicle 
operates in a flat road therefore written as: 
 

𝑋̇ =  [
0 1
0 0

] 𝑋 + 
1

𝑚
 [
0
1
] 𝐹𝑡𝑟        (9) 

 

Where the system plant parameter 𝐴 =  [
0 1
0 0

] 

and 𝐵 =  [
0
1

𝑚

] 

The reference vehicle model is derived by its 
characteristic polynomial, which dictates the 
desired closed-loop dynamics of the system. The 
characteristic polynomial of a second-order 
system; 
 

𝑃(𝑠) =  𝑠2 + 2𝜉𝑠 + 𝜔2                      (10) 
The state space model of the vehicle is obtained; 
 

𝐴𝑚 = [
0 1
𝜔2 2𝜉𝜔

] and 𝐵𝑚 = [
0
𝜔2
] 

 
Then the reference model of the system is 
achieved by substituting the state space vectors in 
equation (4) where 𝐴𝑚 is 
 

𝑋̇𝑚 =  𝐴𝑚𝑋𝑚 + 𝐵𝑚𝐾2      (11) 
Formation of Optimization Problems 
The goal is to minimize the ISE with respect to the 
controller parameters (𝐾1 𝑎𝑛𝑑 𝐾2). The 
objective function can be written as: 
 

 𝐽(𝐾1, 𝐾2) = ∫ 𝑒(𝑡)2𝑑𝑡
𝑡

0
      (12) 

 
Where 𝑒(𝑡) depends on the system dynamics 
and the control law defined by 𝐾1 and 𝐾2. The 
optimization problem for the control parameters 
(𝐾1 𝑎𝑛𝑑 𝐾2) tuning can be formulated as: 
 

 min
𝐾1,𝐾2

𝐽(𝐾1, 𝐾2) = ∫ (𝑋 − 𝑋𝑚)
2𝑑𝑡

𝑡

0
     (13) 

 
Subjects to: 
 𝐾1, 𝐾2 > 0 
 𝐾2 > 𝐾1 
 
RESULTS 
Control gain 
  Figure 1 shows the plots of MRAC that 
achieved a better controller performance with the 
control gains ϒ1 =  0.01 𝑎𝑛𝑑 ϒ2 =  1.40.

 
Figure 1: MRAC control gain ϒ1 = 0.01 and ϒ2 =1.40 
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  From the controller performance 
presented in Figure 4.3, it can be seen that the 
there is an improve performance in the adaptive 
law to track a reference trajectory under 
uncertainty and external disturbance. In general, 
the controller performance clearly indicates that 
the actual velocity aligns with the reference 
velocity, demonstrating MRAC ability to manage 
model uncertainty effectively even in the presence 
of small oscillation along the platoon. 
 
Velocity Profile of the Trucks 
Figure 2 shows the plots for the velocity profile of 
the four trucks in the platoon with all the trucks 
shows discrepancy in terms of initial velocity.  
 

 
Figure 2: Velocity Profile of the Trucks 
 
  From Figure 2, it can be seen that the 
trucks attain a steady state speed of 20 𝑚/𝑠 at a 
settling time of approximately 20 𝑠𝑒𝑐𝑜𝑛𝑑𝑠, 
which indicates that the MRAC controller 
effectively synchronizes the speed of the trucks as 
they travel cohesively along the platoon. 
 
Acceleration Profile of the Truck 
  Figure 3 shows the plots for the 
acceleration profile of the four trucks in a platoon 
which exhibits some variation in their acceleration.  
 

 
Figure 3: Acceleration Profile of Four Trucks 

  From Figure 3, it is observed that Truck 
2 decelerates for a duration of 3 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 due to 

its initial inter-vehicular distance of 10 𝑚 from 
Truck 1, which is below the desired spacing of 
20 𝑚. This deceleration ensures that the desired 
inter-vehicular distance is achieved. A similar 
adjustment is observed for Trucks 3 and 4, 
although at a lower rate of deceleration. 
  After 20 𝑠𝑒𝑐𝑜𝑛𝑑𝑠, the acceleration of 
all trucks reaches a steady state of zero, indicating 
that the trucks are moving at a uniform velocity 
with the desired spacing maintained throughout 
the platoon. The MRAC effectively mitigates the 
initial variations, ensuring that the trucks' 
accelerations converge to stable values. This 
showcases the adaptability and robustness of the 
adaptive control law in handling dynamic 
conditions while maintaining platoon stability. 
 
CONCLUSION 
  The Model Reference Adaptive 
Controller (MRAC) is an advanced adaptive 
control strategy designed to compute the control 
input of a system such that its output closely 
matches that of a predefined reference model. 
MRAC employs an adaptive optimization 
algorithm to adjust controller parameters in real 
time, ensuring robust performance in the presence 
of system uncertainties and external disturbances. 
  To address model uncertainties 
affecting system stability, maintain constant inter-
vehicle spacing, and achieve the desired speed 
within a truck platoon, an MRAC was developed 
using optimal control gains and an adaptive 
mechanism. The controller design and simulations 
were implemented in MATLAB 2023b, and its 
performance was evaluated using standard 
performance metrics.  
  The simulation results obtained shows 
that MRAC has a better tracking performance and 
updates the controller there by attenuates 
disturbance when compared to DMPC-PID with an 
improvement achieving a constant intervehicle 
gap of 20 𝑚, a desired speed of 20 𝑚/𝑠 at a 
settling time of 20 𝑠𝑒𝑐𝑜𝑛𝑑𝑠. The simulation 
result shows a reduction in average intervehicle 
gap error of 0.15 𝑚 from the leader vehicle to the 
follower vehicles. An average velocity error of 
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0.13 𝑚/𝑠 between the leader vehicle and 
followers. It also recorded an average acceleration 

of 0.73 𝑚/𝑠2 and deceleration of 0.27 𝑚/𝑠2 to 
achieve the desired steady state speed. 
 
REFERENCES 

[1] Feng, S., Zhang, Y., Li, S. E., Cao, Z., 
Liu, H. X., & Li, L. (2019). String stability 
for vehicular platoon control: Definitions 
and analysis methods. In Annual Reviews 
in Control (Vol. 47, pp. 81–97). Elsevier 
Ltd. 
https://doi.org/10.1016/j.arcontrol.2019.03
.001 

[2] Gordon, M. A., Vargas, F. J., & Peters, A. 
A. (2023). Mean square stability 
conditions for platoons with lossy inter-
vehicle communication channels. 
Automatica, 147. 
https://doi.org/10.1016/j.automatica.2022.
110710 

[3] Mao, X., Li, P., Weng, Z., & Zhao, J. 
(2023). Distributed tube model predictive 
control for string stability of 
heterogeneous vehicle platoons. 
Proceedings of the Institution of 
Mechanical Engineers. Part I: Journal of 
Systems and Control Engineering, 
237(10), 1777–1788. 
https://doi.org/10.1177/095965182311737
63. 

[4] Rizk, H., Chaibet, A., & Kribèche, A. 
(2023). Model-Based Control and Model-
Free Control Techniques for Autonomous 
Vehicles: A Technical Survey. In Applied 
Sciences (Switzerland) (Vol. 13, Issue 
11). MDPI. 
https://doi.org/10.3390/app13116700 

[5] Schwab, A., & Lunze, J. (2022). Design of 
Platooning Controllers That Achieve 
Collision Avoidance by External Positivity. 
IEEE Transactions on Intelligent 
Transportation Systems, 23(9), 14883–
14892. 
https://doi.org/10.1109/TITS.2021.313480
3 

[6] Umar, A., Journal Of Engineering, N., 
Ajayi, O., Yahaya, S. M., & Umar, A. 

(2022a). Application of Fuzzy Control 
System to Autonomous Vehicle Platoon. 
In Nigerian Journal of Engineering (Vol. 
29, Issue 2). 
https://www.researchgate.net/publication/
365946814 

[7] Zhao, Q., Zheng, H., Kaku, C., Cheng, F., 
& Zong, C. (2022). Safety Spacing 
Control of Truck Platoon Based on 
Emergency Braking under Different Road 
Conditions. SAE International Journal of 
Vehicle Dynamics, Stability, and NVH, 
7(1). https://doi.org/10.4271/10-07-01-
0005 

[8] Cheng, F., Zheng, H., Gong, C., & Kaku, 
C. (2022a). Longitudinal Cruise Control of 
Truck Platoon Based on Distributed 
Sliding Mode Control Strategy. 2022 6th 
CAA International Conference on 
Vehicular Control and Intelligence, CVCI 
2022. 
https://doi.org/10.1109/CVCI56766.2022.
9964651 

[9] Gratzer, A. L., Thormann, S., Schirrer, A., 
& Jakubek, S. (2022a). String Stable and 
Collision-Safe Model Predictive Platoon 
Control. IEEE Transactions on Intelligent 
Transportation Systems, 23(10), 19358–
19373. 
https://doi.org/10.1109/TITS.2022.316023
6 

[10] Prayitno, A., Indrawati, V., & 
Nilkhamhang, I. (2022). Distributed Model 
Reference Adaptive Control Based on 
Cooperative Observer with Optimal 
Control Modification for Synchronization 
of Heterogeneous Vehicle Platoon. 
Mathematical Modelling of Engineering 
Problems, 9(6), 1565–1573. 
https://doi.org/10.18280/MMEP.090616 

[11] Gazran, S., & Rönnqvist, M. (2021). 
Truck platooning transportation planning: 
A review with emphasis on Operations 
Research methods. 
https://www.researchgate.net/publication/
349830460 

[12] Abdullahi, A., & Akkaya, S. (2020). 
Adaptive Cruise Control: A Model 

http://www.atbuftejoste.net/
mailto:abumuhammadu10@gmail.com


 
                                 JOURNAL OF SCIENCE TECHNOLOGY AND EDUCATION 14(1), MARCH, 2026 
                              E-ISSN: 3093-0898, PRINT ISSN: 2277-0011; Journal homepage: www.atbufstejoste.com 

Corresponding author: Hassan Maharazu 
  abumuhammadu10@gmail.com  
 Department of Electrical and Electronics Engineering, Federal University of Transportation, Daura Katsina State, Nigeria.  
© 2026. Faculty of Technology Education. ATBU Bauchi. All rights reserved 

194 

Reference Adaptive Control Approach. 
2020 24th International Conference on 
System Theory, Control and Computing, 
ICSTCC 2020 - Proceedings, 904–908. 
https://doi.org/10.1109/ICSTCC50638.20
20.9259641 

[13] Devika, K. B., G., R., Shreya 
Yellapantula, V. R., & Subramanian, S. C. 
(2020). A Dynamics-Based Adaptive 
String Stable Controller for Connected 
Heavy Road Vehicle Platoon Safety. 
IEEE Access, 8, 209886–209903. 
https://doi.org/10.1109/ACCESS.2020.30
39797 

[14] Garg, T., & Roy, S. B. (2020). 
Combined cooperative adaptive cruise 
control using collective initial excitation 
based distributed parameter estimator. 
IFAC-PapersOnLine, 53(2), 13855–
13862. 
https://doi.org/10.1016/j.ifacol.2020.12.89
7 

[15] Milanés, V., & Shladover, S. E. (2016). 
Handling Cut-In Vehicles in Strings of 
Cooperative Adaptive Cruise Control 
Vehicles. Journal of Intelligent 
Transportation Systems: Technology, 
Planning, and Operations, 20(2), 178–
191. 
https://doi.org/10.1080/15472450.2015.10
16023 

[16] Feng, S., Zhang, Y., Li, S. E., Cao, Z., 
Liu, H. X., & Li, L. (2019). String stability 
for vehicular platoon control: Definitions 
and analysis methods. In Annual Reviews 
in Control (Vol. 47, pp. 81–97). Elsevier 
Ltd. 
https://doi.org/10.1016/j.arcontrol.2019.03
.001 

[17] Musa, azu J., Sudin, S., Mohamed, Z., 
Sha, Y. A., Usman, A. D., & Hassan, A. 
U. (n.d.). An Improved Topology Model 
for Two-Vehicle Look-ahead and Rear-
Vehicle Convoy Control. 

 
 
 

http://www.atbuftejoste.net/
mailto:abumuhammadu10@gmail.com

