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ABSTRACT:  

Over the past few years, many electrical vehicle manufacturers have focused on developing enhanced controller 

efficiency for Four-Wheel Drive (FWD) systems. The control of the speed and direction of the FWD is crucial for safe 

and efficient operation, particularly in challenging maneuvers. The FWD system movements in straight routes and 

during maneuvers, turning all four wheels right and left, have not been well covered. Therefore, a robust control design 

that is capable of controlling the FWD system at an optimal time of operation is highly required. In this research, a Finite 

Time Control (FTC) is designed, implemented, and simulated to improve the robustness and performance of the FWD 

system during challenging maneuvers. The proposed FTC controls both the speed and direction of all wheels of FWD 

according to the route situations. The proposed FTC is compared with an FWD system that is controlled by a traditional 

Proportional, Integral, and Derivative (PID) controller during straight moving and maneuvers. The comparison is based 

on controlling parameters such as settling time, maximum overshoot, and speed error values. The results showed that 

the proposed FTC has a much faster settling time, significantly less maximum overshoot, and much lower error values 

than the PID controller. These factors are considered the main features of the contribution of any controller system that 

aims for optimal and robustness and FTC proved to have them adequately.      
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1.  INTRODUCTION 

The use of Four-wheel drive (FWD) systems can 

provide significant improvements in vehicle 

performance, allowing the vehicle to navigate rough 

terrain with greater ease and safety. The speed and 

direction control of FWD systems is critical for safe and 

efficient operation, particularly in challenging 

environments where the terrain and conditions change 

rapidly [1]. 

Control algorithms are widely used in engineering to 

manage processes. These include various methods like 

Proportional-Integral-Derivative (PID), Sliding Mode 

Control (SMC), Model Predictive Control (MPC), 

Neural Network, H-infinity, Fuzzy Logic, Backstepping, 

Feedback Linearization Control (FLC), Adaptive 

Control and Linear Quadratic Regulator (LQR). 

However, they have limitations such as high 

computation, the need for lots of training data, and 

dealing with uncertainty, which limits their use in 

industries [2] [3] [4]. 

The PID controller offers a straightforward approach 

to system control, modifying the control input according 

to the difference between the desired and measured 

output [5]. The researchers of [6] presented conventional 

two-wheel PID steering and sliding mode driving 

control for self-driving vehicles and subsequently 

advances to suggest four-wheel adaptations of these 

controllers. The authors of [7]  have introduced a control 

system to address driver commands and maintain 

vehicle lateral stability. It employs nonlinear model 

predictive control in the upper layer and the lower layer 

features of a PID controller to manage wheel slips and 

control independent motor torques for driving and 

regenerative braking. While, [8] introduced a nonlinear 

triple-step steering controller for four-wheel steer-by-

wire vehicles, enhancing stability by accurately tracking 

yaw rate and sideslip angle. It handled nonlinear tires, 

including a PID driver model, and its performance was 

evaluated through simulation. The study in [9] has 

attempted to improve electric vehicle stability through a 

PID controller in a four-wheel drive setup. It designs a 

fuzzy PID controller tied to yaw rate and sideslip angle. 

The simulation results have shown an improvement. 

A Finite-Time Control (FTC) system refers to a class 
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of control systems designed to achieve a specific control 

objective within a finite time. Unlike traditional control 

systems that are designed to operate indefinitely, FTC 

systems are designed to achieve a specific goal in a 

predetermined amount of time. 

The development of FTC systems has been driven by 

applications in fields such as robotics, aerospace 

engineering, and power systems. In these applications, it 

is often necessary to achieve a specific control objective, 

such as stabilization or trajectory tracking, within a finite 

time. The design of FTC systems necessitates the 

application of mathematical tools such as Lyapunov 

stability theory and optimal control theory. These tools 

are used to develop control laws that can drive the 

system to its desired state in a finite time while ensuring 

stability and performance requirements. FTC systems 

offer a significant benefit in terms of their capability to 

provide fast and precise control in applications where 

time is a crucial factor. They also offer the potential for 

improved energy efficiency and reduced wear and tear 

on mechanical components. Overall, the development of 

finite-time control systems has led to significant 

advances in the design and operation of complex control 

systems in a range of applications [10].  

In recent years, there has been a growing interest in 

the development and application of finite-time control 

across a range of fields. The researchers in [11] have 

addressed the challenge of overseeing the trajectory of 

autonomous underwater vehicles by employing finite-

time output feedback. In a similar manner, the authors in 

[12] have proposed an adaptive and robust finite-time 

tracking control strategy for a fully actuated marine 

surface vehicle, accommodating unknown disturbances. 

Additionally, the study in [13] presented a control 

approach for multirotor unmanned aerial vehicles by 

merging finite-time sliding mode control technique with 

other methods. This was tailored to scenarios where 

output limitations are relevant. The authors of [14] 

explored the domain of adaptive finite-time attitude 

tracking control, focusing on rigid spacecraft systems. 

The investigation considered full-state constraints and 

external disturbances. Moreover, the researchers in [15] 

put forward a solution for the finite-time command 

filtered course tracking issue concerning ships. This 

method tackled challenges such as unknown bounded 

disturbances, unmodeled dynamics, and input 

saturation. Finally, the article in [16] investigated the 

complex task of guiding AUVs along finite-time 

trajectories. 

In the domain of FWD, the researchers in [17] 

introduced a lane-keeping controller for independently 

driven electric vehicles using the non-smooth finite-time 

control method. The article involved the direction 

control of the FWD only. While the authors in [18] 

addressed lane-keeping control for autonomous vehicles 

with independent four-wheel actuators using FTC. They 

introduced a steering control system for estimating lane-

keeping errors to control autonomous vehicles steering. 

Furthermore, the authors in [19] focused on stabilizing 

the yaw moment of a four-wheel independent-drive 

electric vehicle. It proposed a second-order sliding mode 

along with a finite-time control method to ensure desired 

values for both yaw rate and sideslip angle.  

Previous studies in the area of FTC for FWD, have 

concentrated on directional control only, leaving speed 

control as a potential focus for future investigations. In 

this research, an FTC is designed and implemented for 

controlling the speed and direction of the four Permanent 

Magnet Direct Current motors (PMDCM) of an FWD 

system. Then, the simulation results have been 

compared with the traditional PID controller. 

This work makes a sound contribution to the FWD 

domain using the FTC. The system design is not only 

managing speed on straight routes but also handling 

speed control while making maneuvers. This is a 

significant improvement compared to the literature 

which didn't account for this aspect. 

This research is organized as follows: Section 2 

introduces the mathematical model of the FWD system. 

While Section 3 presents the design of the FTC. The 

simulation results are discussed in Section 4. Finally, 

conclusions are presented in Section 5. 

 

2.  FWD MATHEMATICAL MODEL 

The model used in this work is a four-wheel drive 

system which is a multi-body system consisting of three 

bodies, namely the Forward wheels, Rear wheels, and 

Chassis. The forward wheels as well as the rear wheels 

are turned separately to keep track of the route. Each 

wheel is driven by a DC motor and controlled separately 

with four FTCs. The distance between the front and rear 

wheels (i.e., FWD length) of the FWD model is 154mm 

and the distance between the left and right wheels (the 

FWD width) is 135mm. The maximum turning angle for 

the FWD model is 14.7 degrees. The position and 

orientation of each body can be described by utilizing 

the coordinates and turning angles of each body. Fig. 1 

presents the FWD dynamic model with both front and 

rear wheels and different angles and dimensions. 

The DC motors that are used to drive each of the 

four-wheel are PMDCM with the parameters shown in 

Table 1. These parameters were taken from data of the 

motor used in [20].  
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Fig. 1. Dynamic Model of Four-Wheel Drive System. 

 

Table 1. PMDCM parameters. 

Parameter Value 

Moment of inertia of the 

rotor 𝐽 
5.902 × 10−4 𝑘𝑔. 𝑚2 

Motor viscous friction 

constant 𝐵 
5.663 × 10−5  𝑁. 𝑚. 𝑠 

Electromotive force 

constant 𝐾𝑏 
0.062 𝑉. 𝑠. 𝑟𝑎𝑑−1 

Motor torque constant 𝐾𝑡 0.062 𝑁. 𝑚. 𝐴𝑚𝑝−1 

Electric resistance 𝑅 8.5 Ω 

Electric inductance 𝐿 5.621 𝑚𝐻 

 

The block diagram of PMDCM model is shown in 

Fig. 2. 

 
Fig. 2. PMDCM Model Block Diagram. 

 

      The state-space model of PMDCM is given by the 

following expressions [21]. 

 

�̇� = −
𝐵

𝐽
𝜔 +

𝐾𝑡

𝐽
𝑖   (1) 

𝑖 = −
𝐾𝑏

𝐽
𝜔 +

𝑅

𝐿
𝑖 +

𝑉

𝐿
    (2) 

 

3.  DESIGN OF A FINITE-TIME CONTROL 

In order to regulate the speed of FWD, the FTC 

method can be employed to develop a control approach 

for managing the speed of a PMDCM. This approach 

aims to accurately follow a set of reference speeds 

within a specified time constraint, as outlined in the 

reference [22]. 

Definition:  The system’s finite-time stability: 

 

�̇� = 𝑔(𝑧), 𝑔(0) = 0, 𝑧 ∈ 𝑅𝑛  (3) 

 

      Where 𝑔(·): 𝑅𝑛  →  𝑅𝑛 is a continuous function, if 

the equilibrium 𝑧 = 0 of the system is Lyapunov stable 

and converges in the finite time, that is, there is a limit 

time 𝑇(𝑧(0)) as 𝑙𝑖𝑚𝑡→𝑇(𝑧(0)) 𝑧(𝑡) =  0 and 𝑧(𝑡) =  0 

for all 𝑡 ≥  𝑇(𝑧(0)), so it is called the equilibrium of 

finite-time stability (FTS). 

       The following functions are introduced for 

designing finite-time feedback controllers: 

 

𝑠𝑎𝑡𝛼(𝑥) = {
𝑠𝑖𝑔𝑛(𝑥)𝑓𝑜𝑟|𝑥| > 1

𝑠𝑖𝑔𝑛(𝑥)|𝑥|𝛼𝑓𝑜𝑟|𝑥| ≤ 1
 (4) 

 

Lemma 1: Further down the form of the regular system 

(3) is globally asymptotically stable, the system is also 

globally FTS. 

Lemma 2: In the case of the system (6) when there is a 

function of Lyapunov 𝑉(𝑧) sustaining �̇�(𝑧) ≤
 −𝑘𝑉α(𝑧), where 𝑘 >  0, 0 <  𝛼 <  1, so z = 0 is 

finite-time stability equilibrium of system. 

The PMDCM model is used for rotating the wheels 

of an FWD and consists of two separate loops. The first 

loop deals with the current, denoted as �̇�, while the 

second deals with speed, denoted as 𝝎. The specific 

configuration of the FTC system depends on the 

dynamic model governing the armature current: 

 

�̇�1 = −𝛽1𝑠𝑎𝑡𝛼1(𝑥1) − 𝛽2𝑠𝑎𝑡𝛼2(𝑥2) (5) 

 

where 𝛽1  > 0, 𝛽2  > 0, 0 < 𝛼1 < 1 and 0 < 𝛼2 < 1 

 

𝑉 = −𝛽1𝑠𝑎𝑡𝛼1(𝑥1) − 𝛽2𝑠𝑎𝑡𝛼2(𝑥2)  (6) 

𝑥1 = 𝜔𝑟 − 𝜔    (7) 

𝑥2 = 𝜔     (8) 

𝑉 = −𝛽1𝑠𝑎𝑡𝛼1(𝜔𝑟 − 𝜔) − 𝛽2𝑠𝑎𝑡𝛼2(𝜔) (9) 

 

Then, 

 

𝑖 = −
𝑅

𝐿
𝑖 −

𝛽1𝑠𝑎𝑡𝛼1(𝜔𝑟−𝜔)

𝐿
−

𝛽2𝑠𝑎𝑡𝛼2(𝜔)

𝐿
−

𝐾𝑏

𝐿
𝜔   (10) 

 

the Lyapunov function is chosen as [22], 

 

𝐻 =
1

2
𝑖2     (11) 

 

And the derivative of the Lyapunov function, 
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�̇� = 𝑖 ⋅ 𝑖     (12) 

�̇� =
𝑖

𝐿
(−𝑅𝑖 − 𝛽1𝑠𝑎𝑡𝛼1(𝜔𝑟 − 𝜔) − 𝛽2𝑠𝑎𝑡𝛼2(𝜔) −

𝐾𝑏𝜔)�̇� =
𝑖

𝐿
(−𝑅𝑖 − 𝛽1𝑠𝑎𝑡𝛼1(𝜔𝑟 − 𝜔) −

𝛽2𝑠𝑎𝑡𝛼2(𝜔) − 𝐾𝑏𝜔)                    (13) 

 

In order to verify that the Lyapunov function, 𝐻, 

represents the equilibrium state of the FTS. It is 

necessary to ensure that the derivative of this function is 

consistently less than zero. This means that Equation 

(13) must be negative throughout the system's operation 

[23]. Once this condition is satisfied, the finite-time 

control parameters can be computed using PMDCM 

parameters shown in Table 1 and FTC parameters as 

follows: 𝛼1 = 0.31 , 𝛽1 = 3500 , 𝛼2 = 0.35 and 𝛽2 = 8 

, then, 

 

�̇� =
𝑖

0.005621
(−8.5𝑖 − 3500𝑠𝑎𝑡0.31(1500 − 𝜔) −

8𝑠𝑎𝑡0.35(𝜔) − 0.062𝜔)             (14) 

 

      The values of speed (𝑤) and current (𝑖) are positive 

all the time, if the derivative of the Lyapunov function 

�̇� is negative. According to Lemma 2, 𝐻 represents a 

state of finite-time stability for the system [22].  

The FTC design relies on functions derived from 

[22], and a novel FWD design was shown in Fig. 1, using 

FTC techniques. The FTC implementation for the FWD 

block diagram is illustrated in Fig. 3. The first element 

of this diagram is a line tracker, which independently 

monitors the positions of the front and rear wheels. 

While, in the second element (Determine Front and Rear 

Wheel Angles), the angles of front and rear wheels are 

determined. These angles play a significant role in 

establishing the speeds of all four FWD wheels. The 

FTC modules dedicated to each wheel, ensure that 

measured speeds, as detected by the speed sensors, align 

with their respective reference speeds, thus converging 

the speed errors toward zero. 

 

4.  SIMULATION AND RESULTS 

 In this research, MATLAB Simulink was used to 

test and validate the proposed controller. The system 

was modeled mathematically considering the physical 

limitations detailed in Section 3 and the parameter 

settings provided by Table 1. The PID model described 

in [9] was utilized for the comparison. The PID 

parameters underwent refinement through the PID tuner 

within MATLAB Simulink. The final tuned values for 

the parameters were determined to be as follows: 

Proportional (P) = 13.8490, Integral (I) = 23.9996, and 

Derivative (D) = -0.5289. 

The simulation model diagram is shown in Fig. 4. 

The model begins with a line tracker that independently 

monitors the positions of the front and rear wheels. The 

"turning angles calculation" step follows which 

determines the angles of the wheels. These angles play a 

crucial role in determining the speeds of all four FWD 

wheels through voltage regulation in the "input voltage 

regulator” block. The FTC modules for each wheel and 

individual PID controllers are then employed to manage 

and control each wheel separately. 

 
Fig. 3. The simulation model of FTC of FWD block diagram.
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Fig. 4. The simulation model diagram. 

 

The proposed trajectory route to test the FWD 

system is shown in Fig. 5. The FWD system is moving 

at the rated speed of 1500 rpm when the route is a 

straight line and decreases its speed to 1020 rpm during 

FWD system turning to left and right with a maximum 

turning angle of 14.7 degrees. To avoid slipping, the 

speed decreases depending on the wheels’ turning 

angles.  

The FWD system is tracking a route starting from a 

straight line toward the east with a rated speed of 1500 

rpm for 34.5 seconds. Then, it starts to turn to the left 

side toward the north decreasing its speed gradually 

from 1500 rpm to 1020 rpm at 50 seconds (Front left 

wheel speed is 794 rpm, front right wheel speed is 1248 

rpm, rear left wheel speed is 793 rpm and rear right 

wheel speed is 1247 rpm). It continues at this speed for 

80 seconds and then increases to reach its rated speed of 

1500 rpm at the end of the turning period at 97.2 

seconds.  

The FWD system is continuous on the straight-line 

route toward the north until time 121.6 seconds with a 

rated speed of 1500 rpm. Then, it turns to the right 

toward the east, gradually decreasing its speed from 

1500 rpm to 1020 rpm at 137.1 seconds (Front left wheel 

speed is 1248 rpm, front right wheel speed is 794 rpm, 

rear left wheel speed is 1247 rpm and rear right wheel 

speed is 793 rpm). It continues at this speed until 168.6 

then increases its speed gradually to reach its rated speed 

of 1500 rpm at the end of the turning period at 184.3 

seconds.  

The FWD system is continuous on the straight-line 

route toward the east until the end of the route at time 

220 seconds with a rated speed of 1500 rpm.  

 

 
Fig. 5. A proposed trajectory route of the FWD system. 

 

The results of this research show that the FTC is 

better than the PID controller in settling time, overshoot 

value, and speed errors for all motor wheels. For all four 

wheels, the FTC settling time is 650 milliseconds, and 

for the PID controller is 23 seconds. While the overshoot 

for FTC is 5.1 rpm and for PID controller is 119.3 rpm. 

Figs. 6 to 9 show the comparison between FTC and PID 

controllers. 
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Fig. 6. Front Left Wheel Speed vs Time. 

 

 
Fig. 7. Front Right Wheel Speed vs Time. 

 

 
Fig. 8. Rear Left Wheel Speed vs Time. 

 

 
Fig. 9. Rear Right Wheel Speed vs Time. 

 

Figs. 10 to 13 show the comparison between the FTC 

and PID controllers’ errors for all wheels of FWD. The 

figures show that the FTC model is better than the PID 

in terms of the speed error value. The speed error values 

for all wheels with the same settling time for both 

controllers (23 seconds) are found to be 9.92 ×
10−10rpm and 6.93 × 10−8rpm for FTC and PID 

controllers, respectively.  

During turning the FWD to the right and left sides, 

the FTC performed better than PID controller for each 

wheel. For the front left wheel, during turning, the FWD 

to the left direction, the FTC speed error is 0.1 rpm, and 

for PID controller is 24.3 rpm. Moreover,  during turning 

the FWD in the right direction, the FTC speed error is 

0.1 rpm, and for PID controller is 31.6 rpm as shown in 

Fig. 10. 

 

 
Fig. 10. Front Left Wheel Speed Error vs Time 

 

The speed errors of the front right wheel are 0.1 rpm 

and 21.1 rpm for FTC and PID controllers, respectively 

when the FWD is turned to the left direction. During the 

turning of FWD in the right direction, the FTC speed 

error is 0.1 rpm, while for PID controller is 12.4 rpm as 

evidenced by Fig. 11. 

 

 
Fig. 11. Front Right Wheel Speed Error vs Time. 

 

For the rear left wheel and during turning the FWD 

to the left direction, the speed errors are 0.1 rpm and 22.5 

rpm for FTC and PID, respectively.  While, during the 

turning of FWD in the right direction, the FTC speed 

error is 0.1 rpm, and for the PID controller is 31.5 rpm 

as indicated in Fig. 12. 

 

 
Fig. 12. Rear Left Wheel Speed Error vs Time. 

 

Finally, for the rear right wheel, the speed errors are 

0.1 rpm and 17.2 rpm for the FTC and PID controllers, 

respectively when the FWD is turned in the left 

direction. Whereas, they are 0.1 rpm and 12.4 rpm for 

FTC and PID controllers respectively during the FWD 

right direction turnover as evidenced by Fig. 13. 
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Fig. 13. Rear Right Wheel Speed Error vs Time. 

 

5.  CONCLUSION  

      This research has studied the potential of Finite-

Time Control (FTC) as a robust control approach for 

enhancing the speed and direction of FWD systems. The 

FTC system was designed and simulated to validate the 

performance of the FWD control system. Additionally, 

a PID controller was designed and simulated to serve as 

a benchmark for comparing against the FTC system. The 

comparison between the two control approaches was 

conducted in two scenarios: the straight-line route and 

the turning periods of the FWD system. It can be 

concluded from the simulation results that the FTC has 

significantly performed better than the PID in terms of 

control properties. The PID controller compared to the 

FTC, in which the PID took more than 35 times longer 

to reach the steady state as the FTC settled in only 0.65 

seconds, while the PID took 23 seconds This fast-

settling time allowed the FTC to reach and stabilize 

around the desired setpoint in less than a second, which 

can be used in applications that require rapid and precise 

control. In addition to the settling time, overshoot is 

another important factor to consider when comparing the 

performance of control systems. The simulation results 

showed that the FTC exhibits an overshoot of 5.1 rpm, 

while the PID controller showed a significantly higher 

overshoot of 119.3 rpm. This proves that the FTC system 

provides a precise control response with minimal 

overshooting whereas the higher overshoot value of the 

PID controller causes the system's output to significantly 

exceed the desired setpoint before stabilization. Such a 

large overshoot can be undesirable in applications where 

precise control and minimal deviation from the setpoint 

are important. Furthermore, the FTC had better speed 

error values compared to the PID controller. The error 

value of the FTC in the straight-line route after settling 

time was smaller than the PID controller by 69.8. During 

the FWD turning to the left and right, the maximum error 

value for FTC was 0.1 rpm in all cases and for all four 

wheels, while for the PID controller, the maximum error 

value when the FWD turns to the left side was 24.3 rpm 

and when it turns to the right was 31.6 rpm. In 

conclusion, considering the shorter settling time, lower 

overshoot, and potentially lower error values, the FTC 

proved to be the superior choice for controlling the FWD 

system. The faster response, higher precision, and ability 

to minimize deviations of FWD make the FTC a more 

effective control solution compared to the PID 

controller. 
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