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Abstract. As electric vehicles become more widespread, precise motion control is increasingly vital. The present study introduces a
robust and stable control algorithm designed for the longitudinal guidance of electric vehicles operating under "one-pedal driving"
conditions. The algorithm explicitly accounts for tire saturation by setting controller gains based on maximum tire-road friction. It
integrates speed and position controllers derived from Lyapunov theory, ensuring asymptotic stability. Obtained results across
varied driving conditions confirm that the proposed controller maintains vehicle stability and achieves superior path-tracking
accuracy compared to conventional feedback methods. Moreover, it produces smoother control torque, reducing powertrain wear
and power consumption—key advantages for improving efficiency and durability in electric vehicles.

Keywords: Vehicle longitudinal dynamics, Speed control, Position control, Tire saturation limit, Robust control.

1. Introduction

1.1. Background

With increasing global emphasis on environmental sustainability and the rapid advancement of clean energy technologies,
electric vehicles (EVs) have emerged as a viable and environmentally friendly alternative to traditional internal combustion engine
(ICE) vehicles [1]. Unlike ICE vehicles, EVs employ distinct mechanical and control architectures, particularly in their powertrain
and regenerative braking systems [2]. A notable innovation in EV operation is the “one-pedal driving” feature, which enables the
driver to control both acceleration and deceleration using a single pedal [3]. This capability reduces reliance on mechanical brakes,
leading to simplified vehicle design, lower maintenance costs, and improved energy recovery efficiency [4].

1.2. Formulation of the problem of interest

Despite its advantages, implementing precise and stable control for EVs operating in one-pedal driving mode presents several
challenges. During aggressive maneuvers or low-adhesion conditions, tires can operate beyond their linear range and approach
force saturation, resulting in highly nonlinear vehicle dynamics [5]. Under such circumstances, maintaining accurate speed and
position tracking becomes difficult. Given that tires play a critical role in overall vehicle stability [6, 7], it is essential to design control
algorithms that explicitly incorporate tire saturation effects into their formulation. This study addresses the problem of robust
longitudinal motion control of EVs under these challenging conditions.

1.3. Literature survey

Numerous control strategies have been developed for longitudinal guidance of EVs and autonomous vehicles. Reference [8]
provides a comprehensive review of speed control techniques for electric vehicles. Chu et al. [9] analyzed longitudinal motion
control algorithms used in adaptive cruise control systems. Advanced single-pedal control strategies based on nonlinear model
predictive control (NMPC) have been proposed to enhance energy efficiency and ride comfort [10]. Jalali et al. [11] introduced an
integrated control and estimation framework combining traction control and speed estimation based on tire dynamics. For
longitudinal position control, several methods have been reported. Reference [12] presented a Linear Quadratic Integral Tracking
(LQIT) approach for robust path tracking, while [13] employed an extended state observer for disturbance rejection. Qin et al. [14]
proposed a modified sliding mode controller effective in both acceleration and braking conditions. Hybrid methods combining fuzzy
logic and sliding mode control have been proposed to improve robustness [15]. Deep reinforcement learning-based controllers have
also been explored to optimize comfort and safety [16]. In [17], an adaptive cruise control algorithm for autonomous vehicles is
developed using a sliding mode control approach, implemented with Arduino and ultrasonic sensors. Zhou et al. [18] proposed a
model-based adaptive sliding mode speed control algorithm that relies solely on wheel speed sensors and is suitable for diverse
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driving environments. In [19], a model predictive control (MPC) approach is introduced for the longitudinal dynamics of electric
vehicles, along with a mass estimation algorithm to adapt to varying loads. Wang et al. [20] proposed a hybrid control strategy for
the speed control of unmanned vehicles, effective during both acceleration and deceleration modes. In [21], a combined feedback
and feedforward control approach is applied for vehicle longitudinal acceleration control. Oudjama et al. [22] developed a robust H-
infinity controller based on Linear Matrix Inequalities (LMI) theory for the speed control of electric vehicles. While these studies
have contributed significantly to improving EV longitudinal control, most assume linear tire behavior or neglect the effects of tire
force saturation. A review of the existing literature indicates that, although several studies have partially addressed the issue of tire
force saturation [23-25], there remains a gap in developing control strategies that systematically and explicitly integrate tire
saturation constraints into the design.

1.4. Scope and contribution of this study

To address the tire saturation limitations, this study proposes a robust and stable control algorithm for longitudinal speed and
position tracking of electric vehicles under one-pedal driving conditions. The key innovation lies in explicitly incorporating tire
saturation constraints into the control design. Controller gains are determined according to the maximum tire-road friction
capacity, ensuring stability and smooth torque delivery even under nonlinear tire dynamics. Using Lyapunov-based methods, both
speed and position controllers are formally proven to achieve asymptotic stability. Compared with conventional feedback
controllers, the proposed algorithm improves path-tracking accuracy, reduces torque fluctuation, minimizes powertrain wear, and
enhances energy efficiency during critical driving scenarios.

1.5. Organization of the paper

The remainder of this paper is structured as follows: Section 2 describes the dynamic model of the vehicle. Section 3 outlines
the proposed control algorithm, encompassing both speed and position control modes. Section 4 reviews the results obtained for
longitudinal speed and position control. Finally, Section 5 provides a conclusion and discusses potential directions for future
research.

2. Dynamic Model

Various dynamic models of varying complexity have been documented in the literature for the longitudinal dynamics of vehicles
[26]. The appropriate dynamic model for the intended application will be presented in Fig. 1.

This model includes three degrees of freedom (v, wy, wr), that v represents the vehicle's longitudinal speed, wr denotes the angular
velocity of the front axle wheels and wr represents the angular velocity of the rear axle wheels. The vehicle's longitudinal equation
of motion can be expressed as follows:

mv =F; +F, —mgsinf —F, 1)

where m is the mass of the vehicle, Fir is the total longitudinal force of the front axle tires, Fx is the total longitudinal force of the
rear axle tires, g is the gravitational acceleration, and 6 represents the road slope. In Eq. (1), Fa denotes the aerodynamic force, which
can be calculated using the following equation:

F = %/’ Cos (U + Uwind)2 )]

where p is the air density, Ca is the aerodynamic drag coefficient, Ar is the effective frontal area of the vehicle, and vwina represents
the wind speed.
Given a front-axle propulsion configuration, this wheel dynamics can be stated as follows:

Jow; =T; = 1,F — rwfmul-"zJr cosf )
}wwr = _erxr - rwfmller cosf
In the above equations, Jw represents the rotational inertia of the wheel, ry, refers to the effective wheel radius, Tf represents the
driving torque of the front axle, fro1 denotes the rolling resistance coefficient of the tire, F;is the vertical load on the front axle, and
Fz is the vertical load on the rear axle as follows:

Fig. 1. Vehicle longitudinal dynamic block diagram.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2025), 1-16 A\V'A



Longitudinal Control of Electric Vehicles under One-Pedal Driving Conditions Considering Tire-Road Friction Capacity 3

F = [fmhCG (U + gsind) — F,h, +mgl, cosé @
| I +1,
mhg, (U + gsind) + Fh, + mgl; cosd
F, = ®)
" I +1,

Based on the Pacejka Magic Formula, the longitudinal tire forces can be determined using the following expression [27]:

Fx, = /LTFZ‘,’ TE {f’r} (6)

u, =D, sin[C, arctan(B,s,), 7e{f,r} (7)
U, —U

UT:Wr re{f,r} 8)

where p is the coefficient of friction between the tire and the road, o is the longitudinal slip of the tire, and B, C, and D are the tire
model coefficients. Additionally, v is the velocity of the wheel’s contact point with the road surface, which is calculated using Eq.

9):
Uy, =T, Te{f,r} 9)

To account for the dynamics of the gearbox, electric motor, inverter, drive, control unit, and other components, it is assumed
that the relationship between the requested torque from the powertrain (reference torque: Ts(s)) and the torque applied to the
wheel hub (T(s)) is given by the following equation:

Ti(s) _ ws
Tp(s) 8+ 28w, +ui

(10)

where wy is the natural frequency and ¢ is the damping ratio.
The specifications of the vehicle dynamic system are presented in Table 1.

3. Control Algorithm Design

The proposed control algorithm is a type of feedback control that consists of two parts: vehicle speed control and position
control. This algorithm is robust against disturbances and parameter variations, and it also considers the tire saturation limit when
determining the control input. The control algorithm ensures that the longitudinal tire force, Fy, remains within the permissible
limit, Fmax. The control input employed is the torque applied to the front wheels, denoted as Tr. The procedure is as follows: First,
the value of Fy is designed based on Eq. (1). Then, using the front wheel dynamics (Eqg. (3)), the required reference torque (Tr)
calculated. This reference torque is then sent to the powertrain system, which applies the actual torque Tf to the wheel hub.

It is worth noting that this study is conducted under a one-pedal driving mode. Therefore, the longitudinal force on the rear
axle is negligible and is always less than Fmax. The details of the control algorithm design will be presented in the following sections.

3.1. Speed control
Assuming that vr is the reference speed, the vehicle speed tracking error is defined as follows.
e=v-v, (11)

Theorem 1. Considering the control input in the form of Eq. (12)., and assuming K > 0, the speed tracking error dynamics given
in Eq. (11) will be stable around the origin:

F; = -mKtanhe —F, +F, +mgsinf +mv, (12)

Proof. A Lyapunov candidate function can be written as:

2

V=_e¢ (13)

N~

Table 1. Vehicle specifications.

Symbol Value Units Symbol Value Units

m 1346 kg Tw 0.282 m
Iy 1.56 m Jw 3.264 kgm?’
I 1.04 m fr 0.015 ---
hee 0.5 m B 25 ---
ha 1.39 m C 15 ---
Ca 0.335 D 0.5 ---
Ar 2 m? P 1.225 kg/m?
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By computing the derivative of the proposed Lyapunov function, we obtain:

V=eé=e(U—-1,) (14)
By replacing v from Eq. (1) into Eq. (14), the following expression for V is derived as:

1

V=e|—[F, +F, —mgsind —F]—v
m[xf+ xr g a] 7] (15)

By substituting the expression for Fx from Eq. (12) into Eq. (15), we obtain:
V= Xetanhe (16)
m

By choosing K > 0, the derivative of the Lyapunov candidate function becomes negative definite, and asymptotic stability is
guaranteed.

e Determination of the Permissible Range for the Control Gain (K)

For simplification, it is assumed that F = —F, +F, + mgsind + mv,. Therefore, Eq. (12) can be rewritten as:

F; =-mK tanhe +F (17)

From the vehicle dynamics perspective, to maintain stability, the tire force must not exceed the tire saturation limit. Assuming
that the maximum friction coefficient is yimax, the tire saturation limit is given by Fmax = pimax Fzr. Therefore, the following inequality
can be derived from the tire saturation constraint:

Fy

S I:‘max (18)
By combining Eq. (17) and Eq. (18), we have:
IF—mKtanhe <F, . (19)

It should be noted that F is a variable and depends on several factors, such as vehicle acceleration, vehicle speed, and road angle.
Also, in general, the values of F and e can be positive, negative, or zero.

Therefore, the value of K cannot be directly calculated from inequality (19). Considering that |tanhe < 1|, during the calculation
of K, the value of tanhe is taken as its maximum value, which is one. To solve the problem, depending on the sign of the error, one
of the following cases of inequality (19) will occur:

‘F‘ S Pmax e= 0
[F-mK| <F,,, e>0 (20)
IF + mK|<F,.. e<0

Case #l:e=0
In this case, based on Eq. (20)., it can be observed that the control signal does not rely on K and is instead a function of F.

Case #2:e>0
Inequality (20), can be rewritten in the following form:
—F ..« <F-mK<F_, e>0 (21)

In addition to inequality (21), for the stability of the control loop, it is necessary that K > 0. Therefore, for e > 0, the following
three inequalities must be satisfied concurrently to determine the value of K:

MK <F+F,, (22)
mK>F—F,_ (23)
mK >0 (24)

For better understanding, each of the inequalities is considered a line, and all three lines are plotted on the mK - F plane as
shown in Fig. 2. The common region that satisfies all three conditions is shown in green. According to this figure, for e > 0, if F >
-Fmax, one can take mK = F + Fmax. However, if F < -Fmax, the tire saturation criterion will be considered.

Case #3:e<0
Similarly, in this case, inequality (20) can also be reformulated as follows:

-F,_ <F+mK<E_, e>0 (25)
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mK(N)

MK = F — Fpax

F(N)

Fig. 2. The allowable region for controller gain (K) in mK - F diagram when e > 0.

mK (N)

mK = Fpax — F

F(N)

Fig. 3. The allowable region for controller gain (K) in mK - F diagram when e < 0.

mK (N)

mK =0

F(N)

mK = —F + Fpax

Fig. 4. The allowable region for controller gain (K) in mK - F diagram.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2025), 1-16



6 Hadi Sazgar and Ali Keymasi-Khalaji, Vol. %, No. x, 2025

In addition to inequality (25), the control loop stability condition requires that K > 0 at all times. Therefore, under the condition
e <0, the following three inequalities must be considered to determine K:

mK<F_ —F (26)
mK>-F—F__ (27)
mK >0 (28)

The three lines corresponding to the above inequalities are shown in Fig. 3. In Fig. 3, the common region that satisfies all three
conditions is shown in green. According to this figure, for e < 0, if F < -Fmax, one can take mK = Fmax - F. However, if F > -Fmax, the tire
saturation criterion will be considered.

By carefully comparing Fig. 2 and Fig. 3, it can be observed that regardless of the sign of the error, both figures share a common
triangular region, which is shown in Fig. 4. Therefore, for closed-loop stability and to satisfy the tire saturation limit, it is sufficient
to choose mK within this triangular region. Based on Fig. 4, the maximum permissible value of mK for all error cases is selected.
Utilizing Eq. (17), the longitudinal tire force Fis can then be computed as:

F; ={(-F+F,,)tanhe+F F>0 (29)

(Fnx + F)tanhe+F F<O0

where sign denotes the sign function.

3.2. Position control
Assuming that x, is the reference position, the vehicle position tracking error and its derivative are defined as

(30)

where x and x, represent the vehicle speed and the desired speed, respectively.

Theorem 2. Considering the control input in the form of Eq. (31), assuming Ki, K> > 0, the position tracking error dynamics given in
Eq. (30) are stable around the origin:

F

s = —mK, tanhe —mK, tanhé —F, +F, +mgsinf + mx, (31)

Proof. By substituting Fxs from Eq. (31) into Eqg. (1), the following closed-loop system equation is obtained:
m(X —X,)—mK, tanhe —mK, tanhé =0 (32)
By further simplification, we have:

¢ —K,tanhe—K,tanhe=0 (33)

Assuming Ki1 > 0 and K> > 0, the error dynamic is stable, and therefore the position tracking error will converge to zero.

e Determination of the permissible range for the control gains (K1, K2)
For simplicity, it is assumed that F=—F, +F, + mgsinf+mx,. Consequently, Eq. (31) can be reformulated into the form
presented in Eq. (31):

F

s = —mK, tanhe —mK, tanheé +F (34)

Similar to the speed control section, to maintain the stability of the vehicle dynamics, inequality (18) must always hold. By
combining Eq. (18) and Eqg. (34), we have:

[F —mK, tanhe — mK,tanh ¢ <F__ (35)

If e and é are zero, the conditions will be similar to the case of e = 0 in the speed control section. Also, if the error or its
derivative is zero, the allowable ranges for K: and K> can be calculated using the method presented in the speed control section. The
results are shown in Fig. 5.

In situations where both the error and its derivative are nonzero, we are essentially faced with a single equation involving two
unknowns, K1 and K», which prevents their direct determination, as was possible in the speed control section. To address this issue,
the values of tanhe and tanhé are assumed to be their maximum value, which is one. Additionally, it is assumed that the following
relationship holds between K; and Ko:

K,=71K, r>1 (36)
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mK, =0

Fnax F(N)
—Fnax
e=0
mK, (N)
F,
max F + Fmax

Fmax

F(N)

mK, = _
z r+1 Fnax
e,ée>0
mK, (N)
F,
—F4Fp | 7

ee<0

mkK, (N)

—Fnax mK, =0 Frax

FON)

—Fnax

Fmax

F(N)

e<0,e>0

Fig. 5. The allowable region for controller gain (K») in the mK - F diagram for different cases of e, é.

mK, (N)

Fmax

—Fnax

Fig. 6. The allowable region for controller gain (K;) in the mK, - F.
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~| Estimation & Filtering =

b v

Wheels T Electric
Trajectory |*r Vx Inverse id P o
Planner o » Powertrain
Dynamics System
K{, K, K
Controller
Gains Tuner

Fig. 7. Block diagram of the control algorithm.

Now, considering Eqg. (36), for the remaining cases of error and error derivative, one of the following conditions will occur.

IF—m(r + 1)K,| < F.y ee>0
[F—m(r—1)K,|<F,,, e>0e<0
(37)
[F+m(r+1)K,| <F,., ee<0
F+m(r—1)K,| < F.y e<0,6>0

Similar to the method described in the speed control section, the allowable region for K> can be determined based on the
different signs of the error and its derivative. The results are shown in Fig. 5.

A detailed analysis of Fig. 5 reveals that irrespective of the sign of the error and its derivative, all cases share a common
triangular region, as depicted in Fig. 6. Consequently, choosing mK, within this region is sufficient to guarantee closed-loop stability
and compliance with tire saturation limits.

Based on Fig. 6, by choosing the maximum value of mK» applicable to all error and error derivative conditions, and utilizing Eq.
(31) and Eq. (36), the longitudinal tire force Fi can be determined as

F,..sign(F) [Fl> Fopay
F(Fo — F) D
F, =] _\Vmax “J4ophe_"max " 4tanhé 4+ F F>0
of r+1 r+1 " - e
,Mtanhefwtanhé+17 F<0
1471

where sign denotes the sign function.

To facilitate a clearer understanding of the proposed control algorithm, its block diagram is illustrated in Fig. 7. The Trajectory
Planner block is responsible for generating the reference trajectory. In the Longitudinal Control Algorithm, the required longitudinal
force is computed based on the reference trajectory and the estimated current state of the vehicle. The tuning of the control
algorithm gains is performed by the Controller Gains Tuner. The Wheels Inverse Dynamics block converts the calculated
longitudinal force into the wheel torque. The Electric Powertrain System encompasses components such as the differential, electric
motor, drive unit, inverter, motor control unit, and other related subsystems. Since certain variables, such as road friction, cannot
be directly measured due to the absence of appropriate sensors, their values must be estimated. Additionally, sensor data are often
contaminated with noise and therefore require filtering. Estimating unmeasured variables and filtering sensor data are carried out
within the Estimation & Filtering block. In this block, 6m denotes the vector of input variables, while 6. represents the vector of
output variables. The main focus of this study is on the Longitudinal Control Algorithm and the Controller Gains Tuner.

4. Obtained Results

In this section, the results of the proposed control algorithm are presented. To enable a more comprehensive evaluation of the
proposed control strategy, all maneuvers have also been implemented using a conventional feedback controller that does not
consider tire saturation effects. For the sake of brevity, the proposed control algorithm will be referred to as FCTS (Feedback Control
with Tire Saturation), whereas the conventional feedback controller will be denoted as FC (Feedback Control) throughout this paper.
In these implementations, the maximum torque applied to the front axle wheels is set to 2500 N.m during acceleration and 2000
N.m during regenerative braking. The maneuvers are performed on a low-friction road, where the maximum tire-road friction
coefficient is assumed to be 0.5. In implementing the proposed controller, the usable friction coefficient is constrained to 90% of
the tire's maximum capacity, corresponding to a value of 0.45.

The subsequent sections provide a detailed analysis of the controllers' performance and a comparative evaluation based on the
results.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2025), 1-16 A\V'A
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Fig. 8. Speed control: (a) Acceleration, (b) Road slope, (c) Aerodynamic force disturbance.

4.1. Longitudinal speed control

The specifications of the designed scenario for evaluating speed control are illustrated in Fig. 8. As observed in Fig. 8(a), the
acceleration is set to 2.5 m/s? from 20 to 30 seconds and -1.5 m/s? from 100 to 110 seconds. The remainder of the maneuver is
conducted at a constant speed. Furthermore, according to Fig. 8(b), the road slope is 11 deg between 50 and 60 seconds, while it
remains zero for the rest of the maneuver. To account for disturbance effects, it is assumed that between 70 and 80 seconds, the
longitudinal wind speed is 30 km/h. This disturbance causes a sudden 30% increase in aerodynamic force (Fig. 8(c)). The total
duration of the maneuver is considered to be 120 seconds.

To evaluate the tracking error of the proposed controller, the velocity profiles and velocity tracking errors are presented in Fig.
9. Examination of Fig. 9(a) reveals that, in terms of reference speed tracking, the performance of the FCTS controller is significantly
superior to that of the FC controller. A comparison of the error magnitudes is clearly illustrated in Fig. 9(b). According to this figure,
the worst-case tracking error for the FCTS controller is approximately 11 km/h, whereas for the FC controller, it reaches about 27
km/h.

Regarding the robustness of the FCTS controller, it is observed that despite the application of disturbances (aerodynamic force)
between 70 and 80 seconds, the controller was still able to manage the disturbance and accurately track the reference trajectory
effectively. Analyzing the control input signals shown in Fig. 10. reveals interesting results. In the torque variation curves applied
to the front wheels, it can be seen that for the FC controller, the torque reaches the upper allowable limits during both acceleration
and regenerative braking modes. However, in the FCTS algorithm, the torque levels remain significantly lower. This aspect is vital
from the energy consumption perspective in electric vehicles. Additionally, in the FC controller, a severe torque oscillation (from
2500 N.m to -2000 N.m) occurs around 35 seconds, which is highly undesirable regarding powertrain wear and the impact forces
applied to the vehicle.

A\V[‘ Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2025), 1-16
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Fig. 11. Position control: (a) Acceleration, (b) Road slope, (c) Aerodynamic force disturbance.

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2025), 1-16



12 Hadi Sazgar and Ali Keymasi-Khalaji, Vol. %, No. x, 2025

From a vehicle stability standpoint, exceeding the permissible tire slip limit can lead to instability. Tire slip is directly related to
the friction coefficient; therefore, a maximum allowable friction coefficient of 0.45 was incorporated into the controller design. A
detailed analysis of Fig. 10(c) demonstrates that, under FCTS control, the tire saturation limit is maintained within acceptable
bounds, with the friction coefficient remaining below the threshold of 0.45. This behavior is further confirmed in Fig. 10(b), which
depicts the longitudinal tire force.

An analysis of Fig. 9(b) indicates that the speed tracking error of the FCTS algorithm reaches 17 km/h between 20 and 30 seconds,
representing a notably high value. This occurrence is associated with reaching the tire saturation limit (Fig. 10(c)). Specifically, during
the 20 to 30 second interval, the required longitudinal force to follow the reference speed signal exceeds the tire’s frictional capacity.
As a result, the controller cannot precisely track the reference speed, leading to an increased tracking error.

4.2. Longitudinal position control

The specifications of the designed scenario for evaluating position control are illustrated in Fig. 11. Careful examination of Fig.
11(a) shows that the acceleration increases linearly from zero to 2 m/s? between 10 and 30 seconds, and from zero to -1.5 m/s?
between 80 and 100 seconds. The remainder of the maneuver is conducted at a constant speed. Furthermore, according to Fig. 11(b),
the road slope is 13 deg between 35 and 45 seconds, while it remains zero for the rest of the maneuver. To account for disturbance
effects, it is assumed that the longitudinal wind speed is 30 km/h between 55 and 65 seconds. This disturbance causes a sudden
30% increase in aerodynamic force (Fig. 11(c)). The total duration of the maneuver is considered to be 120 seconds.

The reference position signal, actual vehicle position, and tracking error associated with the proposed position control algorithm
are displayed in Fig. 12. As shown in Fig. 12(a), both controllers initially demonstrate effective tracking of the reference position.
However, due to the relatively large magnitude of the position values, the differences between the two controllers are not
distinguishable in this figure. Consequently, the position tracking errors for both controllers are further illustrated in Fig. 12(b) to
facilitate a more precise comparison. Analysis of the tracking error curves indicates that the maximum position tracking error for
the FC controller is approximately 30 m, whereas, for the FCTS controller, it is around 15 m. Between 35 and 45 seconds, the tracking
error of the FCTS algorithm increases to approximately 15 m. This increase is primarily due to the road slope during that interval,
which requires a longitudinal force beyond the available tire-road friction capacity. Consequently, the vehicle cannot follow the
reference trajectory with high precision during this period. As a result, the vehicle cannot precisely follow the reference trajectory.

A closer inspection of Fig. 9(b) reveals that the FC controller exhibits severe oscillations in the position tracking error, suggesting
that the vehicle approaches instability. In contrast, under FCTS control, the vehicle response remains smooth and stable, with no
significant oscillations. Moreover, regarding disturbance rejection, particularly during the 55 to 65-second interval, the proposed
controller demonstrates superior performance compared to the FC controller.

A detailed analysis of Fig. 12(b) indicates that the FC controller displays significant oscillations in the position tracking error,
suggesting potential stability concerns. Conversely, under FCTS control, the vehicle's response remains smooth and stable, with no
notable oscillations observed. Additionally, regarding disturbance rejection, particularly within the 55 to 65-second interval, the
proposed controller outperforms the FC controller, demonstrating improved robustness and effectiveness.
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Fig. 12. Reference position tracking, (a) Speed, (b) Speed tracking error.
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Fig. 13. Reference position control inputs, (a) Torque, (b) Longitudinal tire force, (c) Tire-road friction coefficient.

Concerning the stability and robustness of the FCTS controller, the results demonstrate that, within the time interval from 55
to 65 seconds, despite the disturbance caused by aerodynamic forces, the proposed control algorithm sustained satisfactory

performance and accurately tracked the desired path.

To assess the control signals, the profiles of torque, longitudinal force, and tire-road friction coefficient are shown in Fig. 13. As
illustrated in Fig. 13(a), the torque produced by the FC controller exhibits considerable oscillations and reaches the maximum
permissible limit. In contrast, the torque under the FCTS control algorithm remains relatively steady and stays within acceptable
bounds. As anticipated, the trends of the longitudinal force (Fig. 13(b)) and tire-road friction coefficient (Fig. 13(c)) closely mirror the
torque behavior. Similarly, to the speed control scenario, the proposed position control strategy maintains the friction coefficient

within the specified limit throughout the maneuver.
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Table 2. Performance comparison of FCTS control versus FC (Speed control).

Symbol Evaluation index  Feedback control with tire saturation (FCTS) Feedback control (FC)
Tracking Errors Index fom\eu\ a 69.64 220
Control Inputs Index L e 42.36 76.31
Power Consumption Index fom\rf.@\ at 141 27.17

Table 3. Performance comparison of FCTS control versus FC (Position control).

Symbol Evaluation index Feedback control with tire saturation (FCTS) Feedback control (FC)
Tracking Errors Index /, e at 149.06 604.4
Control Inputs Index L e 49.54 92.18
Power Consumption Index LHO‘TI.\J‘ at 1.37 39.11

4.3. Results Discussion

This section presents a numerical analysis comparing Feedback Control with tire Saturation (FCTS)and Feedback Control (FC)
regarding both speed and position control performance.

Speed Control. A summary of the comparison results between the proposed FCTS control and FC control is provided in Table 2.
The analysis of the error signals indicates that the integral of the FCTS velocity control error is approximately one-third of that
observed in the FC control. Regarding the control inputs, the integral of the absolute control effort in FCTS is roughly 80% lower
than that of FC. Additionally, the integral of the absolute power consumption in FC is about 19 times higher than that of FCTS. In
conclusion, the proposed FCTS control demonstrates a significant advantage over the FC control in terms of both reference tracking
accuracy and power efficiency.

Position Control. Table 3 summarizes the comparative performance of the proposed FCTS controller and the conventional FC
scheme. Examination of the error profiles shows that the accumulated position error in FCTS is nearly one-fourth of that obtained
using FC. With respect to the control input, the total absolute control effort required by the FC method is approximately 86 % greater
than that of FCTS. Furthermore, the integrated absolute power consumption in FC exceeds that of FCTS by almost 26 times. These
observations confirm the superior tracking precision and energy efficiency of the proposed FCTS control strategy.

In the proposed approach, distinct from traditional methods, the tire friction capacity—represented by the tire force saturation
limit—is explicitly integrated into the controller design framework. By accounting for this nonlinear constraint, the controller
effectively manages the driving torque applied to the wheels, ensuring it remains within physically permissible limits. This
approach offers several key benefits. First, it prevents the tire from surpassing the allowable longitudinal slip ratio, thereby
maintaining stable longitudinal vehicle dynamics and enhancing tracking accuracy. Second, it avoids the application of excessive
or unnecessary torque, which reduces energy consumption and contributes to improved energy efficiency and extended vehicle
range.

5. Conclusion

This study presented the design and evaluation of a robust control algorithm for managing the longitudinal dynamics of electric
vehicles (EVs) under one-pedal driving conditions. The proposed controller explicitly incorporates tire force saturation into the
control design, ensuring that control actions remain within the physical limits of the tire-road interaction. The algorithm combines
both speed and position control elements, derived using Lyapunov stability theory, to guarantee asymptotic stability and reliable
tracking performance. Comprehensive results were conducted under various challenging conditions, including road gradients,
sudden aerodynamic disturbances, and nonlinear tire behavior. The results demonstrated that the proposed controller significantly
enhances path-tracking accuracy and vehicle stability compared with conventional feedback control methods. Furthermore, the
algorithm achieves smoother torque delivery, leading to reduced powertrain wear and improved passenger comfort. Quantitative
comparisons confirmed a notable reduction in energy consumption, highlighting the efficiency benefits of the proposed approach.
The incorporation of tire saturation constraints not only enhances safety under critical driving scenarios but also contributes to
extending component lifespan and improving overall vehicle reliability. These findings suggest that the proposed control strategy
is both practical and effective for real-world EV applications, particularly in systems implementing one-pedal driving functionality.
For future research, the authors intend to extend this framework by incorporating lateral dynamics to achieve full vehicle motion
control, integrating the proposed approach with adaptive estimation algorithms for real-time road friction identification. Further
exploration into energy optimization and multi-objective control strategies is also envisioned to enhance system performance
under diverse operating conditions.
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Nomenclature
Ar Effective frontal area of the vehicle [m?] Ty Reference torque [N/m]
B,C,D Tire model coefficients v Vehicle's longitudinal speed [m/s]
Ca Aerodynamic drag coefficient v Lyapunov candidate function
Fy/Fw  Total longitudinal force of the front/rear axle tires [N] Uy Reference vehicle speed [m/s]
Sron Rolling resistance coefficient of the tire Unw Velocity of the wheel’s contact point with the road surface [m/s]
Fys/F»  Vertical load on the front/rear axle [N] Uwina ~ Wind speed [m/s]
g Gravitational acceleration [m/s?] X Vehicle position [m]
h Height of the location at which the equivalent . i
a : Xr Reference vehicle position [m]
aerodynamic force acts [m]
hee CG height [m] w Coefficient of friction between the tire and the road
Jw Rotational inertia of the wheel [kg/m? p Air density [kg/m?)
K,K;, K.  Control gain o Longitudinal slip of the tire
s/ 1 Distance between the front/ rear axles to CG [m] wf/wr  Angular velocity of the front/rear axle wheels [rad/s]
m Vehicle mass [kg] wn Natural frequency [rad/s]
Tw Effective wheel radius [m] 13 Damping ratio
Tr Driving torque of the front axle [N/m] [4 Road slope [rad]
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