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Abstract: The vehicle lateral stability control algorithm is an essential component of the electronic
stability program (ESP), and its control effect directly affects the vehicle’s driving safety. However,
there are still numerous shortcomings and challenges that need to be addressed, including enhancing
the efficiency of processing intricate pavement condition data, improving the accuracy of parameter
adjustment, and identifying subtle and elusive patterns amidst noisy and ambiguous data. The
introduction of machine learning algorithms can address the aforementioned issues, making it
imperative to apply machine learning to the research of lateral stability control algorithms. This
paper presented a vehicle lateral electronic stability control algorithm based on the back propagation
(BP) neural network and PID control algorithm. Firstly, the dynamics of the whole vehicle have
been analytically modeled. Then, a 2 DOF prediction model and a 14 DOF simulation model were
built in MATLAB Simulink to simulate the data of the electronic control units (ECU) in ESP and
estimate the dynamic performance of the real vehicle. In addition, the self-correction of the PID
algorithm was verified by a Simulink/CarSim combined simulation. The improvement of the BP
neural network to the traditional PID algorithm was also analyzed in Simulink. These simulation
results show the self-correction of the PID algorithm on the lateral stability control of the vehicle
under different road conditions and at different vehicle speeds. The BP neural network smoothed
the vehicle trajectory controlled by traditional PID and improved the self-correction ability of the
control system by iterative training. Furthermore, it shows that the algorithm can automatically
tune the control parameters and optimize the control process of the lateral electronic stability control
algorithm, thus improving vehicle stability and adapting it to many different vehicle models and
road conditions. Therefore, the algorithm has a high practical value and provides a feasible idea for
developing a more intelligent and general vehicle lateral electronic stability system.

Keywords: lateral electronic stability control algorithm; PID; back propagation neural network

1. Introduction

Since the invention and validation of ESP at the beginning of this century [1], it
has been widely used in the automotive industry and has now become one of the most
important research fields. In recent years, with the rise of autonomous vehicles, there has
been a lot of in-depth research on their motion control [2,3], safety performance [4,5], and
stability [6]. However, it is challenging to achieve a balance between mobility, safety, and
stability [7]. Therefore, a highly robust ESP that can simultaneously address the other
two requirements is essential. In addition, the control algorithm of ESP for lateral stability
needs more in-depth improvement and perfection.

Before any control algorithm is put into practical applications, it must be modeled
theoretically to gain a deep understanding and validated by numerical simulations to
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reduce the high cost of practical testing [8]. The low-DOF model is used to capture the
characteristics of the idealized control target of the vehicle, including other secondary
parameters, such as slip angle [9-13], yaw angle [9,13,14], and yaw torque [15,16]. Gang
et al. [10] developed a 4 DOF model to describe the steering stability of the vehicle by
calculating the slip angle, thus verifying the effectiveness of the differential algorithm.
Peng et al. [14] used 2 DOF models to calculate the yaw angle and analyzed the steady-
and transient-state of the vehicle lateral stability to validate the slip steering technique.
Liang et al. [15] also established a 2 DOF model to understand the driving dynamics and
steering stability of the vehicle by calculating the yaw moment and verified the advantages
of the genetic algorithm over the traditional PID algorithm. The high DOF models are
used to realistically simulate a wide range of vehicle performance in real-world driving,
such as handling performance [17-19] and dynamic performance [13,20-22]. Ni et al. [17]
developed an 11 DOF vehicle dynamics model to simulate the handling performance of
a hybrid eight-wheel drive vehicle by modeling and correlating each part of the complex
vehicle system. Yu et al. [20] developed a 14 DOF vehicle model based on Lagrange’s
equations to describe the enhanced dynamic and energy efficiency performance of an
electric vehicle with four independent wheel drives.

The control algorithm is the key to ensuring the lateral stability of the vehicle in
driving, the algorithm for vehicle stability has emerged in recent years, mainly from
two aspects to optimize the control effect of vehicle stability: self-adaptability and fast
response. The optimization can be achieved by introducing a new additional controller to
assist the control algorithm [23-30] or by optimizing the control algorithm itself [31-38],
which enables the vehicle to respond to more road conditions and enhances its stability.
Yuan et al. [25] introduced a new electronically stable controller based on the Mu control
theory [39], which improved the robustness and stability of the vehicle by reducing external
disturbances. Yu et al. [32] developed a new control architecture based on slip ratio control
and direct yaw moment control by estimating the traction force when the tires are driven in
a straight line. The optimization of control systems [25,32] enables the vehicle to respond
to more road conditions and enhances its stability. To improve the responsiveness, Jin
et al. [29] introduced the logic gate control to the PID control algorithm to maneuver the
vehicle by tuning the PID parameters through the logic gate algorithm, thus improving
the algorithm efficiency. Cho et al. [36] reduced the computational cost of the vehicle
ECU by using an integrated logical framework to optimize the overall structure of the
algorithm, increasing the response speed and thus stabilizing the vehicle. Most of the
existing studies mainly rely on traditional control algorithms to realize vehicle stability
control. However, traditional control algorithms are poorly adapted to nonlinear and
time-varying systems, sensitive to parameter changes, and not applicable to multivariable
systems. The introduction of machine learning can improve the robustness of the algorithms
for nonlinear systems, as well as parameter optimization. There are also many challenges
in combining neural networks and traditional control algorithms, such as how to utilize
neural networks to regulate the parameters of traditional control algorithms, and how
the configuration of neural networks can be adapted to combine with traditional control
algorithms. The integration of traditional control methods with emerging machine learning
techniques applied to vehicle stability control has the potential to elevate the efficiency and
effectiveness of vehicle stability control systems to new levels.

In this paper, a prediction model and a simulation model of the vehicle are established
through dynamics analysis. A new lateral stability control algorithm is proposed by
combining the PID and BP neural network algorithm. Its control effect is estimated by
simulations. To simulate the ideal data in the MCU and the real driving condition of the
vehicle, we establish a MATLAB Simulink model based on a 2 DOF analytical prediction
and a 14 DOF numerical model. Then, through the combination of the PID algorithm and
BP neural network algorithm, a vehicle lateral electronic stability control algorithm that can
automatically adjust the control parameters and optimize the control process was proposed
and simulated. Meanwhile, the simulation data was used to verify that the PID algorithm
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can improve vehicle stability by correcting the yaw rate under different road conditions.
Also, the simulation data can verify that the PID algorithm can be optimized by iterative
training of the BP neural network. The combination of the BP neural network and PID
algorithm can dynamically adjust the parameters of the PID algorithm to improve the
control effect. The results show that the algorithm can effectively improve the stability of
the vehicle in more road conditions and can make the control effect smoother, effectively
avoiding the occurrence of accidents.

2. Methods

The ECU of the ESP mainly consisted of a processing microcontroller unit (MCU), a
motion control MCU, a data communication module, a module driving a solenoid valve,
and a module driving a hydraulic pump motor, which is responsible for computing and
processing. The main function of the processing MCU is to read and analyze the sensor
data and calculate the current vehicle driving data. When the actual data during driving
deviates from the target data determined by the ESP system, the processing MCU will call
the pre-set stability control algorithm, calculate the corresponding correction command by
the current vehicle conditions, and send it to the motion control MCU (Figure 1).
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Figure 1. The composition of the automotive electronic stability system electronic control unit.

In this study, the analytical predictive and numerical simulation models were estab-
lished to analyze the yaw motion of a vehicle. First, the predictive model running in the
MCU calculated the theoretical state of vehicles and compared it with the data from the
yaw rate sensor and wheel speed sensor to determine whether the vehicle was unstable.
Then, the simulation model simulated the real vehicle and the external environment, which
was combined with the predictive model to test and verify the ESP stabilization algorithm
and in turn, make corrections to the ESP based on the simulation results.

2.1. Predictive Model

The 2-degree of freedom (DOF) dynamics model is simple to calculate, suitable for
operation in an MCU, and can adequately reflect the yaw motion of the vehicles. Since it
ignores most other effects and only considers the yaw motion, it reflects the yaw rate change
when the vehicle is steering in the ideal state while meeting the requirements of prediction
accuracy. Therefore, it is very suitable for generating target values as a prediction model.

Figure 2 shows a 2-DOF dynamics model based on the structure of the simulated
vehicle. The model only took the angle of rotation of the front wheels as input and ignored
the influence of the steering system and the suspension, assuming that the vehicle’s forward
speed u is constant. It is assumed that the vehicle simply moved in a 2D plane relative to
the ground. The model was used to solve for the idealized yaw rate of the vehicle and the
change in the lateral deflection angle of the center of mass.
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Figure 2. 2-DOF model of vehicle.

The kinematic analysis of the 2-DOF dynamics model was established. The model
is simplified as a lumped mass. Parameters such as the vehicle’s rotational inertia and
mass distribution coefficient can be considered as being constants, which makes it easier
to establish the governing equations of motion, which were obtained by decomposing the
external forces and moments of the vehicle as well as the absolute velocity and angular
acceleration of the vehicle along the axes of the coordinate system (Figure 3).

| .
i Trace of vehicle

Time:! + Al

v+Av

Figure 3. Schematic diagram of the motion of the center of mass.

ax and ay, are the x- and y- components of the acceleration of the center of mass of the
vehicle, respectively. At time ¢, the x- and y- components of the velocity ¢’ of the center of
mass are u and v, while at t + At, the velocity of the center of mass is changed because of
the coordinate transformation in Equation (1).

(14 Au)cos A0 — u — (v + Av) sin A = ucos AG + Aucos Al — u —vsin A0 — AvsinAf (1)

where Af is the angle of transformation between the old and new coordinate system; Af
is a small angle, using small-angle approximation and neglecting second-order trace, the
above equations can be rewritten as Equation (2).

(u+ Au)cos A6 —u — (v + Av) sin AG = Au — vAD ()
Dividing by At and taking the limit, the formula for the component of the absolute
acceleration of the vehicle in the x-direction was obtained.

i u A0 du do
ay = lim — — =

Ao At CatSoAr  ar Car Mo ®)

where wy is the yaw rate of the vehicle, where w, = d6/dt. Similarly, the absolute accelera-
tion of the vehicle was calculated as y-component.

ay = v+ uwy (4)

Figure 1 shows the 2-DOF model. The vehicle was subjected to the net forces along the
y-axis and the net moments around the center of mass. F; and Fy, are the lateral reactions
exerted by the ground on the front wheel and rear wheel, respectively. A and B are the
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distance from the front wheel to the center of mass and the rear wheel to the center of mass,
respectively. 7 is a small angle, using the small-angle approximation of the net force, and
the combined moments are given in Equations (5) and (6).

ZFy = Fyl cosy + Fyz = Fyl + FyZ = kioq + kowp (5)

Y M. = AF, cosy — BF, = AF;; — BF, = Akiaq — Bkoay (6)

where ki and k; are the lateral deflection stiffness of the front wheel and rear wheel,
respectively. @1 and a; are the lateral deflection angles of the front wheel and rear wheel, re-
spectively. Equations are given in Equations (7) and (8) based on the geometric relationship

(Figure 1)
v

~ =— 7
prtanp=" 7)
Aztan)\:%‘%’ ®)

where S is the lateral declination of the center of mass; A is the angle between the direction
of the velocity of the front wheel and the x-direction; both § and A are small angles; v is the
y-component of the velocity of the center of mass; and u is the x-component of the velocity
of the center of mass (the vehicle’s forward speed). Based on the geometric relationship in
Figure 1 and Equations (7) and (8), and considering &1 and a; clockwise as positive and
counterclockwise as negative, the lateral eccentricity angle of the front and back masses is
given in Equation (9).

Awy
ap=—(1—A)=p+ L )

v—Bw, , Bwy
= = (10)

where B is the distance from the rear wheel to the center of mass. Substituting Equations (9)
and (10) into (5) and (6) yields

ZFy=k1<5+A;d’—17)+kz(/3—BZ)’> (11)
Y M, = Ak <ﬁ+ A;ur — 11> + Bk (ﬁ - B:’) (12)

Considering inertia force, the differential equation of motion for the 2-DOF vehicle
model is given as

m(o+ uw,) =k </3+ AZ” —5) +k2</3— BZ”) (13)
La, = Ak (ﬁ + A;"’ - 5) + Bk, (/s - B:’*) (14)

where I, is the moment of inertia of the vehicle around the z-axis. Equations (13) and (14)
can be rewritten as Equations (15) and (16).

_ A%ky — B%ky Akq — Bky Ak
7 A A (15)

. ( Ak — Bk kitk, K
p= ( mu2 1>wr + mu - mu'! (16)

which can be expressed in the standard form of a state-space equation.

wr | (an an) [wr bu
[ ¥ } B (ﬂzl ﬂzz) {7} * [bzl]n {17)
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Figure 4 shows the predictive model built in MATLAB Simulink using the standard
state-space equation approach.

Group 1 :
Signal 1 A= Side-slip angle
y=Cx+ Du
Steering angle 2-DOF State Space D

Yaw rate

Figure 4. Predictive model of a vehicle with 2-DOF.

2.2. Simulation Model

If vehicle behavior is not predicted at the time of designing a vehicle, it may lead
to improper handling behavior and hazards. However, since the cost of conducting real
vehicle experiments is too high, it is necessary to simulate the dynamic behavior and safety
of real vehicles through computer and mathematical models [40]. The 14-DOF model
provides a better representation of the lateral and yaw dynamics of the vehicle compared
to the low degree of freedom model. It takes into account the suspension at each corner
and has the capability of predicting the pitching and heave motion of the vehicle [41].
The 14-DOF automobile dynamics model is divided into a 7-DOF suspension model and
a 7-DOF handling model. It contains 6-DOF for the translation and rotation of the car
body along the x-axis, y-axis, and z-axis, and 4-DOF for the vertical movement of the four
suspensions and 4 DOFs for the rotation of the wheels.

First, the pitch and lateral motion of the vehicle were analyzed. When the vehicle is
steered, the body is rotated around the z-axis, but also undergoes a pitching motion along
the y-axis, and Figure 5 shows a lateral motion along the x-axis because of inertia.

h

Lateral motion model

Figure 5. Pitch motion and lateral motion model.

The kinetic equation for the pitching motion of the vehicle on the y-axis is

Isy8 = msaxh + msghd — kob — Bob (19)
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where I, is the moment of inertia of the vehicle’s spring-loaded mass around the y-axis; i

is the height of the vehicle’s spring-loaded mass from the ground; kg is the vehicle’s pitch

motion stiffness factor; By is the vehicle’s pitch motion damping factor; 6 is the pitch angle.
The kinetic equation for the lateral motion of the vehicle along the x-axis is

2
(L T (hcos’;f) ) b = maay(h = hye) + meg(h— hee) tan g — kpgp — By (20)
where I, is the moment of inertia of the vehicle’s spring-loaded mass around the x-axis;  is
the height of the vehicle’s center of mass from the ground; h;,. is the height of the vehicle’s
center of sway from the ground; ky is the vehicle’s lateral motion stiffness factor; By is the
vehicle’s lateral motion damping factor; and ¢ is the lateral angle.

Then, the forces in the lead director of the vehicle were analyzed, the suspension of the
vehicle was simplified to a first-order spring damping system, and the tires of the vehicle
were simplified to a spring-slider model fixed to the ground. The suspension and tires were
moved along the lead director, with a total of 4-DOF, and the spring-loaded mass can do
translational movement along the lead direction and rotation around the x- and y- axes,
with a total of 3-DOF. Figure 6 shows the simplified 7-DOF suspension model.

< Direction of forward
,7‘77 —

Figure 6. Suspension model of a vehicle with 7 DOF.

The equation was based on Newton’s second law and Newton’s second law for
rotation. Along the z-axis, the equation of motion in the lead direction is

Fp1 + Fagt + Fspr + Fagr + Fopt ++ Fapt + Forr + Fayy = ms Zs (21)

In the direction of rotation around the y-axis, the equation of pitch motion is

(Fsr1 + Fart + Fsrr + Fapp )b — (stl + Fapr + Fspr + Fdfr)ﬂ = 1,0 (22)

In the direction of rotation around the x-axis, the equation of lateral motion is

w w -
(Fot + Fa + o+ Fan ) 5 = (Fogr + Fagr + Forr + Farr ) 5 = Ix 23)

where Fp, Fe, Fsyy, and Fgyy are the vehicle suspension spring force of the left front, right
front, left rear, and right rear; Fag, Fape, Fap, and Fg,, are the vehicle suspension damping
force of the left front, right front, left rear and right rear; a is the vehicle front wheel to the
center of mass distance; b is the vehicle rear wheel to the center of mass distance; w is the
vehicle width; m; is the vehicle spring load mass; I, and I, are the moment of inertia of the
vehicle’s spring-loaded mass around the y-axis and the x-axis; Z; is the displacement of
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the vehicle’s spring-loaded mass along the z-axis; 0 is the angle of rotation of the vehicle’s

spring-loaded mass along the y-axis (the pitch angle) in Figure 5; and ¢ is the angle of

rotation of the vehicle’s spring-loaded mass along the x-axis (the lateral angle) in Figure 5.
The equation of motion in the lead director of the four wheels is as follows:

Fis1 — Fspr — Fapr = mufl.Z:.ufl

thr_str_Fdfr:mufTZufr (24)
Firi — Fspt — Fapt = Myn Zyy

Firr — Fspr — By = murrzurr

where Ftﬂ, thr, F;,, and Fy, are the vehicle’s tire elasticity of the left front, right front, left
rear, and right rear; m,», m,z, m,;;, and my, are the vehicle’s suspension mass of the left
front, right front, left rear and right rear; and Zufts Zuper Zurl,s and Z,,, are the vehicle’s
suspension displacement along the z-axis of the left front, right front, left rear and right
rear. The vehicle’s four-wheel load can be obtained by the following equation:

iy

Ep = (Hb) +myng+ g+ Fagi
_ _msgh_

Efr = o) +muprg + Fopr + Fagr (25)

E = (a+b) + My & + Fspp + Fap

F,r = 1(17;8_2) + Myr§ + Forr + Fapy

where Fot, Fofyry o, and F;, are the wheel load of the left front, right front, left rear, and right
front. On the right side of Equation (25), the first part represents the body mass component,
the second part represents the wheel mass, the third part represents the suspension spring
force component, and the fourth part represents the suspension damping force component;
ms is the body mass.

After completing the suspension model, control variables such as current vehicle
speed and front-wheel angle input are associated with the model to create a manipulation
model of the vehicle. The vehicle manipulation model contains 2-DOF for translational
movement along the x- and y- axes, 1 DOF for rotation around the z-axis, and 4-DOF for
the rotation of the wheels. Figure 7 shows the simplified 7-DOF manipulation model built
in MATLAB Simulink.

<

e

5
i

zrl vk

D
Y. ( \ [FW 4
v
M_'l’l’ a

'y
4
/'y

Figure 7. Manipulation model of a vehicle with 7-DOF.
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Regarding the kinematic analysis of the 7-DOF manipulation model, as analyzed
previously when building the 2-DOF model, from Equations (1)—(4), the calculation results
are given in Equation (26).

Ay = Uy — vylp

. (26)
ay = Uy + Ux

where a, and 4y are the acceleration of the vehicle along the x-axis and the y-axis; vy and v,
are the speed of the vehicle along the x-axis and the y-axis; and ¢ is the angle of rotation of
the vehicle along the z-axis.

The kinetic equation for the longitudinal motion of the vehicle along the x-axis is

Fyp1cosd — Fypsind + Fyfp €086 — Fypp sind + Fyyy + Fyry = myay (27)
The kinetic equation for the lateral motion of the vehicle along the y-axis is
Fyf1€086 + Fypsind + Fy ¢, 086 + Fyfp sind + Fypy + Fyry = myay (28)

where F,g, Fufrs Fanl, and Fy; are the force along the x-axis on the wheel of left front, right
front, left rear, and right rear; Fyﬂ, Fyfr, Fy,l, and Fy,, are the force along the y-axis on the
wheel of left front, right front, left rear, and right rear; m; is the mass of the vehicle; and ¢ is
the angle of rotation of the front wheel.

When the vehicle is steered, the kinetic equation for the vehicle’s rotation around the
z-axis is

xfl cosd + ° Fxfr c0sd — FFy + 5 Fur + szﬂ siné
-5 yf, sind + anfl sind + a yf1 COS (5 + aFy s, sind (29)
+aFy rCOS6 — berl - berT + szl + szr + Mz + Mz = ]zll}

where M,p, Mafy, Mz, and M,,, are the moment around the z-axis of the left front wheel,
the right front wheel, the left rear wheel, and the right rear wheel; w is the center distance
between the left and right tires of the vehicle.

Finally, the first step of building the tire model is to calculate the slip angle of the tire.
Slip angle is the angle between the direction of travel of the vehicle and the direction of the
tires and was calculated in Figure 7.

vy+ayp

ocﬂ:tan ('Ux 057”1!7)
“f — tan < vj-&-mp >

vx+0. 5w1p
—b
a, =tan 1 Y v
Uy — 05w1p

= tan ! (U}/_bw : >
vx+0.5wy
where g, O, Oy, and «,, are the slip angle of the left front wheel, the right front wheel,

the left rear wheel, and the right rear wheel; ¢ is the angle of rotation of the front wheel
(Figure 7).

(30)
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The formula for calculating the speed of the four wheels of a vehicle is as follows:

wafl = COs IXfl \/(Uy + blll’)z + (Ux — 0.57,{)4))2

Vi fr = €0OS ocf,\/<vy =+ aip)z + (vx + 0.5w¢>2
N2 N2
Vipxrl = €Os arl\/(vy — bl[J) + (Ux — O.5w1/1)

Vwxrr = €OS "‘rr\/(vy _ b¢)2 n (Ux N 0.5w¢)2

(31)

where Vi, Virsrs Virt, and Vi are the speeds of the left front wheel, the right front
wheel, the left rear wheel, and the right rear wheel.

The forces on the tire were analyzed, and the tire was subjected to driving torque from
the engine in the direction of rotation, braking torque from the brake caliper, and frictional
force from the ground.

Lvws = Ty — Typr — FepiRu

Lvws, = Tapr — Topr — FrprRoo (32)
Iwwrl = Tary — Tpri — FxriRw
Iwwrr = Tdrr - Tbrr — Fy Ry

where I, is the moment of inertia of the wheels of the vehicle; Ry, is the radius of the wheels
of the vehicle; wp, W, Wy, and w,, are the speed of the left front wheel, the right front
wheel, the left rear wheel, and the right rear wheel; Ty, Ty, Tgn, and Ty, are the drive
torque of the left front wheel, the right front wheel, the left rear wheel, and the right rear
wheel; Ty, Tyfy, T, and Ty, re the braking torque of the left front wheel, the right front
wheel, the left rear wheel, and the right rear wheel; and Fy, Fyp, Fyy, and Fyy are the
friction applied to the left front wheel, the right front wheel, the left rear wheel, and the
right rear wheel. Combining Equations (30)—(32), thespeed change rate of each wheel is
given in Equation (33).

_ waflfwflRw

Sufl - wafl
_ wafr_werw

Safr o wafr (33)
— Vi —wnRe

Surl - waxrl

Suw — Vxrr—wrrRo

wa»’r

where Sy, Saf, Sani, and Sgyr are the speed change rates of the left front wheel, the right
front wheel, the left rear wheel, and the right rear wheel.

According to the magic formula proposed by H.B. Pacejke [42], the pitch force Fy
calculation formula (Equation (33)) was obtained by fitting the tire test data in the combined
formula of trigonometric functions i and the tire force.

Fy = Dy sin{Cyarctan[ByX; — Ey(BxXj — arctan(ByX1))]} (34)
Lateral forces Fy calculation formula

F, = Dysin{Cyarctan B, X, — E, (B, X, — arctan(B,X,))] } (35)
Return torque M, calculation formula

M, = D, sin{C,arctan[B, X3 — E,(B, X3 — arctan(B,X3))] } (36)

where X is the lateral deflection angle or pitch slip rate; D is the peak factor; B is the stiffness
factor; C is the curve shape factor; and E is the curve curvature factor. The hyperparameters
that appear in Equations (34)—-(36) can be obtained from Table 1.
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Table 1. Hyperparameters in the magic formula for tire.

F, F, M,

X obtained from S in Equation (17)  obtained from & in Equation (14)  obtained from « in Equation (14)
D obtained from F, in Equation (9) obtained from F, in Equation (9) obtained from F, in Equation (9)
C 1.65 1.30 2.40

B obtained from F,, C, and D obtained from F,, C, and D obtained from F,, C, and D

E

obtained from F, in Equation (9) obtained from F, in Equation (9) obtained from F, in Equation (9)

The 14-DOF vehicle dynamics model has a complex structure related to many internal
variables, thus it is hard to establish clear standard state-space equations like the 2-DOF
model, and each sub-system sub-module needs to be modeled separately and then associ-
ated with each other. Finally, the 7-DOF suspension model, the 7-DOF manipulation model,
and the tire model are associated, and Figure 8 shows the 14-DOF vehicle dynamics model
built on this basis in MATLAB Simulink.
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Figure 8. Simulation model of a vehicle with a 14-DOF model.

2.3. Validation of the Simulation Model

At a vehicle speed of 80 km/h, after a response time from t =0 s to t = 1.5 s, the
simulator turns the steering wheel 180 degrees to the right from t = 1.5 s to f =2 s and stays.
Figure 9 shows a comparison of the measured yaw rate profiles of the predictive model
and the simulation model at a speed of 80 km/h.
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Figure 9. Yaw rates for the predictive model and the simulation model.
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The comparison results show that there is still a large difference between the output
of the simulation model and the prediction model, although for the same vehicle speed
and the same steering wheel angle input. The simulation model uses a 14-DOF model with
inputs that contain more influences and are closer to the real situation and are referred
to as actual values. A 2-DOF model is used to generate the target value for the control
variables, where the 2-DOF model ignores most of the perturbations that are closer to the
ideal situation. The ESP determines the operating state of the vehicle by comparing the
actual value with the target value and then invokes the lateral stability control algorithm to
control the body stability according to the difference between the target and actual values.

3. PID Lateral Stability Control Algorithm

After studying various vehicle electronic stability control algorithms and simulation
validation methods, it was determined that the accuracy of the mathematical model of the
vehicle and the effectiveness of the vehicle’s lateral stability control system can be verified
through joint simulation using the PID control algorithm.

3.1. PID Algorithm Controller Model

This simulation aims to verify the effectiveness of using the PID algorithm as a vehicle
lateral electronic stability control algorithm. The process needs to reduce perturbations, and
on balance, a joint simulation using MATLAB Simulink and CarSim is more suitable. This
method is highly authentic, and the simulation results are more accurate and convenient
to obtain.

A real-time vehicle model is developed in the CarSim2019 software platform and is
linked to the control model in the MATLAB R2020a Simulink, as shown in Figure 10a. The
established 2-DOF and PID control models were introduced into the electronic stability
controller module (Figure 10b). The simulated lateral electronic stability control model was
established, where K, is the scaling factor; K; is the integral adjustment factor; and K; is
the differential adjustment factor. The PID algorithm dynamically adjust the system by
tuning the K;, and K, and Kj. e(t) to the actual value. u(t) is the output signal of the PID
algorithm model.
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Figure 10. (a) Imported CarSim real-time correlation model of the vehicle. (b) Simulation model of
the lateral electronic stability controller.

3.2. PID Algorithm Validation Methods

There are many test methods for the ESP. This study combines the steering wheel
input method of the sine-dwell test and the evaluation criteria of the double-lane change
test and improves the test method for the lateral stability system of vehicles following the
characteristics of the computer simulation environment. The improved test procedure is as
follows: after a response time from t = 0 s to t = 1 s, the simulator turns the steering wheel
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180 degrees to the right from t = 1 s to t = 1.5 s, then stays from t = 1.5s to t = 2 s, then turns
the steering wheel 360 degrees to the right from t =2 sto t = 3 s, then stays from t = 3 s to
t =4.5 s, then turns the steering wheel 360 degrees to the right from t =4.5stot=5.7 s, and
then stays from 5.7 s to 6.2 s, at last returning to 0 degrees from 6.2 s to 6.7 s. Tests were
performed with a normal road friction coefficient of 1.0 and a low adhesion road friction
coefficient of 0.5.

The test was performed with the initial speed measurement as the variable, starting
at 40 km/h and increasing by 5 km/h each time, without throttle or brake action during
the test. For each speed level, a simulation of the vehicle without and with lateral stability
control intervention was tested and the yaw rate profile of the vehicle was recorded. The
yaw rate curves were compared for each group and the effect of the vehicle lateral stability
control on the body movement under normal road conditions and low adhesion road
conditions were analyzed.

4. BP Neural Network-Based PID Lateral Stability Control Algorithm

ESP plays a pivotal role in enhancing vehicle stability and reducing crashes, and has
always been a cornerstone of automotive safety. Despite advances in control technology,
conventional algorithms often struggle to cope with the complexities inherent in dynamic
driving environments. These challenges arise from the nonlinear nature of vehicle dynam-
ics, as well as a variety of factors such as driver behavior, weather conditions, and road
surfaces. In contrast, emerging technologies, especially machine learning, offer promising
ways to address these shortcomings. Artificial neural network technology, in particular,
has shown a remarkable ability to handle the intricate control and decision-making tasks
posed by complex systems. By utilizing the inherent nonlinear mapping ability and flexible
network structure of neural networks, we can develop more adaptive and self-tuning
algorithms for lateral stability control of ESP systems. BP neural networks, known for
their robust performance in nonlinear systems, are suitable candidates for enhanced lateral
stability control algorithms. Combining BP neural networks with conventional PID control
algorithms holds great potential for creating adaptive ESP systems that can automatically
adapt to various driving conditions. These advances are expected to not only improve
vehicle safety but also pave the way for wider adoption of ESP systems.

4.1. BP Neural Network-Based PID Algorithm Controller Model

A MATLAB Simulink simulation model based on the BP neural network was devel-
oped for the theory and characteristics of the vehicle lateral stability controller.

The BP neural network-based PID controller is similar in structure to the established
PID controller. The established simulation model of the vehicle’s 2-DOF dynamics was
chosen as the prediction model, and the target yaw rate profile generated by it was used
as the control signal r(k). The controlled system model was used to simulate the actual
operation of the vehicle. To meet the requirements of the iterative training speed of the BP
neural network and the flexibility of defining various variables, the established 14-DOF
vehicle dynamics validation model was used as the controlled system and the actual yaw
rate profile generated by it was used as the feedback signal y(k). e(k) is (k) — y(k) and u(k)
is the regulation signal obtained after the operation of the PID control algorithm. The PID
algorithm regulation process is expressed in the form of an incremental digital PID control
equation as follows

u(k) =u(k—1)+Kple(k) —e(k —1)] + Kie(k) + Kyle(k) —2e(k — 1) +e(k—2)]  (37)

To simplify the structure of the controlled system model, instead of converting the
regulation signals into braking force signals for the four wheels as in the CarSim simulation,
u(k) was converted into a yaw regulation torque M, (adjust), which was applied directly to
the lateral motion of the body.
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The expressions for the input, hidden, and output layers of the BP neural network are
shown below, where the superscript i denotes the input layer, & denotes the hidden layer
and o denotes the output layer, and one iteration of the BP neural network is as follows.

The inputs to the BP neural network are:

ot =x;,(j=0,1,...,M—1)

] (38)
oy =1
where M is the number of input layer variables.
The inputs and outputs of the hidden layer are
h M h i
neti (k) = 'Zo wl.jo;.(k)
=
. (39)
'(k) = flnet!(k)](i=0,1,...,Q - 1)

1

h
ol
h
%%
where Q is the number of hidden layer variables, and whi]- is the hidden layer weighting factor.
f (x) is the hidden layer activation function. The role of the activation function is to
increase the nonlinearity of the neural network model. Here, the hyperbolic sine function

(tanhx) is chosen as the hidden layer activation function.
The inputs and outputs of the output layer are

B = & w)ol (k)
N (40)
of (k) = glnet} (k)] (1 = 0,1,2)

where w’); is the output layer weighting factor.
g(x) is the output layer activation function; here, the following function is used as the

output layer activation function
ex

= — 41
8(*) =z (41)

From the Equation (37), the neural network output is
0p(k) = Kp, 01 (k) = K, 05(k) = Ky (42)

At this point, the neural network transmits the Kj, K;, and K; parameters to the PID
controller, which is used to complete the control of the lateral stability of the car and collects
the feedback data of the system at the next point in time after the influence of the new
parameters is applied.

After completing a forward iteration, the BP neural network corrects the weighting
coefficients of the network according to the gradient descent method and appends an
inertia term that enables the search to converge quickly to the global minima.

The correction formula for the weighting coefficients of the output layer of the BP
neural network is

Aw,(k+ 1) = 760! (k) + aAw?, (k)
/

L)) oulbd ! [net (k)] (1 = 0,1,2) 43)

fllx)=11-f(x)]/2

o) = e(k+1)sgn

/N
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The hidden layer weighting factor correction formula is
Aw}(k +1) = 16} 0 (k) + adw} (k)
2
5t = f'[net} (k)] © ojw}i(k)(i=0,1,...,Q — 1) (44)
=0

fllxl =1 - f(x)]/2

At this point, the BP neural network has completed an iterative process, and the overall

process is shown in Figure 11 and Algorithm 1 below. Considering the environment of the
car and the driver’s input are constantly changing, the BP neural network will achieve a
sub-optimal value gradually with iterative trainings, although the output parameters will
fluctuate within a certain range, and always calculate the appropriate control parameters
according to the current state.

Algorithm 1: BP neural network-based PID algorithm

Input: Initial value of K, K;, and K
Output: New value of Ky, K;, and K,

1: Neural network initialization, given the initial values of K, K; and Ky

2:  while r(k) # y(k) do

3:  The system collects r(k), y(k) values from the vehicle and imports the data into the neural
network after processing

4. Forward propagation process, K;,, K;, K; parameter values are obtained by the calculation of
the hidden layer and the output layer

5: The PID controller regulates the lateral stability of the vehicle according to the new Kj, K;,
K; parameters

6:  The neural network receives the adjusted r(k + 1), y(k + 1) values

7. Back propagation process, by analyzing the return value of the system using gradient
descent algorithm to adjust the weights of the output layer, hidden layer in turn

8: end while

9: return 0
(k)

Vehicle(14-dofs model)

ECU(2-dofs model)

M (adjust)

Transfer

Figure 11. BP neural network PID controller workflow.

The BP neural network input data was then transformed into a simulation model.

Firstly, the input layer of the BP neural network requires data from u(k), u(k — 1), e(k),
e(k — 1), e(k — 2), r(k), and y(k). However, the system simulation can only provide data
from u(k), e(k), r(k), and y(k) in real-time, thus it is necessary to add a time delay link in the
simulation environment and encapsulate it. Secondly, considering that the vehicle lateral
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stability controller needs to run in the MCU of the vehicle electronic control unit, to ensure
the speed of operation, the neural network structure should not be too complicated, so a
three-layer “input layer-hidden layer-output layer” is chosen here. Considering that there
are seven input nodes in the input layer, three output nodes in the output layer, and five
nodes in the hidden layer, the neural network structure of “7-5-3” was formed with the
input and output layers. Finally, considering a large number of iterations in the neural
network training process, to ensure operational efficiency and reduce possible errors, as
well as to maximize the advantages of the MATLAB R2020a Simulink software platform,
the simulation model of the BP neural network PID controller was established using the
system function modeling method after referring to the relevant literature [43].

4.2. BP Neural Network-Based PID Algorithm Validation Method

According to the corrective and retraining properties of the BP neural network algo-
rithm, a certain number of iterations are needed to make use of its adaptive and self-tuning
characteristics. Therefore, in the simulation, the Repeating Sequence Interpolated module
of MATLAB Simulink was used. After a response time from ¢ =0 s to = 1 s, the simulator
turns the steering wheel 180 degrees to the right from f =1 s to t = 1.5 s and stays from
t=15stot=25s, the steering wheel turns back to 0 degrees fromt =2.5stot=3sand
then stays from f = 3 s to t = 4 s, repeating the above process continuously, as shown in
Figures 12 and 13.
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Figure 12. Comparison of the yaw rate profile at an initial speed of (a) 40 km/h on a normal road;
(b) 80 km/h on normal roads; (c) 40 km/h on a low adhesion road; and (d) 80 km/h on a low
adhesion road.

Unlike the validation of the effectiveness of PID control algorithms with predictive
models, the validation model for the effectiveness of the BP-PID controller uses the simula-
tion model in Simulink instead of the simulation model in CarSim. There are two reasons
for this: First, the simulation model in CarSim2019 software includes the ESC module and
is closer to the real vehicle than the 14-DOF vehicle model, however, this also leads to the
fact that only running the PID algorithm in the ESC module can achieve excellent yaw rate
recovery, and the optimization effect of the BP neural network on the PID algorithm cannot
be more intuitively demonstrated. Although the accuracy of the 14-DOF vehicle model is a
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little bit worse, the optimization effect can be seen more obviously after several iterations.
Secondly, the inclusion of neural networks allows more parameters of the vehicle to be
tuned and it is easier to adjust the parameters in Simulink as compared to CarSim.
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Figure 13. Comparison of yaw rate curve of target values, with and without lateral stability control.

A comparison of the responses of the vehicle simulation model in CarSim and the
14-DOF car model in Simulink under the double-shift line test at 60 km/h initial speed
is shown in Figure 14. It can be seen that the general trend is the same, but the 14-DOF
model has more fluctuation and more obvious understeer between 3 and 5 s compared to
the model in CarSim. In later iterations of training, these issues will be dealt with more
intuitively and visibly by the BP-PID controller.
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Figure 14. Comparison of 14-DOF model with CarSim simulation model.

In the test, the vehicle speed was fixed at 80 km/h. First, the target and actual values
of the yaw rate output of the vehicle dynamics model without the influence of the lateral
stability controller were recorded. Then the controller was connected to the system and the
actual curve of the yaw rate output of the simulation model was recorded every 10 s. The
effect of the BP neural network-based PID vehicle lateral stability algorithm on the yaw
rate of the vehicle after different running times was analyzed and compared. The effect of
the algorithm on the yaw rate of the vehicle after different running times was compared.

5. Results and Discussion
5.1. Simulation Results on the Effectiveness of the PID Algorithm

The yaw rates at 40 km/h on the low adhesion road is compared for vehicle with
and without the lateral stability control in Figure 12a. The vehicle drove smoothly and
steered normally, the yaw rate with and without lateral stability control changed just a little
and was very close to the target value, and the vehicle lateral stability control system was
not triggered.

The yaw rates at 80 km/h on the normal road is compared for vehicle with and without
the lateral stability control in Figure 12b. The vehicle was unstable without the lateral



Actuators 2024, 13, 100

18 of 22

stability control, the yaw rate fluctuate dramatically. The vehicle has a serious upsteer
situation. After the intervention of the lateral stability control, the reduction to the target
value in the yaw rate of the vehicle shows that the program suppresses the vehicle’s steering
force, thus stopping oversteering and stabilizing the body.

The comparison of the vehicle yaw rate change curve with and without the lateral
stability control and the target value when the initial speed is 40 km/h under the condition
of low adhesion road is shown in Figure 12¢c. The vehicle driving was stable without lateral
stability control, but the yaw rate curve had a little fluctuation concerning the target value.
After the intervention of the lateral stability control, the body was more stable and the
fluctuation of the yaw rate was improved.

The yaw rates at 80 km/h on the low adhesion road is compared for vehicle with and
without the lateral stability control i in Figure 12d. The value of the yaw rate decreased
greatly concerning the target value without the lateral stability control, and the vehicle had
a serious understeer situation. After the lateral stability control intervened, the increase in
the yaw rate of the vehicle shows that the program restores the steering force to the target
value, thus stopping the understeer and stabilizing the body.

The ESC is not activated at the time of Figure 12a and no comparison is made. The
comparison of Figure 12b,d shows that at high speeds, the vehicle is more likely to oversteer
under normal road conditions, and the ESC intervention produces a great recovery of the
yaw rate but the recovery is somewhat excessive. Under low traction road surface, the
vehicle undergoes serious understeer, and the yaw rate is effectively recovered after ESC
intervention, but it is still slightly insufficient. The comparison of Figure 12¢,d shows that
under low traction road conditions, the understeer is not obvious at low speeds, and it
is slightly recovered after ESC intervention. At high speeds, the understeer is extremely
serious, and the recovery effect after ESC intervention is stronger but still insufficient
compared to the target value.

Simulation results for different speeds show that the yaw rate curves of the car are
corrected to converge within the interval of normal steering for different road conditions,
which proves that the PID algorithm can be effectively applied as a lateral stability control
algorithm in ESP, which effectively prevents understeer and oversteer and improves the
lateral stability of the vehicle.

5.2. Simulation Results on the Effectiveness of the BP Neural Network-Based PID Algorithm

A comparison of the target value of the vehicle’s yaw rate curve for a single input of
the steering wheel angle, the actual value of the vehicle’s yaw rate curve without lateral
stability control, and the actual value of the yaw rate curve with lateral stability control is
shown in Figure 13. By comparing the target values with the curves without lateral stability
control. Considerable fluctuations in the yaw rate of the vehicle without lateral stability
control is shown in the pipcture. By comparing the curves with and without the lateral
stability control, the fluctuations in the yaw rate of the vehicle are mitigated and the lateral
stability of the vehicle was reduced by the action of the lateral stability control system.

Fuzzy control is a control method based on fuzzy logic, designed to deal with sys-
tems with uncertainty and ambiguity, which has good adaptivity and robustness. Fuzzy
control has important applications in the automotive field and has advantages that other
algorithms do not have when dealing with nonlinear systems [44]. We want to verify the
effectiveness of the BP-PID controller by comparing different control algorithms, and for
this test environment, we need an algorithm that is suitable for the automotive power
system and is more mature in analyzing nonlinear relationships. Therefore, we adopt
the fuzzy control algorithm as the experimental comparison object [15], and verify the
effectiveness of the BP-PID controller by comparing the recovery effect curve of the fuzzy
control on the angular velocity of the traverse pendulum with that of the BP-PID controller
on the angular velocity of the traverse pendulum. After comparing the target value, the
initial state of the simulation, the fuzzy control simulation training, the yaw rate curve after
100 iterations of the simulation training, and after 1000 iterations of the simulation training,
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the yaw rate curve is shown in Figure 15. By comparing the curves of fuzzy control, initial
state, and after 100 iterations, it can be seen that the recovery effect of fuzzy control for yaw
rate is better than the initial state but weaker than the recovery effect after 100 iterations,
which can prove the advantage of this algorithm compared with other control algorithms.
By comparing the curves of training 100 times with 1000 times and the target value, it can
be seen that the algorithm can gradually adjust itself to the target value with the number of
iterations to achieve the best results.

The simulation results strongly demonstrate the feasibility of implementing the BP
neural network-based PID lateral stability algorithm in real vehicle stability systems. This
simplified correction process results in a smoother yaw rate adjustment compared to
using the PID algorithm alone. In addition, as the number of simulation test iterations
increases, the algorithm continues to guide the vehicle dynamics simulation model to the
target yaw rate, thus gradually improving the smoothness of lateral motion. This iterative
improvement process highlights the algorithm’s ability to autonomously tune and optimize
control parameters over time. It is worth noting that simulation tests may take a longer
time to effectively demonstrate improvements (to more visually demonstrate the effects
of iterative training optimization). However, in real-world applications, the algorithm’s
iterative training speed is expected to be fast. This fast iterative training rate will allow real
vehicles to react quickly to dynamic driving conditions and ensure flexible and efficient
control performance. Finally, the effectiveness of the BP-PID algorithm is validated by
iterative training, leading to the automatic tuning of the PID control parameters and
optimization of the control process. This result highlights the potential of the algorithm to
improve vehicle stability and safety.
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Figure 15. Comparison of yaw rate curve of target values, initial state, after 100 iterations of training,
after 1000 iterations of training, and fuzzy controller.

6. Conclusions

In this work, a vehicle lateral stability algorithm was developed based on a BP neural
network-based PID control. Firstly, a 2-DOF analytical model was established as the
prediction model. A 14-DOF numerical model was numerical as the simulation model in
MATLAB Simulink. Then, a co-simulation model for the lateral stability controller of the
PID algorithm based on CarSim and MATLAB Simulink was established, which simulated
the control effect of the PID algorithm. Finally, the lateral stability controller simulation
model of the BP neural network-based PID algorithm was established. This model was
trained iteratively to obtain the simulation results of its control effect. Conclusions are
summarized as follows:

(1) The simulation results of the PID algorithm show that the yaw rate curves at the
different road conditions and speed conditions were corrected to a certain extent,
which verified that the algorithm can be effectively adapted to the different road
conditions and vehicle speeds.

(2) The simulation results without iterative training show that the yaw rate curve is
smoother. And the fluctuation of the curve was corrected as the training was iter-
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ated. The algorithm can prevent the accident from sudden changes and optimize
itself continuously.

(3) The training results of the BP neural network-based PID algorithm show that the
correction effect of this algorithm for yaw rate was further improved, which im-
proves the stability of the BP neural network-based PID algorithm by improving the
responsive speed.

The above results show that the algorithm was proved to be effective. The algorithm
can automatically adjust the control parameters and automatically optimize the control
process following the feedback from the controlled system, which allows it to adapt to
more road situations and environments and provides a feasible idea for the development
of a more intelligent and general automotive electronic stabilization system.
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