BRI CAZER TSRS U+ AL G B PURAES 345~354 H(REl—H—T=4)
Journal of the Chinese Society of Mechanical Engineers, Vol.45, No.4, pp345~354 (2024)

Adaptive Fractional Order PID Controller for
Angle Tracking in Steer-By-Wire System

Cong-Cong Guo*, Chang-Shui Wu**and De-Guan He***

Keywords : SBW technology, angle-tracking-control,
Improved particle swarm algorithm,
FOPID controller.

ABSTRACT

To ensure fast and accurate angle tracking during
car steering, reduce delay time, and improve the
tracking performance of the Steer-by-Wire (SBW)
system, a fractional order PID (FOPID) controller with
feedforward compensation is designed. The PID
controller is approximated using the Oustaloup
approximation method, reducing the tuning dimension
of FOPID. An improved particle swarm optimization
(PSO) algorithm is utilized to dynamically adjust the
four parameters of FOPID, thereby decreasing the
optimization time of the algorithm. Finally, the
Adaptive Inertia Weight Particle Swarm Optimization
algorithm (AW-PSO), based on global search pattern,
the Fixed Inertia Weight Particle Swarm Optimization
algorithm (F-PSO), based on variable neighborhood
search pattern, and the Compressed Factor Particle
Swarm Optimization algorithm (CF-PSO) are used as
comparisons for simulation verification and bench test.
The effectiveness of the proposed method is verified.
The comparative results show that, in terms of
computation time and accuracy, the optimization
capability of the proposed method is significantly
superior to the AW-PSO, F-PSO, and CF-PSO
algorithms. Hence, the algorithm's computation
accuracy and stability fully meet the requirements. The
bench test results reveal that under step input, the delay
time is about 0.2s, with a maximum overshoot of
1.57deg. Under sinusoidal input, the delay time is
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approximately 0.02s, the maximum steering speed is
0.70rad/s, and the maximum output torque of the
steering motor is 2.27Nm. Based on experimental
verification, it can be possible to conclude that this
method enables better completion of the angle tracking
control task for the SBW system and exhibits good
robustness and tracking control performance

INTRODUCTION

In the past 50 years, SBW technology has been
established in the 1970s and has since developed to a
mature stage. The SBW system can be independently
controlled without driver operation, even without a
steering wheel, and precise tracking control of the
steering angle is an important technology for
autonomous driving (JIN .2022). Achieving superior
accuracy, low latency, and high stability in online
steering angle tracking control is often challenging.
Many domestic and foreign scholars have conducted
extensive research on this. Xu et al. (2019) designed a
FOPID controller, optimized its five parameters using
genetic algorithms, and achieved better control
performance than traditional PID controllers. However,
it is a long delay and cannot provide good angle
tracking accuracy under complex operating conditions.
Zhang et al. (2021) designed a robust linear quadratic
regulator with appropriate robustness and suitable for
real-time control on low-cost MCUs, but accuracy
remains difficult to guarantee. To address this issue,
Zhang et al. (2022) proposed a dual-motor SBW
control strategy for steering angle-tracking. It utilizes
dual-motor synchronous control and angle tracking
closed-loop control to handle the asynchronous
response between the two steering actuator motors,
which affects vehicle stability. The strategy also
reduces angle synchronization error through current
compensation feedback, greatly enhancing the
reliability of the SBW system. Xu et al. (2022)
introduced a generalized predictive control method
based on Taylor approximation. This algorithm has a
relatively simple structure and is easy to tune and
implement. It achieves high performance in terms of
angle tracking, fast response, and stability.

Sun et al. (2016) proposed an adaptive sliding
mode (ASM) controller that treats tire-ground friction
force and self-aligning torque as external disturbances.
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The controller uses sliding mode control to handle
parameter uncertainties and estimates the self-aligning
torque coefficient through a self-adaptive torque
estimation method. Experimental results demonstrate
that the ASM controller maintains excellent robustness
while ensuring good tracking accuracy. Yu et al. (2021)
presented an angle tracking control method for the
SBW system based on internal model control (IMC),
with the addition of active disturbance rejection control
(ADRC) in the IMC framework. The method
dynamically estimates the self-aligning torque acting
on the steering tie rod using an extended state observer
(ESO). Simulation experiments show that this
controller achieves good accuracy and robustness. In
order to balance the stability and accuracy of the
system, Shi et al. (2023) employed the model
predictive control (MPC) method and designed an
adaptive PI controller. A comparative experiment was
conducted with a PI controller and a sliding mode
controller on a steering test bench. The results showed
that the three controllers had similar root mean square
errors during sinusoidal steering cycle tests and
complex steering conditions. Among them, MPC had
the lowest error and achieved limited improvement,
meeting the steering requirements of the SBW system.
In addition to the aforementioned methods, real-time
adjustments to the system can also be made using
optimization algorithms. The particle swarm
optimization algorithm, which has evolved and been
optimized for several decades, is now well-established
and widely applied in academia and industry. He et al.
(2022) proposed an adaptive particle swarm
optimization PI controller (PSAPI) that dynamically
updates the PI parameters using the particle swarm
optimization algorithm. A comparison was made with
a PI controller, fuzzy PI controller (FPI), model
predictive controller (MPC), and sliding mode
predictive  controller (SMPC) through bench
experiments. The experimental results showed that
PSAPI achieved better tracking performance.

A self-adaptive FOPID (Fractional Order
Proportional Integral Derivative) controller with
feedforward compensation was designed. The system
was dynamically adjusted in real-time using an
improved particle swarm optimization algorithm and
feedforward compensation. To avoid falling into local
optimality, the particle swarm algorithm employed a
variable neighborhood search pattern, adaptive inertia
weight, and compression factor method, which not
only ensured the optimization capability but also
reduced the system's time delay. In this paper, the
proposed controller was validated in an autonomous
driving  scenario. The experimental results
demonstrated that the controller significantly reduced
the overshoot and delay time in steering angle tracking
while ensuring accuracy requirements. It also exhibited
good robustness. For complex steering conditions in
automotive applications, the controller achieved
excellent tracking performance and fully met the
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steering requirements of autonomous driving and
driver assistance systems.

STEER-BY-WIRE SYSTEM

The steering system is a critical system to realize
the driver's steering intention and control the vehicle's
handling stability. Traditional automotive steering
systems can be divided into two categories based on
different steering energy sources: mechanical steering
systems and power steering systems. Although
traditional steering systems can effectively ensure that
cars turn and drive according to the driver's intentions,
due to their fixed or limited steering transmission ratios,
the steering response characteristics of cars vary with
vehicle speed. Therefore, drivers must compensate for
the amplitude and phase changes of the car's steering
characteristics to steer the car according to their wishes.
However, this greatly affects the handling stability and
driving comfort of the car. The wire controlled steering
system eliminates the mechanical connection between
the steering wheel and the steering wheel, completely
breaking away from various limitations of traditional
steering systems.

Road feeling simulation N
g sinulaty Steering wheel
module
Road sensing motor assembly

| Road induction motor comrollell

Chassis Domain Controller

..... .

Steering motor controller

Steering
module

Steering mator assembly

reduction mechanism

Rack and pinion steering gear

Fig.1 Structure diagram of wire controlled steering
system

The driver's steering operation is only to input
the steering wheel angle command to the vehicle.
Under certain stable operating conditions, the
controller determines a reasonable front wheel angle
based on information such as the steering wheel angle
and current vehicle status, and relevant control
algorithms to achieve "just right" steering at the same
time, Drivers need to know the information of the road
surface. As there is no mechanical connection between
the steering wheel and the steering wheel, "road feel"
needs to be simulated and generated. Only with "road
feel" can drivers achieve a "clear understanding" when
turning. The steering-by-wire system can be designed
with variable transmission ratios, which not only
changes the steering characteristics but also greatly
improves the vehicle's handling and stability, reduces
the driver's handling burden, and improves the
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performance of the person vehicle closed-loop system.
steer-by-wire technology is an important part of the
chassis domain system, involving multiple areas. Its
adjustable steering ratio greatly improves the handling
stability of the vehicle. The key technologies in the
steer-by-wire system include sensor technology, active
steering technology, and fault-tolerant control
technology. The key technology in active steering is
angle control technology. The SBW system can
compensate for wheel steering angles and adjust
steering errors, thereby improving the lateral stability
of the vehicle. (Zhang et al.,2021)

STEER-BY-WIRE SYSTEM ARCHITECTURE

The steer-by-wire system, as shown in Figure 1,
consists of a chassis domain controller, a permanent
magnet synchronous motor (PMSM), a motor
electronic control unit (ECU), a ball screw mechanism,
and other structures. PMSM is selected as the steering
actuator motor for the SBW system, driven by the
direct torque control method. This method has
advantages such as simple algorithm and good torque
response. Integrated permanent magnet synchronous
motors are used as driving motors for SBW systems
due to their advantages of simple structure, low
processing and assembly costs, and better suitability
for large-scale industrial production.

The steer-by-wire system allows steering
operations without a driver or even a steering wheel
((Chen et al.,2022)). The angle command issued by the
upper-level or autonomous driving domain controller
is sent to the FOPID controller in the chassis domain
controller. The controller calculates the required torque
for the PMSM and sends it to the steering actuator
motor ECU. The motor generates the torque and
transmits it to the wheels through the mechanical
structure, completing the steering operation.

STEERING DYNAMICS MODEL

Based on automotive dynamics, the differential
equations for each component are established (Wei et
al.,2021; Chen et al.,2019; Li et al.,2022).

Differential equation for the motion of the
steering motor:

Tm:Tsp+Im('§m+Bm5m' (1)
Where T,, and T, represent the required torque

of the steering actuator motor and the resistance torque
of the small gear, respectively.

The differential equation for the motion of the small
gear is:

T, = (F,— F)ry,+ 1,6, + B,b,+1,, 2)
(F,—F)r,=T,+1,6,+ B,b,+1,, (3)
Ep - Tbs + Ibs 51)5‘ + Bbsébs + ure (4)

Where F,, F,, ry,, T}, 1, , T}, represent the

tension in the upper timing belt, tension in the lower
timing belt, radius of the small gear, output torque of
the large gear, radius of the large gear, and output
torque of the ball screw, respectively.

The differential equation for the motion of the
ball screw is:

Tb.s'Sbs: (Fth+mdD+BdD)D- (5)

Where Fj,, D, m,represent the tension in the tie
rod, displacement of the tie rod, and mass of the tie rod,
respectively.

The differential equation for the motion of the
front wheels of the car is:

Ty —Toy=1I;6,+ B;b;+ ;. (6)

Where T} represents the output torque of the
steering lever, and satisfies:

T, =F,sgn (6f). (7

By combining the above equations, the

differential equation for the motion of the steer-by-
wire system can be obtained as:

qusf+Beq5f+feq+Tef:isteer:Fm' (8)

Where I, , f.

equivalent moment of inertia, rotational friction torque,

and viscous friction torque of the steering system,

respectively. And I.,, B.,, t..satisfy the following

¢ » Beg, and 7., represent the

relationship:
qu = If + Z’szcrewilzever :
(le + Ibs + my /izcrew + Z.z%ulley (Im + Isp))
Beq - Bf + ifcrew il%wer :
(Blp + Bbs + Bd/izcrew + i]?ully (Bm + Bsp)) . (9)
feq - Tf + isrew ileve?‘ (Z..zcrew sp + flp + fbs)

From equation (9), it can be seen that the required
torque of the steering actuator motor is:

_ L6+ Bubi+ fuyt 7y

Usteer

T, (10)

DETERMINING THE SYSTEM GEAR RATIO

Compared to mechanical steering, the wire-
controlled steering system utilizes a variable gear ratio,
which allows for the design of different gear ratios
based on varying vehicle speed and steering angle
requirements. In order to achieve a neutral steering
condition as much as possible, corresponding gear
ratios are designed. For low-speed driving, where a
large steering input is required during turns, the
system's steering sensitivity should be increased by
using a smaller gear ratio. However, to prevent the
steering from being overly sensitive, a minimum value
should be set. On the other hand, for high-speed
driving, in order to enhance handling stability and
minimize the negative effects of driver misoperation, a
larger gear ratio should be employed. However, care
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should be taken to avoid excessively large gear ratios,
which may result in delayed steering response during
overtaking maneuvers and other driving conditions.
Therefore, an appropriate value should be selected as
the maximum gear ratio.

The gear ratios designed in this paper are as
follows:
1) For vehicle speeds of 0 ~ 20 km/h: a minimum gear
ratio of 6 is set to enhance steering sensitivity.
2) For vehicle speeds of 20 ~ 90 km/h: the gear ratio is
designed using a method that maintains a constant
steady-state yaw angular velocity gain.
3) For vehicle speeds of 90 ~ 120 km/h: the gear ratio
is designed using fuzzy control to reduce steering
sensitivity during high-speed driving.
4) For vehicle speeds above 120 km/h: a maximum
gear ratio of 25 is set to lower steering sensitivity and
enhance handling stability.

ADAPTIVE FOPID FEEDFORWARD
COMPENSATION CONTROLLER

Integer-order PID controllers have been widely
used in process control for decades due to their simple
design and good performance. In FOPID controllers, in
addition to the Kp, Ki, and Kd parameters of the
integer-order PID  controller, two additional
parameters, namely the fractional-order integral A and
fractional-order derivative L, are introduced. Therefore,
compared to integer-order PID controllers, FOPID
controllers are more flexible, accurate, and can achieve
better robustness (Yin et al.,2019; Liu et al.,2021;
Pietruch et al.,2022; Xie et al.,2023; Cheng et al.,2023).
The relationship between the two is shown in Figure 2.

A
=1 | Pl PID

FOPID

PD

>
=1

Fig.2 Relationship between FOPID and PID

The generalized PID (FOPID) transfer function
is defined as follows:
K,
GC(S)ZKP+?+K,13“. 11

When A=1 and p=1, Equation 10 represents an
integer-order PID controller, that is:
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Gc(s):Kp+%+de. (12)

By approximating the PID using the Oustaloup
algorithm, the dimensionality of FOPID is reduced.
Furthermore, based on the method of feedforward
compensation, the improved particle swarm algorithm
is used to optimize the FOPID parameters in real time.
The controller structure is shown in Figure 3.

[1/6e |
1/G(s) N
ydis) | + Jrorpl 7 s
® [roro}—s o
B Kp.Ki, Kd m
» Pso Je—2
e
yd

Fig.3 Structure diagram of FOPID controller

FOPID CONTROLLER

The designed feedforward compensation output
is given by:

. 1
The total output of the controller is then:
u®) =u, () +u;@). (14)

The rational function approximation of the
fractional calculus operator's transfer function under

the Oustaloup filter is:
N s
1 1504 7)

S =)

Where, fori =1, 2, ..., N, the zero Z;, pole p;, and

H(s) =

(15)

approximation error ¢ are given respectively:
pliwcloa,Zlipllo‘"" 77/:1
p;=10"p; 1,Z;=p,10"™  ,1=1

=awi (2]

m is the order of the approximated generalized
fractional calculus, and A, as well as the other
approximation parameters in Equation 16, are:

_ 2¢e a=L

p A—m)m’ m

we =w;, (0.001 <~ <10000)
wy = 0wy (10 <6 <10000)

The approximate transfer function of the FOPID

is given by:
() )Y

S

(16)

(17)

C(s) = (K)™ - (18)

A <A\q,and:
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K,—+/K?—4K,K,

M= 2K,
. . (19)
\— K,+vVK;—4K,K;
2 2K,
In  conclusion, the rational function

approximation of the FOPID transfer function can be
obtained as follows:

B B 1 fv:ll (1+ %)_
D(s) = ()" TI5(+ )|

T T2 eo
E(s) = (o) T (e 2).
C(s) =D(s) (i)m

PARTICLE SWARM ALGORITHM
OPTIMIZATION

To improve the optimization capability of the
algorithm and avoid getting stuck in local optima, an
adaptive neighborhood search mode is employed in
this paper. In addition to the global mode where all
particles are considered neighborhood particles, the
neighborhood mode divides particles into multiple
subgroups. Each particle only considers the particles
within its neighborhood range as its neighborhood
particles. When the fitness change rate reaches a
critical value, the neighborhood range expands, and the
population transitions from the neighborhood mode to
the global mode. If the change rate is below the critical
value, it reverts back to the neighborhood mode. The
fitness function is defined as follows:

J/tle(t)ldt. 20

Defined in a 4-dimensional search space A, there
are 100 particles. The position and update velocity of
the particles after the i-th (i=1,2,...,20) iteration are

defined as:
ot = [zk 2k 2k 2k ]
! (22)

U = [vK,,aUKnUKd?vm]

The corresponding update formula is as follows:
sy = 171 (Bppest — ')
gr = a7 (Bapesta — T )
vt =@[wuf+sy+gr]
Ty =l ol
Ci, Oy, 1, w, Bpyes» Bepest, Prefer to the self-

learning factor, social learning factor, algorithm
iteration count, inertia weight, individual best position,
neighborhood best position, and compression factor,
respectively. The adaptive inertia weight is defined as:

1) f(xzk) 2 f(ﬁferage:

(23)

kE__
W; = Whin T (Wmax — Wnin

2) f(xzk) < fxﬁ)erage:

L LC DR

max average

wF=wpa. (25)

Winax > Wnin 5 faverage s Joax » Jroun TEpresent the
upper and lower bounds of the inertia weight, as well
as the average fitness and the maximum and minimum
fitness of all particles in the k-th iteration. The
compression factor is calculated using the following
formula:

01:02:205
0:01+02:41

2
&=
|(2—Cc—+/C*—40)|
From equation (26), it can be inferred that the
PID parameters should satisfy:

VK:—4K,K,>0. 27)
From equation (27), it can be inferred that the

range of values forK,, K, and K,is:

K, < [0, 20]
K, [0,20] . (28)

K,€ [2//K.K,,100]

(26)

EXPERIMENTAL VERIFICATION

This chapter will be divided into three parts to
examine the designed adaptive FOPID controller in
this paper. Firstly, a comparison test will be conducted
with similar algorithms using test functions, along with
measuring the computational time of the particle
swarm algorithm. Secondly, a dynamic model will be
established to perform joint simulations for comparing
the controller with similar ones, evaluating the
optimization level of the algorithm, and as well as
assessing factors such as time delay and overshoot.
Finally, the program will be burned onto the
experimental platform to validate the system's
response to upper-level steering commands under the
influence of a spring load.

COMPARISON TEST OF PARTICLE SWARM
OPTIMIZATION ALGORITHM

The four test functions (as shown in Table 1) are
used to compare the particle swarm optimization
(ZPSO) algorithm in the “ARTICLE SWARM
ALGORITHM OPTIZATION” section with similar
Particle swarm optimization algorithms. The
comparable PSO algorithms include, Adaptive Inertia
Weight Particle Swarm Optimization (AW-PSO)
based on global search mode (Mezura et al.,2011),
Fixed Inertia Weight Particle Swarm Optimization (F-
PSO) based on variable neighborhood search mode,
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Swarm Optimization using the accuracy and shorter latency, the maximum number of

Compression Factor method (CF-PSO) (Wei et iterations is set to 20. After ten measurements and
al.,2022): with the values n=30, C; =C,=2.05, w, = calculations of the average values, the results are

Wmax =0.9, Wpmin =0.4. To ensure both sufficient

presented in Table 2.

Table 1. Comparison test function

Function Name

Function Expression Range Theory Extreme Error Target

Value
. [-100, 100] " 0 0.01
Sphere fl@) = Zﬂvf
i=1
nol [-30,30] ® 0 100
Rosenbrock flz) = Z 100(z; 11 —x2) %+ (z,—1)?
i=1
" [-5.12,5.12] " 0 100
Rastrigin f(@) = Z (z? —10cos(27z;) +10)
i=1
4 1, N [-600, 600] ™ 0 0.1
Griewank 4000 ; T ll:ll COS(\ﬂ) +1

Table 2. Comparison of test results

Function Name APSO BPSO CPSO ZPSO
Sphere 1.8595x107(-7) 1.2777x107(-7) 2.6777x10°(-7) 8.8493x107(-8)
Rosenbrock 0.2678 0.0901 0.5428 0.0412
Rastrigin 61.3827 41.9674 72.6319 37.8263
Griewank 0.0271 0.0099 0.0369 0.0051
Table 3. Description of relevant parameters
Parameters Name Parameter Description Unit

bm

B,,

sp

sp

Tip

T,

Angle of steering motor rad
Angle of small pulley rad
Angle of large pulley rad
Angle of ball screw rad
Angle of front wheel rad
Viscous friction of steer motor shaft Nemes
Viscous friction of small pulley Nemes
Viscous friction of large pulley Nemes
Viscous friction of ball screw Nemes
Viscous friction of drag rod Nemes
Viscous friction of front wheel Nemes
Inertia of motor shaft kgem?
Inertia of small pulley kgem?
Inertia of large pulley kgem?
Inertia of ball screw kgem?
Inertia of front wheel kgem?
Friction torque of small pulley Nem
Friction torque of large pulley Nem
Friction torque of ball screw Nem
Torque imposing on front wheels Nem
Tire lateral stiffness of front wheel Nem /rad
Tire lateral stiffness of rear wheel Nem /rad
Gross vehicle weight kg
Length from front axis to gravity center m
Length from rear axis to gravity center m
Length of the tire footprint m
the equivalent moment of inertia kgem?
the equivalent moment of rotational friction torque Nem
the equivalent moment of viscous friction torque Nem
the equivalent moment of steering system Nem
displacement of the tie rod m

the tension in the upper timing belt
tension in the lower timing belt
radius of the small gear
output torque of the large gear
radius of the large gear

output torque of the ball screw
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The results show that the particle swarm
algorithm proposed in 3.2 exhibits a reduction in
calculation errors of 30.7% to 66.9% compared to
APSO, BPSO, and CPSO on the Sphere test function.
For the Rosenbrock test function, the calculation errors
decrease by 54.3% to 92%. Similarly, for the Rastrigin
test function, the errors decrease by 9.8% to 47.9%,
and for the Griewank test function, the errors decrease
by 48.5% to 86.2%. Consequently, it can be concluded
that the particle swarm algorithm proposed in 3.2
demonstrates significantly superior optimization
capabilities compared to the other three algorithms.
Therefore, this algorithm exhibits greater precision and
stability in meeting the requirements.

EPS BENCH TEST

To validate angle tracking control in autonomous
driving scenarios, an Electric Power Steering (EPS)
bench test is conducted for angle control without a
steering wheel. The bench test setup, as shown in
Figure 4, includes the integration of angle control and
motor drive programs within the Electronic Control
Unit (ECU). The bench test consists of a steering wheel
assembly, steering actuator assembly, host computer,
12V DC power supply, and a spring load. The
maximum spring load during rack travel is 20 kN.
Communication is established between CANalyzer
and the ECU, with CANalyzer sending steering angle
commands to the ECU. The ECU calculates the
required motor torque and controls it directly to the
steering actuator assembly, thus achieving front-wheel
angle control. This paper analyzes the steering
performance in autonomous driving scenarios from
four aspects: time delay, overshoot, accuracy, and
rotational speed (Xie et al.,2022; Shi et al.,2022).

—

Fig.4 EPS Test bench

CASE I: STEP RESPONSE

Set a continuous step signal with a step value of
A in CANalyzer, and record the angle value, motor
torque, and steering speed in CANape.

As shown in Figure 5-7, significant fluctuations
occur around 9.2 seconds. At this point, the system

experiences a brief delay of approximately 0.2 seconds
and an overshoot of around 10 degrees after receiving
a step input steering angle command of 40 degrees. It
then re-enters a steady state, quickly reducing the
tracking error. The steady-state error is approximately
2 degrees, as shown in Figure 10. At this time, the
steering speed reaches 0.94 rad/s, and the motor torque
is 1 Nm. The torque exhibits minimal fluctuations.
Even under high-speed command inputs, the system is
still capable of quickly reaching a steady state.

During the testing process, The maximum
overshoot is 1.57 degrees, and the maximum steering
speed is 1.17rad/s. The maximum output torque of the
steering motor is 1.66Nm. Therefore, it can be
concluded that the system can quickly reach the target
angle after receiving the angle command and can
maintain the steering wheel angle error at around 1
degree in steady-state conditions.

300 4 A

—— Actual corner
2304 — Lxpected corner
2004

Steering angle (deg)

T T T T
0 5 10 15 20
Sample time (s)

Fig.5 Steer angle of EPS bench

MoLor torgue

Motor torque (N.m)

T T T T |
0 a 10 15 20 25
Sample time (s)

Fig.6 Motor torque of EPS bench
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— Steering speed

1.0+

0.0

Steering speed (rad/s)

USRS

-1.5 T T T
0 5 10 15
Sample time (5)

Fig.7 Steering speed of EPS bench

CASE II: SINUSOIDAL RESPONSE

In CANalyzer, the desired steering angle is set to
300 with a period of 10 seconds using a sinusoidal
waveform. The steering angle command is sent to the
ECU through CANalyzer, and the steering angle,
motor torque, and steering speed are recorded in
CANape.

I IR Target corner
500 p
----- Actual corner

100

300 o " " o .
" a3

4

200 4

-100 4

Steering angle (deg)
g
f

=200 4

il

I

[

P
i
P
I
.

'
1
!
1
}
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!
|
Y
Vol
HE
1
!
1
]
1
|
1
1

Ly

pomme

A

T T T T 1
o 10 20 30 A0 al 60 0

Sample Lime (s)

Fig.8 Comparison of steering angles under sinusoidal
signal input of EPS bench

Motor torgue

Motor torque (M.m})

2 T T T T T T
0 10 20 30 0 By 60 0

Sample time (s)

Fig.9 Motor torque under sinusoidal signal input of
EPS bench
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—— Steering speed

Steering speed (rad/s)

=0.6 4

0.8 T T T T T T T

Sample time (s)

Fig.10 Steering speed under sinusoidal signal input

As shown in Figures 8 to 10, under the given
sinusoidal signal input, the system demonstrates better
tracking control performance compared to a step input.
The delay time is approximately 0.02 seconds, the
maximum steering speed is 0.70rad/s, and the
maximum output torque of the steering motor is
2.27Nm. The system only produces larger noise points
at the beginning and end of the angle control, but they
are still within a reasonable range. Therefore, it can be
concluded that under these test conditions, the system
can achieve good angle tracking control performance.

CONCLUSIONS

This study investigates the performance of the
adaptive FOPID controller in angle tracking control of
steer-by-wire systems. The following key findings are
presented:

1) By comparing four test functions mentioned
in reference with three other similar optimization
algorithms, the proposed particle swarm optimization
(PSO) algorithm demonstrates significantly superior
optimization capability compared to AW-PSO, F-PSO,
and CF-PSO. The errors are within the reasonable
range specified in reference, indicating the stability and
optimization ability of the algorithm.

2) Through simulation comparisons with similar
controllers, the designed controller in this study
achieves a reduction of 73.67% and 7.36% in
maximum tracking errors, as well as a reduction of
78.79% and 50% in average tracking errors,
respectively. The time delay is shortened by 20.71%
and 13.29%. These improvements in time delay,
control accuracy, and robustness are evident compared
to other similar controllers.

3) The overall performance of the controller is
tested through EPS bench experiments. The results
demonstrate that the ZFOPID controller exhibits strong
robustness, shorter time delay, and good tracking
control performance.

The designed controller in this study
demonstrates favorable control effects in terms of time
delay, overshoot, and control errors. However, when
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the steering angle changes rapidly (1 rad/s), significant
overshoot may occur due to factors such as inertia.
Nonetheless, this overshoot remains within a
reasonable range. Future work will focus on addressing
this issue to further improve the controller's
performance.
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