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Bolt connections are common in industrial and manufacturing applications; however, improper torque
tightening can lead to issues such as over-tightening or under-tightening, which negatively affect connection
quality and lifespan. To enhance the precision of bolt tightening, this paper introduces a particle swarm op-
timization (PSO) algorithm to optimize a fuzzy proportional—integral-derivative (FPID) controller. Effective
methods for adjusting the parameters of the PSO and FPID control systems are also explored to improve the
control performance while ensuring stability and reliability under complex load conditions. Simulations were
conducted using MATLAB Simulink to compare the tightening speeds of the PSO-optimized FPID controller,
the PSO-optimized PID controller, the traditional FPID controller, and the PID controller. Results indicate that
the PSO-optimized FPID controller significantly improves the response speed, reduces overshoot, and enhances
the system’s adaptability and robustness. In experiments targeting a torque of 12 N'm, the average deviation is
0.108 N 'm, achieving a control accuracy of 0.9 %. These findings validate the effectiveness of the proposed con-
trol system and demonstrate a marked improvement in the precision of bolt tightening. Overall, this research
highlights the potential of integrating PSO into FPID control to enhance the bolt connection quality and reliabil-
ity, addressing a critical aspect of industrial fastening.

With the continuous advancement of industrial technology
and the development of the manufacturing industry, the re-
quirements for bolt tightening have become increasingly
stringent. The industrial sector’s demands for assembly qual-
ity, speed, and cost efficiency drive the in-depth research and
improvement of bolt tightening technology (Hu et al., 2020;
Shi et al., 2024). In fields such as automotive, aerospace, and
electronic equipment, the quality of bolt tightening directly
impacts the safety and reliability of products (Yang et al.,
2023). Consequently, bolt tightening technology has grad-
ually become a crucial technology in mechanical assembly
(Nah and Choi, 2018).

Traditional methods for bolt connection control primarily
include the torque method, torque—angle method, yield point
method, and elongation method (Matsumura et al., 1995;
Shoberg, 2000; Tsuji and Maruyama, 1999). Each of these

methods has certain limitations that prevents it from meeting
the requirements of high precision, low cost, and high mate-
rial utilization (Zhan et al., 2013; He et al., 2014).

In the late 20th century, proportional—integral-derivative
(PID) control was widely adopted to address the challenges
of bolt tightening torque control (Chang, 2015; Merrikh-
Bayat et al., 2015; Yao et al., 2024). However, in the face
of complex multivariable, nonlinear, and time-varying char-
acteristics, parameter tuning often leads to poor control per-
formance (Ahmadnia et al., 2024; Geng et al., 2022; Jia et
al., 2023). To achieve precise bolt tightening control, many
researchers have combined modern control technologies with
traditional torque control methods (Dhayagude et al., 1996;
Jia et al., 2019). Wu et al. (2020b) designed an adaptive-
gain second-order sliding-mode controller (SMC) to over-
come nonlinearity and uncertainty, ignoring the fact that the
SMC may face chattering and sensitivity to model errors. The
model-free fuzzy logic controller (FLC) developed by De-



ters et al. (2013, 2015) achieves precise control by regulating
the tightening angle, but its optimization capabilities are lim-
ited. Wu et al. (2020a) further improved the torque control
by combining the FLC with the torque—angle method, reduc-
ing the need for accurate modeling and enhancing the per-
formance under varying conditions. Althoefer et al. (2008)
and Liu et al. (2020) applied neural networks together with
FLC to predict bolt tightening outcomes. Liu et al. (2016)
designed an adaptive recursive controller based on a fuzzy
system. Using a gray model for fuzzy PID (FPID) control,
Zhang and Xiao (2024) proposed a nonlinear control system
that outperformed traditional FPID systems. Although PID
controllers generally outperform FLC and basic PID con-
trollers in controlling nonlinear systems, the actual imple-
mentation of FPID control requires complex adjustment of
the PID parameters within the FPID controller (An et al.,
2023; Boudia et al., 2021). This process increases the diffi-
culty of system design and debugging, thus introducing sub-
jectivity and uncertainty (Hermassi et al., 2024).

Many scholars have integrated modern control technology
with artificial intelligence (Al) to tackle the challenges of
parameter adjustment and subjectivity (Alenizi et al., 2023;
Li et al.,, 2024; Wang et al., 2022). For instance, Hasan
et al. (2023) optimized the initial weights of a neural net-
work PID controller by combining particle swarm optimiza-
tion (PSO) and genetic algorithms to manage voltage fluc-
tuations in microgrids. Altbawi et al. (2024) improved the
tuning of fractional-order PID controllers using a gradient-
based optimization algorithm to enhance system robustness.
Giin (2023) developed a PID controller employing differ-
ential evolution for the low-energy positioning control of
quadrotors. Manuel et al. (2023) evaluated various optimiza-
tion algorithms for PID controllers and found that teaching—
learning-based optimization (TLBO) was the fastest in iden-
tifying optimal values, followed closely by PSO.

In bolt tightening, the PSO-optimized FPID controller im-
proved stability and robustness by handling nonlinear, time-
varying dynamics(Muftah et al., 2022). By adjusting its pa-
rameters dynamically, the controller maintains the perfor-
mance despite fluctuations in friction and elasticity, ensuring
reliable control without needing an accurate system model
(gtimac et al., 2014; Sun et al., 2022).

In addition, finite-element analysis (FEA) is commonly
used to examine stress distribution, deformation, and fric-
tion in bolts under different tightening conditions (Feng et
al., 2023; Zheng et al., 2025). However, FEA’s high com-
putational cost and reliance on linear assumptions limit its
practical use for precise torque control in bolt tightening
(Chen et al., 2023; Giir and Cen, 2024). Overall, while Al-
enhanced control methods are being increasingly applied, re-
search combining traditional control strategies with Al re-
mains limited.

This study employs the torque—angle method to translate
the precise control of tightening torque into speed control for
a servo motor, effectively addressing the nonlinearity and un-

certainty caused by material properties, friction coefficients,
and manufacturing precision. We designed a PSO-optimized
FPID control system to tackle nonlinear issues arising from
inertia, mechanical vibrations, and friction during the servo
motor’s startup, deceleration, and stopping phases. Precise
control over nonlinear dynamics can be achieved by opti-
mizing the controller parameters and integrating the FLC.
The combination of PSO and the FPID controller enhances
the system’s dynamic performance and control accuracy, im-
proving robustness and adaptability while maintaining low
sensitivity to the model and practical conditions. This in-
novative approach offers new perspectives and methods for
control systems with broad application potential.

The remainder of this paper focuses on the following: es-
tablishing a mathematical model for bolt connections, ana-
lyzing the tightening mechanism’s speed, and developing a
corresponding control model. We propose a control strategy
that combines PSO with an FPID controller for simulation
experiments. The study concludes with a summary of the re-
search findings.

A mathematical model that can accurately describe the be-
havior and characteristics of a system must be established to
provide a theoretical foundation for system analysis, design,
and control. Through this mathematical model, the internal
mechanisms of the system can be deeply understood, the sys-
tem behavior can be predicted, and the engineering efficiency
and reliability can be improved (Liu et al., 2022a). Therefore,
developing a mathematical model for the bolt connection is
essential.

During the bolt connection, the bolt is subjected to preload
and working tensile forces, which is the most common form
of bolt connection (Jiang et al., 2022). Deformation occurs
when the bolt experiences axial force and working load,
causing the total tensile force on the bolt to differ from the
sum of the preload and working tensile force. The force anal-
ysis of the bolt is depicted in Fig. 1.

In Fig. 1, AX represents the elongation of the bolt, with
the total elongation denoted by AA — Ay, and Ay, represents
the compression of the connected components, with the to-
tal compression denoted by A = Ay, — AX. F represents the
working tension of the bolt. F represents the preload force
applied to the bolt, and F; represents the residual preload
force. The variables and definitions for each formula are
shown in Table 1.

During the assembly process, excessive preload on the bolt
can adversely affect the assembly quality and, in severe
cases, lead to bolt fracture and unpredictable consequences.
Therefore, it is necessary to perform strength calculations for



Parameter variables and definitions for comparison.

Expression Meaning Unit
AA elongation of the bolt mm
Am compression of the connected components mm

Fy pre-tightening force of the bolt N

Fi residual preload force N

¢ thread lead angle rad

Oy equivalent friction angle of the helical pair rad

f friction coefficient between helical pairs -

dy minor diameter of the thread mm

dy pitch diameter of the thread mm

P pitch of the thread mm

L length of a bolt, screw, or stud mm
Rp0.2 stress corresponds to the minimum yield stress MPa
Oca stress in the bolt under the anticipated state of preload MPa
K preload force coefficient during the bolt tightening process -

Dy outer diameter of the nut’s annular end mm

do diameter of the bolt hole mm

fe friction coefficient at the contact surface between the nut and the connected component  —

Cs system stiffness of the bolt and the connected component Nm~!
0 tightening angle °

K torque coefficient during the bolt tightening process -

Jm rotational inertia of the tightening motor kg m?
Jg rotational inertia of the planetary reducer kg m?
A rotational inertia of the load kg m?
i reduction ratio of the reducer -

my mass of the nut kg

n diameter of the nut mm

n efficiency of the planetary reducer -

T output torque Nm

Ty output torque of the tightening motor Nm

T torque experienced by the nut Nm
Uy equivalent voltage of the g axis A\

Ry resistance of the motor stator Q

Ly equivalent inductance of the g axis H

Iy equivalent current of the g axis A

Kt electromagnetic torque constant NmA~!
Te electromagnetic torque of the servo motor Nm
T load torque of the servo motor Nm
Jm rotor’s moment of inertia kg m?2
Bm equivalent damping coefficient of the servo motor Nsm™!
K. back electromotive force coefficient of the servo motor Vsrad™!
®m angular velocity of the servo motor rad s~
wr angular velocity of the servo motor rotor rads—!
Pn number of magnetic poles of the servo motor -

T; torques on the output shaft of the servo motor Nm

Ji equivalent moments of inertia of the servo motor kg m?
0; angle of rotation of the servo motor °

B; viscous damping coefficients of the servo motor Nsm™!
JL equivalent moments of inertia of the load kg m?2
By viscous damping coefficients of the planetary gearbox’s Nsm™!
oL angle of rotation of the load °
Tre(6) equivalent friction torque Nm

X; position vector of the ith particle m

v; velocity vector of the ith particle ms™~!
pBest; historical best position vector of the ith particle itself m




Continued.

Expression Meaning Unit

gBest; historical best position vector of the ith particle in the swarm m

Viy] velocity vector of the (i + 1)th particle ms™~!

Xit1 position vector of the (i 4+ 1)th particle m

rand random numbers on the interval [0, 1] -

rand, random numbers on the interval [0, 1] -

w inertia weight -

C1,C) learning factors -

Kp proportional coefficient -

K; integral time constant S

Ky derivative time constant S

A* fuzziness of the input quantity -

ITAE integral of time multiplied by the absolute error sm

i According to the fourth strength theory (Liu et al., 2022b),
F
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Force diagram of the bolt connection: (a) loose nut,
(b) tightened nut, and (c) bare working load.

the bolt connection (Lin et al., 2021). The tensile stress (o)
and torsional shear stress () on bolts in a plastic state are
given by

fo 1)
0=—>
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34
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L P+ 90§ o
43
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g _2%, ~ 22 111557, 3
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where ¢ represents the thread lead angle, ¢, denotes the
equivalent friction angle of the helical pair, f signifies the
friction coefficient between helical pairs, d; stands for the
minor diameter of the thread, d> represents the pitch diame-
ter of the thread, and P denotes the pitch.

which is as follows:
Oca = \/m, 4)

when the length of a bolt, screw, or stud is L > 2.5d, the
plastic elongation of the bolt reaches 0.2 %, and the stress
corresponds to the minimum yield stress point R0 of the
bolt (Noble, 2013).

E - Ry

\/1 +3[% (;% + 1.155f)]2

, ®)

Oca =

where o, represents the stress in the bolt under the antici-
pated state of preload.

From Eq. (5), the preload force F acting on the bolt due to
combined tension and torsion can be obtained as follows:

E - Ry Ag

\/1+3[% (,,%2+ 1.155f)]2,

T
A= Zd%. (7

F =

(6)

According to Eq. (6), the preload force acting on the bolt is
closely related to the friction coefficient between the helical
pairs.

The tightening torque 7' of the bolt is the sum of the thread
friction torque (71,) between the bolt and the nut and the fric-
tion torque (7}) between the nut and the contact surface of the
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Schematic illustrating the relationship between the bolt
tightening torque and angle.

connected components.

T=Tn+Ty (8)
d
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T 1fFDS_dS (10)
b=xzJefo5—03
377 D2 — 42

Egs. (8)—(9) result in the following:

3

To= 2 Fo | dot (¢ + )+2fl8 dq =KFyd, (11)
— n _ _Vv VU _
0 2 0 2 tal §0V 3 CD(% dg oa,

where K is the preload force coefficient during the bolt tight-
ening process, Dy is the outer diameter of the nut’s annular
end, dy is the diameter of the bolt hole, and f. is the fric-
tion coefficient at the contact surface between the nut and the
connected component.

According to the above equation, the main factors affect-
ing the tightening torque of the bolt are the friction coeffi-
cient f between the helical pairs and the friction coefficient
fc between the nut and the contact surface of the connected
component.

The use of the torque—angle method to control bolt tight-
ening effectively reduces the impact of the two friction co-
efficients on the tightening process. The tightening process
can be divided into four stages: the contact stage, snug stage,
elastic linear stage, and plastic yielding stage. This process
involves three variables: tightening torque, preload force, and
tightening angle (Fig. 2).

In Fig. 2, T} represents the torque when the bolt contacts
the nut, 7> denotes the snug torque when the bolt (or nut)
contacts the connected component, and 73 signifies the tight-
ening torque when the bolt (or nut) and the connected com-
ponent are being tightened. From practical engineering, it is
known that the snug torque 7> =~ 0.2573. In the elastic region,
the relationship between preload force and rotation angle is
given by Eq. (12):

0, (12)

where Cs = % is the system stiffness of the bolt and the
connected component and 8 represents the angle of rotation
of the bolt or nut, namely, the tightening angle. The preload
force (Fp) of the bolt is directly proportional to the angle of
rotation of the bolt (or nut).

The relationship between bolt tightening torque and tight-
ening angle, derived from Eqgs. (11)—(12), is described by the

following:

CoCm P 2 D}-d3
=T | dtan(p+¢,)+ = fo—a—2 |6, (13
T =K, (14)

where Kj is the torque coefficient during the bolt tightening.

In the mathematical modeling analysis of the torque—angle
method, the relationship between the tightening torque and
angle is proportional within the elastic region of the bolt.
Therefore, the precise control of the bolt tightening torque
can be considered the precise control of the bolt tightening
angle. The bolt tightening angle 6 is related to the speed w
and the rotation time ¢ of the tightening mechanism. There-
fore, research on the control of the bolt tightening torque can
be viewed as research on the control of the motor speed in
the tightening mechanism.

Building upon the torque—angle method, this work divides
the bolt tightening process into three stages: the contact
stage, snug stage, and tightening stage. Torque calculation
and analysis are conducted for each stage, and the tighten-
ing speed is designed by considering the working efficiency
and control precision during the actual tightening. The prin-
ciples of segment by segment and speed by speed are adopted
to control the tightening mechanism’s speed. An S-shaped
velocity curve with smooth velocity variation and minimal
impact vibration, characterized by a trapezoidal acceleration
curve, is selected for the velocity planning of the tightening
mechanism (Fang et al., 2020).

In Fig. 3, segment OC represents the capping stage during
the bolt tightening, indicating complete contact between the
nut and the bolt. At this point, the torque is relatively low, and
the motor operates at its rated speed. Segment DG represents
the snugging stage, where the snug torque is achieved, fol-
lowed by the elastic stage (HK segment), where linear tight-
ening occurs. At point K, the motor speed is zero, and the
torque reaches the plastic yield stage without causing dam-
age to the bolt. The effective moment of inertia after the plan-
etary reducer, denoted as Jeft, is calculated as follows:

Jett = Jm+ Jg- N>+ J1 17, (15)
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Speed and acceleration curves of the AC servo motor.

where Ju, Jg, and J, respectively, represent the rotational
inertia of the tightening motor, the rotational inertia of the
planetary reducer, and the rotational inertia of the load. i rep-
resents the reduction ratio of the reducer. Assuming that the
rotational inertia of the load does not change with variations
in speed and torque, and using ) and r| to represent the mass
and diameter of the nut, respectively, Eq. (16) can be derived
as follows:
1 2
Sh==-m-rf. (16)
2
In calculating the acceleration of the tightening motor under
load, the efficiency n of the planetary reducer needs to be
considered. The output torque 7 is

To=n -Tn-i. (17)

The output torque (7Ty,) is the rated torque of the motor. Us-
ing Eqgs. (15)—(17) and Newton’s second law, the formula for
the acceleration of the motor under load can be derived as
follows:

To—Ti
a= =

n-Tm-N-—T
Jett  Im+Jg- N2+ L omyor? 2

; (18)

where Tj is the output torque of the tightening motor and T}
is the torque experienced by the nut.

The tightening mechanism can be divided into the power and
transmission systems. The former primarily consists of the
motor, and the latter comprises the reducer and linkage com-
ponents. This study employs an AC servo motor due to its
compact size, long lifespan, fast computational speed, and
robust control capabilities. The AC servo motor, consisting of
a stator and a rotor, is controlled through the position, speed,

Ti(s)
Tds) Y —

Ufs) + I(s)

Wy(s)
UR+Ls) 9 K >

1A +B) >

K.

Block diagram of the AC servo motor control system.

and current loops. For effective control of the AC servo mo-
tor, its mathematical model must be simplified in a manner
that does not significantly affect the results. Given the in-
herent nonlinear behavior of the motor, certain assumptions
must be made about the motor (Gao et al., 2012; Hou et al.,
2017).

1. The hysteresis phenomenon of magnetic flux and eddy
current losses are not considered.

2. The counter-electromotive force generated by the per-
manent magnet is uniformly distributed according to a
certain pattern.

3. The leakage of the magnetic flux from the motor wind-
ings and the excessive saturation of the iron core are
ignored.

4. Damping on the permanent magnet is not taken into ac-
count, and the absence of damping windings on the rotor
is assumed.

In Fig. 4, U, represents the equivalent voltage of the
q axis, Ry represents the resistance of the motor stator, L,
is the equivalent inductance of the ¢ axis, I, represents the
equivalent current of the ¢ axis, K; denotes the electro-
magnetic torque constant, T, represents the electromagnetic
torque of the servo motor, 71 is the load torque of the servo
motor, J, represents the rotor’s moment of inertia, By, is the
equivalent damping coefficient of the servo motor, K is the
back electromotive force coefficient of the servo motor, and
o 18 the angular velocity of the servo motor.

In the d—¢g coordinate system, the voltage equations for the
servo motor are given by Egs. (19)-(20):

dl

Uq :Rs]q+qu_tq+erdld+wr’ (19)
dly

Ug = Rslq+ Ld_dt —awcLgly, 20)

where w; is the angular velocity of the servo motor rotor. The
relationship between the servo rotor angular velocity and the
mechanical angular velocity (wp,) of the servo motor is given
by Eq. (21):

@Wr = PnWm, 21

where p, is the number of magnetic poles of the servo motor.
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Simplified model of the planetary gearbox.

To ensure that the magnetic field vector of the servo motor
rotor is orthogonal to the armature current vector, making
I3 =0, the equation for the electromagnetic torque (7¢) at
this point is given by Eq. (22):

dw
T, = T, + Bnom + de—tm. (22)

The balance equation for voltage and current in the servo mo-
tor is given by

di,

Ug = Rylg +Lg— + Kewom, (23)
1 dwpm

I,=—\Jn——+1TL]). 24

q Kt( m dr + L) ( )

Combining Eqgs. (22)—(24), the control equation for the servo
motor is given by Eq. (25).

dwm
(RyBin + KeK) @m + (JmRs + BmLy) .
dza)m d71,
+ Jqu— = Uq Kt - RSTL - Lq W (25)

The transmission system in the tightening mechanism uti-
lizes a planetary gearbox to reduce the speed of the servo
motor and increase the torque output. Its mathematical model
can be represented using an elastic system model (Liu et al.,
2015).

Figure 5 shows the simplified model of the planetary gear-
box, with the torque balance equations for its input and out-
put shafts given by Egs. (26)—(27).

Ti(s) = Jis*0;(s) + Bisi(s) + T + Ty (6;) — d, (26)
iTL(s) = Jus?00(s) + BLsOL(s) + TL+ Ty (L) —d,  (27)

where T; and 71, are the torques of the output shaft of the
servo motor and the load, respectively; J;i and Ji are the
equivalent moments of inertia of the servo motor and the
load, respectively; 6; is the angle of rotation of the servo mo-
tor; B; and B, are the viscous damping coefficients of the
servo motor and the planetary gearbox’s driven wheel, re-
spectively; T is the equivalent torque acting on the gear train
of the planetary gearbox; i is the reduction ratio of the plan-
etary gearbox; and 6, is the angle of rotation of the load.

1(Js+B) o] Us 4

| G

Diagram of the transmission system.

0;

By substituting 6, = =+ into Eq. (27) and combining it
with Eq. (26), Eq. (28) can be obtained.
T, -1t
bu(s) = — (28)
s[(5+50)s+Bi+ LB )i
From Eq. (28), Eqgs. (29)—(31) can be derived.
1
Je=Ji+ i_2JL’ (29)
Ji = Jm +i%- g, (30)
1
Be=Bi+l._zBL, (3D

where J. is the equivalent moment of inertia and B is the
damping coefficient. The equivalent mathematical model of
the transmission system can be obtained from Egs. (26)—(31).

Je =T, — T — Beb — Tre () + de. (32)

where T, is the equivalent output torque of the transmission
system, 6 is the rotation angle of the output shaft of the trans-
mission system, 77, is the torque of the load, Tfe(é) is the
equivalent friction torque, and d is the equivalent error.

Under practical application conditions, Be, By, and Tfe(é)
are small enough to ignore the equivalent friction torque
Tto(), equivalent damping coefficient B., and equivalent vis-
cous damping coefficient By, of the servo motor to simplify
the model, as shown in Fig. 6.

Traditional PID tuning methods, such as engineering esti-
mates and trial and error, often face limitations due to sub-
jective influence and restricted applicability (Hagiwara et
al., 2013). This study uses the PSO algorithm to enhance
PID tuning, leveraging its global search ability, efficiency,
simplicity, and adaptability to find optimal PID parameters
(Charkoutsis and Kara-Mohamed, 2023; Kashyap and Parhi,
2021). Integrating PSO into an FPID controller improves
control accuracy and responsiveness by enabling real-time
parameter adjustment, bridging the gap between model pre-
dictions and real-world conditions and adapting effectively
to variable operational demands (Muftah et al., 2023; Shao
et al., 2022).
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Relationship between the velocity and position of parti-
cles in a 2D space and their update process in PSO.

The PSO algorithm is renowned for its excellent global
search strategy and simple operational model, making it
highly effective in optimizing PID controller parameters and
thereby enhancing system control performance (Liu et al.,
2021; Song et al., 2021). This algorithm is a type of swarm
intelligence optimization technique that mimics the behavior
of bird flocks or fish schools, where each particle adjusts its
position and velocity in the solution space based on its own
experience and collaborative information from the group to
find the optimal solution. Each particle has a position vec-
tor, which represents the candidate solution’s location, and
a velocity vector, which indicates the particle’s movement
direction and speed within the solution space (Song et al.,
2022).

Figure 7 illustrates the relationship between the velocity
and position of particles in the 2D space of the PSO algo-
rithm and presents a diagram of the updates. In the figure, x;
represents the position vector of the ith particle, v; is the ve-
locity vector of the ith particle, pBest; denotes the historical
best position vector of the ith particle itself, and gBest; rep-
resents the historical best position vector of the i th particle in
the swarm. The corresponding equations are shown below, in
Eqgs. (33)—(34):

Vi+1 = w-v; +cy -rand; - (pBest; — x;)
+ ¢3 - rand; - (gBest — x;), (33)
Xit1 =X; +viy1, (34)

where v;1 is the velocity vector of the (i 4 1)th particle, x; 41
is the position vector of the (i 4+ 1)th particle, rand; and rand;
are random numbers on the interval [0, 1], w is the inertia
weight, and ¢; and c; are the learning factors. The flowchart
of the particle swarm optimization algorithm is illustrated in
Fig. 8.

The FPID controller combines fuzzy sets and fuzzy rules
from fuzzy logic with the traditional PID controller, trans-
forming precise values into fuzzy outputs through fuzzifi-
cation and fuzzy inference and obtaining PID control out-
puts through defuzzification. The FPID controller adjusts the

Initialize particle swarm

v

—| Update position and velocity

v

Update personal best position

No +

Update global best position

v

The global optimal solution is obtained
by evaluating individual particles

he end condition 1S
satistied ?

Flowchart of the PSO algorithm.

three input parameters of the PID controller in real time
based on the error (the difference between the desired value
and the output value) and its rate of change, thereby achiev-
ing control of the target.

Figure 9 depicts the structural diagram of the FPID con-
troller, where r(¢) represents the set point; y(¢) represents the
actual output value; and e represents the error between them,
e =r(t) — y(t). ec represents the rate of change in the error;
AK,, AKj, and AKq are the control parameters for the fuzzy
control output.

According to the control requirements, a positional PID
controller is adopted (Liu and Chen, 2023) and expressed as
in Eq. (35):

de(?)
dr

t
u(t) =kp | e(t)+ % / e(t)dr + Ty

1

0
t

=er(t)+Ki/e(t)dt+Kd
0

de(?)
dr

(35)

where K, Kj, and K4 represent the proportional coefficient,
integral time constant, and derivative time constant, respec-
tively.
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Structural diagram of the FPID controller.

Fuzzification is the process of transforming real values of
input variables into linguistic variable values within the basic
domain. This is achieved through membership functions, and
the selection of appropriate membership functions is crucial.
Triangular membership functions are particularly advanta-
geous due to their mathematical simplicity, strong adjustabil-
ity, and adaptability (Xie et al., 2023). Their form is shown
in Eq. (36).

0, x<a
x—a’ a<x<b
F(x;abc) ?:? (36)
, b<x<c
c—b
0, c<x

In fuzzy control systems, if—then expressions are commonly
used to represent fuzzy rules. This form of rules has the ad-
vantages of being easy to understand and implement, flex-
ible, intuitive, and computationally efficient. If each fuzzy
statement provides a fuzzy mapping relationship (denoted as
R;) and the number of fuzzy relationships is n, then the over-
all fuzzy mapping relationship of the entire system is given
by Eq. (37):
R=U",R" (37)
After fuzzy inference, the fuzzy quantity of the system output
is
U*=A* UL R =U" ((A*-R)=U",U;, (38)
where A* represents the fuzziness of the input quantity.
Defuzzification is the process of obtaining a precise value
that best represents the content of the fuzzy set obtained
through reasoning. There are mainly three methods for de-
fuzzification: the maximum membership principle, the cen-
troid method, and the weighted average method. Among
them, the centroid method simplifies the calculation process,
improves computational efficiency, ensures the stability and
robustness of the control system, and is suitable for practical

applications of various control problems. The algebraic form
of the centroid method is given by Eq. (39):
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This study employs the PSO algorithm to optimize the pa-
rameters of the PID controller combined with FLC to gen-
erate a FPID controller for controlling the speed error of
the AC servo motor. Seven fuzzy variables, NB, NM, NS,
70, PS, PM, PB, respectively, represent negative large, neg-
ative medium, negative small, zero, positive small, positive
medium, and positive large. Forty-nine fuzzy rules are de-
signed (Zhang et al., 2021). The specific fuzzy control rules
are as follows:

1. When the error |e| is large, to reduce the error and pre-
vent integral saturation, a larger AK},, a moderate AKg,
and a smaller AKj can be set.

2. When the error |e| is moderate, to reduce overshoot and
error, smaller or moderate values for AK}, and AKg4 and
a smaller value for A K; should be selected.

3. When the error |e| is small, to enhance system stability,
larger values for AK}, and AKj and a smaller value for
A K4 can be selected.

4. When e -ec > 0 is large and increasing, to reduce the
error, larger values for AK, and AKy can be selected
along with a moderate value for AK;j.

5. When both e and ec are zero, the values of AK,,, AKj,
and AKy remain unchanged. When either e or ec is
zero, AKp, AK;j, and AKgy are adjusted accordingly.

On the basis of practical engineering control experience,
the fuzzy control rules for AK},, AKj, and AKy are estab-
lished as shown in Table 2. Equations (40)—(42) denote the



AKp, AKj, and AKq fuzzy control rules.

€cC

NB NM NS 70 PS PM PB
NB  PB/NB/PS PB/NBNS PM/NB/NM  PM/NM/NM  PS/NM/NS  PS/ZO/NM  ZO/ZO/PS
NM PB/NB/PM PB/NB/PM  PM/NM/PS PM/NM/ZO  PS/NS/NM  ZO/ZO/NS  Z0O/ZO/ZO
NS PM/NM/ZO PM/NM/NS PM/NS/NM  PS/NS/NM ZO/ZO/NS  NS/PS/NS NS/PS/ZO
Z0 PM/NM/ZO PS/NS/NS PS/NS/NS ZO/ZOINS NS/PS/NS NM/PS/NS  NM/PM/ZO
PS PS/NS/ZO PS/NS/Z0O Z70/70/Z0 NS/PS/Z0O NS/PS/Z0 NM/PS/Z0 NM/PM/ZO
PM  ZO/ZO/PB Z0O/ZO/NS NS/PS/PS NM/PM/PS NM/PM/PS NM/PB/PS NB/PB/PB
PB Z0/Z0O/PB NS/ZO/PM  NS/PS/PM NM/PM/PM  NM/PM/PS  NB/PB/PS NB/PB/PB
PID parameters in the FPID controller. Critical proportional coefficient data.
Kp=Kp+ AK, (40) Regulatory K T; Ty
K1 =K+ AKj (41) action
Kp=Kq+ AKq4 42) p 0.5
PI 0.453; 0.85T;
The rated speed of the motor is 3000 rpm, but due to volt- PID 0.60;, 0.5T} 0.125Ty,

age errors, the actual range of the motor speed error is
[—2990, 2990]. The domain of e¢ and ec is [—3, 3], so the
quantization factor is ke = kec = ﬁ =0.00100334. The
control domain for setting the output parameters is also
[—3, 3]. In practical engineering, the proportional factor of
the FPID controller is generally 1/10 of the numerical value
in the PID controller. The membership functions and char-
acteristic surfaces of the inputs and outputs are shown in
Fig. 10.

Simulation experiments on the speed curve of the AC
servo motor are conducted using MATLAB Simulink to ver-
ify the excellent control effect of the optimized FPID con-
troller on the speed of the servo motor. The integral of time
multiplied by the absolute error (ITAE) is used as the objec-
tive function. The PSO algorithm is employed to optimize the
three parameters of the PID controller in the FPID controller
as shown in Eq. (43):

o0
ITAE = /t|e(t)|dt.
0

43)

Figure 11 shows the convergence curve of the fitness. With
the increase in the number of iterations, the fitness value
gradually decreases. When the number of iterations exceeds
20, the fitness value stabilizes and approaches 0. The pa-
rameters obtained after optimization by the PSO algorithm
are K, =145.2866, K; = 8.6072, and K4 = 0.0906, Mean-
while, the three parameters of the PID controller without op-
timization are determined using the critical proportional co-
efficient (Borase et al., 2021) to be K, = 1.8, K; =2, and
K4 =0.001. The critical proportional coefficient and the pa-
rameter list of the linguistic variables are shown in Tables 3
and 4, respectively.

Parameter list of language variables.

Linguistic Basic Fuzzy Original ~ Optimized
variables domain field parameters parameters
e [—2990,2990] [-3,3] 0.0010 0.001
ec [—2990,2990] [-3,3] 0.0010 0.001
AKp [—20,20] [-3,3] 0.1800 14.5287
AK; [-5,5] [-3,3] 0.2000 0.8607
AKy [—20,20] [-3,3] 0.0001 0.0906
Kp - - 1.8000 145.287
K; - - 2.0000 8.607
Kq - - 0.0010 0.906

The integral time 7; in the PID controller is set to infin-
ity; the derivative time Tg is set to 0; and the proportional
coefficient is gradually adjusted from small to large until the
system’s output response exhibits critical oscillation, obtain-
ing the proportional coefficient d; and critical oscillation Tk
as shown in Table 3. Simulation experiments are conducted
with the target speed set to be the rated speed of the servo
motor (Fig. 12).

Figure 13a shows the speed response curves of the PSO-
optimized FPID controller, PSO-optimized PID controller,
FPID controller, and PID controller. The response time of
the PSO-algorithm-optimized controller is superior to those
of the other two controllers, with almost zero overshoot. Fig-
ure 13b depicts the speed response curves of the four con-
trollers after a disturbance in 0.5 s, indicating that the opti-
mized controller exhibits excellent disturbance rejection ca-
pability. However, the optimized FPID controller shows sig-
nificant oscillations in response to disturbances, possibly due
to the uncertainty introduced by the application of fuzzy
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Figure 11. Convergence curve of fitness.

logic in the control that affected the controller’s performance.
Figure 13c and d illustrate the speed error curves and distur-
bance rejection error curves of the four controllers, respec-
tively, revealing that the errors of the two optimized con-
trollers are significantly smaller than those of the other two
controllers. The transient response performance indices of
the four controllers are summarized in Table 5.

As shown in Table 5 and Fig. 13, the overshoot and peak
time of the two controllers optimized by PSO are almost

https://doi.org/10.5194/ms-16-209-2025

Table 5. Transient response performance indicators of the four con-
trollers.

Controller Maximum The peak  Adjustment

overshoot time time

(Mp) [%]  (tp) [ms] (ts) [ms]
PSO-Fuzzy-PID - - 3.02
PSO-PID - - 4.73
Fuzzy-PID 10.45 7.81 15.24
PID 17.62 7.32 19.80

zero. The FPID controller and PID controller both have a
large overshoot, with the maximum overshoot (Mp) of the
PID controller reaching 17.62 %, which is far higher than that
of the FPID controller at 10.45 %. The peak time (fp) of the
PID controller is 7.32 ms, which is slightly smaller than that
of the FPID controller at 7.81 ms. This phenomenon may be
due to the longer peak time (#p) of the FPID controller caused
by the complex fuzzy logic and inference. Table 5 shows that
the adjustment time (#;) of the FPID controller and PID con-
troller after PSO optimization is 3.02 and 4.73 ms, respec-
tively, and that of the ordinary FPID controller and PID con-

Mech. Sci., 16, 209-225, 2025
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Speed response curve and error curve graph of the four controllers: (a) speed response curves, (b) speed response curve after

interference, (c) speed error curves, and (d) interference error curves.

troller is 15.24 and 19.80 ms, respectively. In summary, the
optimized FPID controller has a better control effect than the
optimized PID controller, followed by the FPID controller,
and the PID controller has an inferior control effect to the
first three controllers.

Figure 14a shows that the motor speed curves of the four
controllers closely match the theoretical curve. In the en-

larged views of the speed curves in Fig. 14b and c, the PSO
algorithm exhibits a better control effect on the optimized
PID controller than on the optimized FPID controller, and
the poorest control effect is observed for the PID controller.
The error plot in Fig. 14d also indicates that the error af-
ter the optimization of PSO is significantly smaller than that
for the other two controllers. Considering the good control
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characteristics of FPID controllers for nonlinear and uncer-
tain systems, this study selects the PSO algorithm to optimize
the FPID controller for precise control of the bolt tightening
torque.

To verify the control accuracy of the PSO-optimized fuzzy
PID controller for the servo motor speed and the accuracy
of the tightening system model, this study selects an M6
bolt of grade 8.8 as the tightening target and a Siemens S7-
1200 PLC to be used as the controller. The torque values
obtained in Sect. 2 are taken as the target for experimental
analysis.

Figure 15 shows an experimental setup specifically de-
signed to test the dynamic response of the bolt tightening
torque control and the torque output of the drive system. This
modular design features precise alignment and high flexibil-
ity. The main components are as follows:

1. M6 bolt, which ensures stability of the setup and min-
imizes measurement errors caused by vibrations and
movements;

2. sleeve, which connects the bolt to the elastic coupling,
providing damping and absorbing shocks;

3. elastic coupling, which compensates for installation er-
rors, ensures coaxial alignment, and reduces torque
shocks;

4. dynamic torque sensor, which continuously monitors
torque variations, suitable for high-dynamic-response
experiments;

5. planetary reducer, which reduces the motor output
speed while increasing torque, thus minimizing energy
loss;

6. servo motor, which delivers high-precision rotational
motion, simulating complex tightening load conditions.

The experimental platform offers high-precision measure-
ments specifically for testing the bolt tightening torque con-
trol and torque analysis. It also provides reliable data support
for optimizing the torque precision in electric drive systems.

During bolt tightening, the control performance of the PID
controller may be limited by nonlinear variations. Therefore,
this experiment tests the PSO-optimized FPID controller,



Bolt tightening torque parameters.

PSO algorithm optimizes FPID  PSO algorithm optimizes
FPID controller  controller PID controllers
Target torque [N m] 12.000 12.000 12.000
Torque average [N m] 12.108 12.268 12.867
Tightening accuracy [%] 0.900 2.233 7.225
Variance 0.019 0.023 0.124
Standard deviation 0.139 0.152 0.352
15.0
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Tightening torque test bench.

FPID controller, and PSO-optimized PID controller. Each
controller is subjected to 20 sets of experiments to analyze
their precision in controlling the bolt tightening torque. The
results are thoroughly analyzed to evaluate the differences in
torque control accuracy among these three controllers.

According to the bolt tightening torque test results shown
in Fig. 16, the PSO-optimized FPID controller performs the
best in terms of optimized control, followed by the FPID con-
troller. The PSO-optimized PID controller exhibits the least
effective performance. In the simulation model, the PSO-
optimized PID controller demonstrates superior control over
the speed curve and speed error compared with the FPID con-
troller. However, the experimental results show the opposite
outcome. This discrepancy can be attributed to the nonlin-
ear variations during bolt tightening. In such environments,
the performance of the PID controller typically falls short
compared with that of the FPID controller in handling time-
varying and nonlinear systems.

Table 6 presents the parameters related to the bolt tighten-
ing torque. According to the data, the torque control preci-
sion for the three controllers is 0.9 %, 2.233 %, and 7.225 %,
respectively. With respect to variance and standard deviation,
the PSO-optimized FPID controller exhibits the smallest de-
viation, lowest dispersion, and highest tightening precision.

Number of tests

Diagram of bolt tightening torque test.

This finding confirms the accuracy of the established tight-
ening system model and the servo motor speed curve.

This paper addresses the challenge of controlling tighten-
ing torque during bolt connections by proposing a PSO-
algorithm-optimized FPID controller based on the torque—
angle method. The control system takes the servo motor’s
speed error as input, and MATLAB Simulink is employed
to conduct simulation experiments on the transient response
performance of four controllers: the PSO-optimized FPID
controller, PSO-optimized PID controller, traditional FPID
controller, and PID controller. A bolt tightening test bench is
then established to validate the effectiveness of the proposed
control method and the accuracy of the physical model.
The experimental results demonstrate two key findings:

1. The PSO-optimized controllers exhibit nearly negligi-
ble overshoot and a 5-fold improvement in response
speed compared to conventional FPID and PID con-
trollers. This optimization allows for rapid identifica-
tion of the optimal parameter combinations, effectively
eliminating system bias, enhancing response speed, and
preventing oscillations caused by excessive overshoot.
These improvements significantly bolster the system’s
adaptability and disturbance rejection capabilities.



2. By optimizing the PID parameters using the PSO algo-
rithm and integrating them with the FLC, this method
successfully addresses the uncertainties and nonlinear
variations inherent in bolt tightening. An average devi-
ation of 0.108 Nm is achieved between the tightening
torque and the target torque, resulting in a control ac-
curacy of 0.9 %. This approach effectively improves the
quality of bolt tightening, ensuring that the torque accu-
racy remains within 3 %, thereby enhancing the reliabil-
ity of the bolt assembly.

However, the PSO-optimized fuzzy PID controller has
limitations due to its reliance on the quality of fuzzy rules
and membership functions and potential suboptimal conver-
gence, which can vary across different applications. Future
research should focus on improving these designs and refin-
ing PSO convergence using hybrid techniques. Additionally,
real-time adaptive control strategies, supported by machine
learning, along with multivariable control systems and ad-
vanced sensors, could improve handling of dynamic uncer-
tainties and enhance system robustness and control accuracy
without affecting existing experimental results.
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