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Abstract The linear one-level inverted pendulum system is a typical nonlinear unstable system, but it has an
important role in the application of microcontroller programming. Aiming at the nonlinear and natural instability of
linear one-level inverted pendulum, this paper proposes an adaptive fuzzy PID control algorithm after completing
the mathematical modeling of linear one-level inverted pendulum, and designs a fuzzy adaptive controller by
synthesizing the stability theory of Li Yapunov to satisfy the stability and control effect. The adaptive fuzzy PID
control algorithm in this paper is the core algorithm, and the intelligent control system programmed by
microcontroller is constructed. In the system simulation experiment, the overshoot of the displacement, lower
pendulum angle and upper pendulum angle of the adaptive fuzzy PID control system of this paper is about 0.02m,
0.012rad, 0.005rad, and the adjustment time is about 3s, 2.5s, 2.5s, and the results of the experimental simulation
are better than that of the conventional PID control system as a comparison, which shows an excellent performance
of the system.

Index Terms linear primary inverted pendulum, PID control, fuzzy adaptive controller, microcontroller programming
control

. Introduction

The inverted pendulum system is a typical nonlinear, strongly coupled, multivariable and naturally unstable system,
and is also one of the typical experimental equipments in universities [1]. In the whole process of control, the inverted
pendulum system can effectively reflect certain key issues, such as the key issues of system calmness, robustness,
followability and tracking [2], [3]. Many experts and scholars utilize the linear one-level inverted pendulum system
to test the correctness of various control theories and algorithms [4]. Therefore, the linear one-level inverted
pendulum system is widely used in control theory scientific research [5], [6]. The control strategy of the inverted
pendulum is extremely similar to the tricks performed by acrobats balancing on the top bar, which is extremely
interesting. Therefore, many abstract control theories such as stability, controllability of the system and the system's
immunity to interference, etc., can be visually simulated by the inverted pendulum device in the laboratory [7]-[9].
Therefore, the system has been very popular with automatic control scholars.

PID controller has the advantages of simple principle, easy to use, adaptability, robustness and reliability, which
precisely solves a series of characteristics of inverted pendulum at linear level [10], [11]. Many scholars have studied
the combination of PID control and linear primary inverted pendulum system. For example, literature [12] stabilizes
the inverted pendulum in vertical position by four different control algorithms such as PID through the established
dynamic mathematical model of the inverted pendulum system. Literature [13] investigated the magnetic bearing
using a linear model, analyzed the stability of various linear controllers, and examined the performance of the
proposed PID controller based on laboratory data. Literature [14] designed four different PID neural network (PIDNN)
controller structures for the intelligent control of an inverted pendulum (IP) system and optimized the parameters
and weights using an ant colony optimization algorithm. Literature [15] constructed a self-balancing inverted
pendulum system and utilized a PID controller to control the stability of the inverted pendulum and it was found that
the PID was adjusted by adjusting the proportional gain for oscillations, and then adjusting the integral and derivative
gains for a smoother and faster response. Literature [16] in his study introduces a nonlinear PID controller that
employs a “flash search” evolutionary tuning method to control an x-z inverted pendulum system. Literature [17]
designed a multi-PID controller control system to track the spatial inverted pendulum trajectory (SIP) and used the
Big Bang-Big Crunch optimization algorithm to tune the PID parameters, and the simulation results confirmed the
effectiveness of the proposed method. Literature [18] proposed an adaptive fuzzy proportional-integral-derivative
(AF-PID) controller for an inverted pendulum system and demonstrated that the controller can reduce the oscillation
of the inverted pendulum system and improve the system performance. Literature [19] proposed a stabilizing PID
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controller for inverted pendulum system based on genetic algorithm, which effectively suppresses the perturbations
and additive disturbances caused by parameter vibrations of the linear level inverted pendulum control system, and
outperforms the conventional PID controller in stabilization time and peak overshoot.

The linear level inverted pendulum has poor control accuracy when using traditional PID control, which cannot
meet the accuracy requirements of intelligent control programmed by microcontroller. In order to solve this problem,
this paper establishes the mathematical modeling of the linear inverted pendulum, adopts the control method
combining fuzzy control and adaptive control, and proposes the adaptive fuzzy PID control algorithm. Based on the
fuzzy controller, the adaptive law is solved according to the feedback control and adjusted parameter vectors to
eliminate the deviation of the output from the set value. The fuzzy quantities are defuzzified by the maximum
affiliation method, and the control quantities which are transformed from fuzzy quantities to exact quantities are
obtained, and the fuzzy control table is obtained. The fuzzy control table is obtained by synthesizing the Liapunov
stability theory and further adding adaptive control on the basis of the fuzzy controller. Based on the Gaussian-type
affiliation function and the definition of adaptive law, the fuzzy logic system of the adaptive fuzzy controller is
designed and the boundary control is added, which makes the fuzzy controller in a globally stable condition even
under the closed-loop state. The effectiveness of the adaptive fuzzy PID control algorithm proposed in this paper is
examined through linear level inverted pendulum simulation experiments. At the same time, the simulation
experiment of microcontroller programming intelligent control system is carried out to explore the performance of
the microcontroller programming intelligent control system constructed in this paper.

Il. Mathematical modeling of inverted pendulums at the linear level

A linear primary inverted pendulum consists of a trolley, a pendulum and other components, which are freely
connected to each other [20]. The conditions for a linear first-order inverted pendulum to swing are that the
pendulum rod of the lead hammer is able to swing freely in a plane; the cart needs to move freely on a guide rail
(without considering friction, etc.). It is assumed that the angle of rotation and moment are positive in the
counterclockwise direction. In addition, we specify the following symbols: s is the mass of the pendulum, ¢ is
the coordinate of the rotation point, m is the mass of the trolley, p is the center of mass coordinates of the
pendulum, 7 is the length of the pendulum, ; is the distance from the point ¢ to the point p, # is the friction

factor between the trolley and the guide rail, j is the moment of inertia of the pendulum, £, is the frictional
resistance moment coefficient of the pendulum around the axis of rotation, g is the external force, and ¢ is the
angle between the pendulum and the vertical upward direction, and x is the displacement of the trolley from the
origin.
Il. A.Pendulum kinematics analysis and mathematical modeling
Establish a right-angle coordinate system, and let the coordinates of the rotation point ¢ and the center of mass
D be (0,,0,)=(x,0) and (D,,D,))=(x~Isingp,lcosp), respectively.

So the force in the horizontal direction of the pendulum is:

F. = Mx" - Mlg"cos p+ Mlp" sin (1)
Then the moment balance equation of the pendulum around the point ¢ is:
(J +MI*)p" = Mglsinp— f,¢' + Mx"l cos @ ()

Il. B.Kinematic analysis and mathematical modeling of a cart
The force on the cart in the horizontal direction is:

F—fx'—F =mx" 3)
Let T=m+M., yv=Jg+M? and y = py, then the set of differential equations for the motion of a first-order

T ~Ucosg [ x"
-U cos ¢ V "
_ —U e ’ 1
(A g'sing)fx) Q NEr
0 £ s Ugsing ) (0

The differential equation for a first order inverted pendulum is obtained by linearizing the matrix equation (4) near

the Stablllty pOl 1t
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Taking the pendulum angle as the output, the transfer function is:
D(s) _ Ug

= (6)
U@s) (FU=TV)s* —(Tf, = Vs’ +(=TU - £, f,)s> =Uf, gs
The state equation of the system is obtained from equation (5)) as:
0 1 0 0 0
YA g L U UL|(x) |V
SIfe o oo, @)
o 0 0 0 1 7 0
') 1o UL _TUs I |\¢) | _U
0 0 0 0

where =1y -U".
For practical control, we use the acceleration of the motor, not the force, and have J:lMﬁ for a pendulum
3

with a uniform mass distribution, so that a first-order inverted pendulum can be physically modeled.

lll. Adaptive fuzzy PID control algorithm

Linear primary inverted pendulum has been a popular research object in the field of control because of its
nonlinearity, high order, and instability. PID control still occupies a relatively large proportion in the practical field
applications due to its simple design principle, easy to realize, better reliability and robustness. However, PID control
relies on linear system and cannot effectively deal with nonlinear control requirements, and traditional PID control
is difficult to achieve the desired control effect. For this reason, this chapter will combine fuzzy control with PID
control to form an adaptive fuzzy PID and propose an adaptive fuzzy PID control algorithm [21].

lll. A. PID control theory

The research object of classical control theory is mainly single-input single-output system, PID controller is widely
used in practical control because of its simple structure, easy to adjust, and does not need to establish an accurate
model of the system.

lll. A. 1) PID control principle analysis

D(s)  6.122
A(s) 7 -60
output of the system, 4(s) is the input to the system), and for the inverted pendulum system the output is the angle

of the pendulum whose equilibrium position is vertically upward case. The block diagram of the system control
structure is shown in Fig. [1, where K.(s) is the controller transfer function and G(s) is the transfer function of

The physical model of the actual system is known from the previous analysis: G(s) = (d(s) is the

the controlled object. Kc(s):KDs+KP+& (K, is the proportional gain, k, is the integral gain, K, is the
N

differential gain), and by adjusting the parameters of the PID controller, in order to get a satisfactory control effect.

f)=v

+
+
- 9 e (s) P u (s) G y (S)>

Figure 1: System control structure diagram

In this way the control quantity is only the angle of the pendulum, the displacement of the cart is not controlled, if
it is a single closed loop, after standing up the pendulum, the cart moves in one direction until it hits the limit signal.
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lll. A.2) Stabilization conditions for the fixed position of an inverted pendulum
To stabilize the inverted pendulum at a fixed position, it is necessary to add closed-loop control of the motor position,
thus forming a double closed-loop control of the pendulum angle and motor position. After the upright pendulum is
manifested as the motor moves left and right in a fixed position to control the pendulum from falling.

lll. B. Fuzzy controller design
n -order nonlinear systems:

y=x
In Eq. (@), u is the input to the system; y is the output of the system with u,y e R, and both £() and g()
are unknown continuous functions. (yx,,x,,---,x,)" belongs to p«, which is an » -dimensional state vector of the

X = f(xx, e, x ")+ g (%, X
{ 1 )+g( ) ®)

system and is assumed to be measurable.

lll. B. 1) Input and output variables and fuzzy language description
According to the nonlinear system in Eq. (1), the input variables of the controller are the error ¢ and the rate of
change of the error ¢ , and the output variable is the control variable . Where e represents the tracking error

and is the difference between j and y. ¢ is the first-order derivative of ¢, representing the rate of change of
the error, and 4 is the amount of change of the system output. Since the error ¢, the rate of change of the error
e, and the control variable » are constantly changing during the actual system control process, it is necessary to
establish a conversion relationship between the fuzzy and exact quantities. In order to improve the steady state
accuracy of the system, e is classified into 8 levels and its fuzzy setis {NB,NM,NS,NO, PO, PS,PM,PB}, and the
fuzzy sets of ¢ and » are {NB,NM,NS,0,PS,PM,PB}, in which these 8 fuzzy linguistic variables are, PB

(positive large), PM (positive medium), PS (positive small), PO (positive zero), NO (negative zero), NS (negative
small), NM (negative medium), and NB (negative large).

lll. B. 2) Fuzzy rule design of the controller
The purpose of fuzzy control is to eliminate the deviation of the output for the set value [22]. When selecting the
control quantity, the principle is that when the error ¢ is relatively small, the stability of the system should be the
main focus, and the control quantity is selected to prevent the system from overshooting; when the error ¢ is
relatively large, the main focus of selecting the control quantity is to eliminate the error as soon as possible.

The fuzzy rules of this controller can also be described using fuzzy conditional statements as follows:

(1)if e=nNB orNMand ¢ = NB orNMthen , = nNB;

(2)if e=nNB OrNMand ¢ = NS orOthen ,=nNB;

(3)if e=nNB OrNMand ¢ =pPS then , = Num ;

(21)if e=pN orPBand ¢ =pum or PBthen, = pp.

lll. B. 3) Assignment of fuzzy variables
According to the fuzzy conditional statement of the above fuzzy controller and the conversion relationship between
exact and fuzzy quantities, assuming that the change interval of error ¢ is [-6.6] then the domain of error ¢ is

{-6,-5,—4,-3,-2,-1,0,1,2,3,4,5,6} - The error variation ¢ is the same as the domain of the error ¢, and the interval
of variation of the control variable » is [-7,7]. Determining the thesis domains of the fuzzy variable error ¢, the
rate of change of error ¢ and the control variable « is equivalent to determining the corresponding degrees of
affiliation of the fuzzy linguistic variables.

ll. B. 4) Determination of fuzzy control table

According to the fuzzy conditional statement the corresponding fuzzy relationship can be determined, if the fuzzy
relationship of the first statement is:

r=[NB, + NM,|x NB, [ NB, + NM, |xNB, 9)
From the affiliation of the fuzzy variables, the control quantity is obtained as:
u, = min {max [/uNBt, (l):| max |:/1N1;t,( (J) tyg, (x):|} (10)
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Hyy, and uy, , uy, corresponding to the affiliation of ; and ; elements. From this, the fuzzy relationship of

the remaining statements can be obtained, then the set of fuzzy control quantities is:
U= Uy Uy ey, (1)
The fuzzy quantities are defuzzified by the maximum affiliation method, i.e., the control quantities are selected as
the elements in the fuzzy subset with the largest affiliation. In this way the control quantities which are converted
from fuzzy quantities to exact quantities can be obtained and thus the fuzzy control table can be obtained.
A simple fuzzy controller can be designed by the above 4 steps.

lll. C. Adaptive fuzzy controller design

The fuzzy adaptive controller, which is based on fuzzy controllers with the addition of adaptive control, has the main
objective of obtaining an adaptive law and a feedback control that makes the system globally stable. The fuzzy logic
system that defines the adaptive fuzzy controller is:

H'UF‘ (x)

oy () =5——6] (12)
,UFA (x;)

:2

=~

=1

Z/lpk (x,)
8y (¥) = N—G’gT (13)
2ty (x

where u,,(x;) is a Gaussian-type affiliation function and.

__k 2
uﬁ(m>=cﬁexpL—%[xlﬂ? ]J (14)

where k =1,2,3,--,M,, 6, R and @ eR areadaptive laws and are constants used to regulate the parameters.

Mg

-~

Based on Eq. (12) and Eq. (@) the control law y of the fuzzy logic system, which cannot meet the requirements
of Liapunov's stability theory, so a boundary control , is added and is:

(X)u,

=1 "Pb
sgn(e’ Pb) P )[

Jor @[+ 1° y (15)

where we have ;* _; when leTpe is greater than the specified constant, and zero otherwise.
2

So that the system state is within a bounded range and satisfies Lyapunov's theoretical stability. Then the control
law is:
w=u, +u, (16)
where _is the equivalent control, which is the output of the fuzzy logic system. The error equation obtained by
substituting Eq. (12) into Eq. (8) is:

e=Ee+b[ f(x]0,)~ f(x)+(&(x]0,)~ g, — g, | (17)
Among them:
0 0 0 0] [0]
0 0 - 00 0
E=|: : : P ClLb=]: (18)
0 0 0 0 1 0
__tn _tn—l _tn—l _tz _tl_ Lt
In the equation of g, 7= ( el )T e R" is polynomial:
h(s)=S"+4,S""+---+t, (19)

Coefficient terms of their solutions.
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The adaptive law used in this paper is:

H,upk (x )

=~ pe" P (20)
ZZﬂFk (x,)
H/JFA (x,)

0, =~ Pbyi (21)

ZZ#FA (x,)

i=

=

For simplicity, define a £(x) as:

H'UF‘ (x;)
S()=5—H—u, (22)

ZZ%W

=1 i=1

Verify the stability of this controller with respect to thls system according to the Liapunov stability theory.
The proof considers the following Lyapunov function:

1
V=—e"Pet—(0,-0,)(0,-0,)+—(0,-0.)(6,-6) (23)
2 ﬂ ﬂ
Lettherebe 9, -9 =¢, and @, -0, = ¢, , which can be obtained from Eq. (23), Egs. (20)~(22):

V= %eTPe'—g(x)eTPbud +,‘%1¢1T [Qf +ﬁ1€TPb§(x)]

;¢@+mmeﬂ

= —%eTPe—g(x)eTPbud = —%eTPe —|eTPb|

[

(24)

Jo, ]+ £G0)+

&, (o, |+ g, |

Jo, @)+ 17 @)+

&, (| +¢" (o, |

gk(x )[
< —leTPe <0
2

From the proof process, it can be concluded that the designed adaptive law satisfies the Liapunov stability theory.
So the fuzzy adaptive controller designed by the above steps can make the system globally stable in the closed
loop state.

IV. Linear level inverted pendulum simulation experiment

In this chapter, the simulation experiment of linear level inverted pendulum will be carried out to verify the
effectiveness of the adaptive fuzzy PID control algorithm proposed in this paper. The experimental environment is
a digital computer, using Matlab software, the adaptive fuzzy PID control algorithm in this paper is compared with
the fuzzy control algorithm, traditional PID and other algorithms to carry out simulation experiments.

IV. A. Experimental setup
In Matlab environment, the motion of the cart on the belt is modeled and the relevant parameters of the cart are
defined and entered. The controller is built in Similink module and the corresponding S-functions are written in
Matlab. The simulation is carried out again for 30s and the up and down swing angles and displacements of the
trolley are recorded and plotted.

The actual parameters of the cart are defined as: cart mass m, =1.096kg , pendulum 1 mass m =0.2kg ,

pendulum 2 amount 1, =0.1kg , pendulum 1,2 moment of inertia around the origin J, = 0.015kglm* , distance from
the center of rotation of pendulum 1 to the center of mass of the rod / =0.06m , distance from the center of rotation
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of pendulum 2 to the center of mass of the rod /, =0.13m, coefficient of friction between the cart and the guideway
£, =17.19, acceleration of gravity ¢ —=9.801mlls*- The initial position of the cart is {r,z1,22}={0.2,0.1,0.2}.

Combining PID control with microcontroller programming for intelligent control of inverted pendulum in linear level

IV. B. Randomized Perturbation Simulation Experiments

In order to investigate the fuzzy, PID, adaptive fuzzy PID three kinds of control methods of anti-disturbance ability,
the design of the controller, in a random position to impose a perturbation signal, compared with the addition of the
perturbation signal, the cart performance indicators change amplitude. In the system running to the second s,
applying the disturbance signal, considering the maximum change of the trolley's pendulum angle, selecting the
upper and lower pendulum angles of the trolley for simulation experiments, and obtaining the curves of the trolley's
pendulum angle as shown in Fig. 2, and Figs. (a) and (b) correspond to the upper and lower pendulum angles,
respectively. As can be seen from the figure, after applying the disturbance signal at 2 s of system operation, the
upper and lower pendulum angles of the adaptive fuzzy PID control system return to the stable state at 3 s. The
upper and lower pendulum angles of the fuzzy control and PID control require 3.5 s and 4.0 s, respectively, to return
the system to the stable operation state. After the system is gradually stabilized in a wide range, the upward and
downward swing angles of the fuzzy PID-controlled cart are still significantly better than those of the fuzzy control
and PID control. This verifies that the adaptive fuzzy PID algorithm in this paper has better suppression of external
perturbations and has better algorithm performance.

0.5

—— Fuzzy Fuzzy
== PID 0.4 4 —rD

124 —— Adaptive fuzzy PID| —— Adaptive fuzzy PID|

D (rad)
D (rad)

0.0+ 0.04

-0.4

—t— 7T T T T T L e s S S S S
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
T (s) T (s)

(a)Upper swing angle (b)Lower pendulum angle
Figure 2: Upper and lower swing angle contrast simulation curve

V. Microcontroller Programming Intelligent Control System

The microcontroller programmed intelligent control system consists of STM32F 103 microcontroller, MG513 encoder
gearmotor, first-order inverted pendulum mechanism, and WDD35D4 angle sensor of several major parts of the
closed-loop system. The overall block diagram of the first-order inverted pendulum is shown in Figure 3.

. First order inverted
WY » N
Microcontroller DC Motor e
y
\4
Encoder
Angle
Sensor

Figure 3: Overall framework of the system

V. A. How the system works
In the previous chapter, this paper verifies the effectiveness of the adaptive fuzzy PID control algorithm proposed
in this paper through the linear one-level inversion simulation experiment. The designed microcontroller
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programmed intelligent control system will be the control system with this paper's adaptive fuzzy PID control
algorithm as the core algorithm, and the basic function of human-computer interaction will be realized by OLED
display.

The first-order inverted pendulum adopts the WDD35D4 angle sensor as the sensor of the angle loop PID
controller, which detects the inclination of the pendulum and transmits the detected real-time angle analog to the
STM32F103C8T6 microcontroller, which carries out the A/D conversion and real-time processing, and calculates
the deviation from the given value, and then applies the positional PID control algorithm to derive the inclination
control output signal. The positional PID control algorithm is applied to derive the tilt control output signal. At the
same time, the MG513 encoder is used as the sensor of the position loop PID controller, which detects the position
of the base and transmits the detected real-time position information to the microcontroller. The microcontroller uses
the positional PID control algorithm to obtain the positional control output signal, and the two control signals are
combined to obtain the final control signal, which controls the actuator MG513 encoder geared motor to make the
base move horizontally on the belt. Thus, the pendulum of the inverted pendulum and the base are in a relatively
stationary, i.e. vertically upward state.

V. B. Processing module

This paper uses STM32F103C8T6 microcontroller from STMicroelectronics, which is a 32-bit microcontroller based
on ARM Cortex-M kernel STM32 series, featuring fast response speed, multi-functionality and low power
consumption.

V. C. Detection module

The detection module is divided into the tilt detection part of the pendulum and the position detection part of the
base. The tilt detection is done by WDD35D4 angle sensor, and the position detection is done by MG513 encoder
geared motor.

The WDD35D4 angle sensor is mainly used for tilt detection. Its hard shell is used to protect the sensor from
damage. At the same time using resin and conductive substances mixed with conductive plastic as a resistive
material. Through the selection of the housing and resistive materials, the WDD35D4 angle sensor is characterized
by high resolution and long mechanical life.

VI. Microcontroller Programming Intelligent Control System Simulation Experiment

In the previous chapter, the proposed adaptive fuzzy PID control algorithm was used as the core algorithm to
construct the microcontroller programming intelligent control system. In this chapter, the proposed adaptive fuzzy
PID control, conventional PID control and LQR quadratic optimal control will be used to simulate the microcontroller
programming intelligent control system at the same time to check the performance of the microcontroller
programming intelligent control system based on adaptive fuzzy PID control.

VI. A. Experiments comparing adaptive fuzzy PID control with PID control

In this section, the conventional PID control is compared with the adaptive fuzzy PID control method in this paper
to do comparison experiments, and the performance of inverted pendulum control at the linear level of the
microcontroller programmed intelligent control system based on conventional PID control and microcontroller
programmed intelligent control system based on adaptive fuzzy PID control is analyzed in terms of the angle of
pendulum, displacement, lower pendulum angle and upper pendulum angle through random perturbation
experiments.

VL. A. 1) Comparative analysis of pendulum angles

The pendulum angle curves of the conventional PID control system and the adaptive fuzzy PID control system of
this paper are specifically shown in Fig. 4. From the figure, it can be seen that with PID control, the output of the
system will produce a large overshoot, and the output fluctuates greatly after being perturbed, but finally it can be
restored to the steady state without static difference. After the use of fuzzy PID control, the output curve of the
system becomes smooth, the overshoot is obviously reduced, and the output fluctuation after perturbation does not
change much, and the system performance is improved.

3514



Combining PID control with microcontroller programming for intelligent control of inverted pendulum in linear level
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T T T T T
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Figure 4: Pendulum angle curve

VI. A.2) Comparative Analysis of Displacement, Pendulum Angle, and Upper Pendulum Angle
The simulation curves of the cart control of the adaptive fuzzy PID control system and the conventional PID control
system in this paper are specifically shown in Fig. 5, and Figs. (a) to (c) are the displacement, lower pendulum
angle, and upper pendulum angle, respectively. From the figure, it can be seen that the overshoots of the
displacement, lower pendulum angle and upper pendulum angle of the system based on conventional PID control
are about 0.06 m, 0.016 rad, 0.008 rad, and the regulation time is about 3.5 s, 3.5 s, 3 s. The overshoots of the
displacement, lower pendulum angle, and upper pendulum angle of the system using the adaptive fuzzy PID control
system are about 0.02 m, 0.012 rad, 0.005 rad, and 0.012 rad, respectively. rad, 0.005 rad, and the adjustment time
is about 3 s, 2.5 s, 2.5 s. Obviously, the system in this paper further realizes the intelligent stabilization control of

the inverted pendulum by using the adaptive fuzzy PID control algorithm.
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Figure 5: Simulation curve
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VI. B. Comparison experiment of adaptive fuzzy PID control and LQR
In order to examine the good or bad performance of the adaptive fuzzy PID control system, LQR quadratic optimal
control system in this paper, as well as whether there is a local optimization problem, the control performances of
the two are compared, and the simulation curves are obtained as shown in Fig. @ Figure (a) shows the upper and
lower swing angles, and figure (b) shows the displacement. From the figure, it can be seen that the control system
of the LQR method has a smaller variation of the upper and lower pendulum angles and displacement compared
with the adaptive fuzzy PID, and the control performance is better than that of the adaptive fuzzy PID method. After
the system runs for a period of time under the action of the controller, the dynamic performance of the system is not
as ideal as that in the first 3 s. The change amplitude of the upward and downward pendulum angles increases
compared with that in the first 3 s, and the rise time of the displacement curve of the trolley becomes longer. It
shows that the control system performance of LQR method is characterized by local optimization. The adaptive
fuzzy PID control system has smaller overshooting and regulation time compared with the LQR method. After
running for 3s, the swing angle and displacement of the trolley change significantly less than the LQR method, and
the control effect is better than that of the LQR controller.

08

0.6

0.4

R (m)

024

D (rad)

0.0

[—— Displacement of adaptive fuzzy control PID)
—— Displacement of LQR control

03 ——— Upper pendulum angle of LQR control

Lower pendulum angle of LQR control
04 T T T T T 0.2 T T T T T
0 4 8 12 16 20 24 0 4 8 12 16 20 24

T (s) T (s)

(a)Upper swing angle and lower swing angle (b)Displacement
Figure 6: Comparative experiment of LQR and adaptive fuzzy PID

After adding a continuous 2 s perturbation to the system during operation, the system's pendulum angle response
curve is shown in Fig. 7. The LQR control system has basically failed after receiving the continuous perturbation.
However, the adaptive fuzzy PID control system in this paper can still maintain the stability of the system in a small
range, which indicates that the adaptive fuzzy PID in this paper possesses better anti-disturbance ability than LQR,
and is more suitable for the occasions where the environmental parameters are easy to change.

[—— Adaptive fuzzy control PID
—— LOR control

R (m)

T T T T T
0 4 8 12 16 20 24
T (s)

Figure 7: Comparative simulation of fuzzy PID and LQR after being disturbed

The above experimental results, with the adaptive fuzzy PID control algorithm proposed in this paper as the core
algorithm of the microcontroller programming intelligent control system, can better realize the stability control of the
level inverted pendulum, with better system performance.

VII. Conclusion

This paper establishes the mathematical modeling of linear one-level inverted pendulum and proposes the adaptive

fuzzy PID control algorithm to effectively deal with the nonlinear control demand of linear one-level inverted
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pendulum, and constructs the intelligent control system programmed by MCU with the proposed adaptive fuzzy PID
control algorithm as the core algorithm. The effectiveness of this paper's adaptive fuzzy PID control algorithm is
examined through the simulation experiment of linear one-level inverted pendulum. When the system runs for 2s,
the upper and lower pendulum angles of the linear inverted pendulum with adaptive fuzzy control in this paper return
to the stable state at 3s, while the fuzzy control and PID control as a comparison need 3.5s and 4s respectively.
Obviously, the adaptive fuzzy PID control algorithm proposed in this paper has a better control effect in the linear
inverted pendulum.

Simulation experiments are carried out on the microcontroller programmed intelligent control system established
in this paper with the adaptive fuzzy PID control algorithm as the core to explore the performance of the system.
Compared with the conventional PID control system, the output of the adaptive fuzzy PID control system in this
paper has a smoother pendulum angle curve, and the overshooting amount is obviously reduced compared with
the conventional PID control system, and the output fluctuation does not change much after being perturbed. In
addition, the overshooting amount of displacement, lower pendulum angle and upper pendulum angle is about
0.02m, 0.012rad, 0.005rad, and the adjustment time is about 3s, 2.5s, 2.5s, and the performance of displacement,
lower pendulum angle and upper pendulum angle control is still significantly better than that of conventional PID
control system. Compared with the LQR quadratic optimal control system, the adaptive fuzzy PID control system in
this paper has smaller overshooting amount and regulation time compared with the LQR method, and the swing
angle and displacement of the cart after running for 3s are significantly smaller than that of the LQR method, which
has better control performance. The LQR control system basically fails after adding continuous 2s perturbation, but
the adaptive fuzzy PID control in this paper can still maintain a small range of stability of the system. In conclusion,
the microcontroller programmed intelligent control system constructed in this paper based on the proposed adaptive
fuzzy PID control algorithm has better system performance and can better realize the stable control of the inverted
pendulum.
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