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Abstract: When cleaning the surface of a glass greenhouse, the washing machine often encounters
slippery tracks or strong winds, in which case the washing machine is very likely to deviate from
the axis of the greenhouse. In order to improve the stability and reliability of the glass greenhouse
cleaner under different working conditions, this paper studies the controller of the glass greenhouse
cleaner and puts forward a fuzzy PID control scheme optimized by the PSO algorithm. Using Adams
and Matlab to jointly simulate the machine model, the results show that the particle swarm fuzzy
PID controller has the best control effect and can make the cleaner adaptable to a variety of working
conditions. The system overshoot was reduced by up to 35.5%, the response time by up to 3 s, and
the difference between left and right wheel speeds by up to 0.086 deg/s.

Keywords: glass greenhouse; fuzzy PID; co-simulation; PSO algorithm; mathematical model

1. Introduction

As of 2023, the area of China’s facility-based agriculture has reached 3.7 million
hectares, which is the largest in the world and accounts for nearly 80% of the world’s
total area of facility-based agriculture. In the southern region of China, glass greenhouses
and plastic greenhouses are common agricultural facilities that produce flowers, seedlings,
fruits, and vegetables. [1]. The light penetration of the greenhouse directly affects how
well the crop grows and ultimately affects the economic returns [2]. However, even plastic
film or glass by itself will block at least 10% of the sunlight. In addition, plastic film
and glass will inevitably be covered by various kinds of dust, moss, and other debris
that accumulate during usage, which further reduces the light transmission rate of the
greenhouse [3,4]. The combined effect of dirt and the greenhouse materials themselves can
result in large reductions in light transmission through the greenhouse, which results in
crops not receiving sufficient light, leading to low greenhouse yields and failure to produce
the expected economic benefits. Therefore, sufficient sunlight is an important factor for
planting high-yield crops [5]. In order to ensure that the greenhouse has a sufficient sunlight
transmission rate and that the crops can receive enough light to increase crop yield and
improve economic benefits, it is necessary to regularly clean the greenhouse surface [6].

In China, the cleaning of glass greenhouses still mainly relies on manual labor, with a
low level of mechanization and automation. Workers must carry cleaning tools and climb
up onto the roof of the greenhouse with the help of an escalator before cleaning the surface
of the greenhouse [7]. Workers cleaning greenhouse roofs are not protected by safety
devices, and the water needed for cleaning can pose a safety hazard to workers by making
the surface of the greenhouse slippery. This hazard can be reduced by using a machine that
can automatically clean the greenhouse roof, rather than relying on manual labor.
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At present, most of the scientific research institutions have focused on the design of
the mechanical structure of the glass greenhouse cleaner machine; however, the motion
control of the cleaner machine has not yet received in-depth attention [7–11]. Overall, the
current control systems suffer from poor reliability, poor adaptability, and low intelligence.

Because the control effect of the glass greenhouse roof cleaner directly determines the
cleaning effect and efficiency of the greenhouse roof, this paper focused on the control sys-
tem of the cleaner. Nowadays, the traditional PID controller is widely used in many control
systems. However, because there are only a fixed set of PID parameters which cannot be
adjusted according to the changes in working conditions [12,13], the anti-interference ability
is poor and it is impossible to produce the desired adjustment effect [14–19]. Fuzzy PID can
make up for the shortcomings of traditional PID, and the PID parameters can be adjusted
according to the fuzzy rules [20,21]. However, the establishment of the fuzzy rule table
relies heavily on personal experience [22,23], and it is difficult to achieve the ideal control
effect. PSO fuzzy PID can calculate the increment of PID control parameters through the
system deviation and the rate of change of deviation [24,25]. The combination of fuzzy PID
control parameters can make up for the shortcomings of the previous two control methods
and achieve the ideal control effect. Mechanized and automated greenhouse cleaning can
increase the yield of greenhouse fruits and vegetables and reduce labor costs. Moreover,
the simulation technology applied in the practical industry is a very useful method [26,27].
In this paper, a glass greenhouse roof cleaner system is designed to perform round-trip
movement with the top of the greenhouse automatically through the track, and a fuzzy
PID control method optimized by particle swarm algorithm is proposed. By comparing
the simulation of the cleaner under different controllers and different working conditions,
the use of particle swarm fuzzy PID can significantly improve the stability of the cleaner
in the process of operation, improve its anti-interference ability, and adapt to a variety of
working conditions. The PSO-Fuzzy-PID algorithm in this paper provides a feasible control
algorithm for glass greenhouse cleaning.

2. Establishment of Cleaner Model

The glass greenhouse cleaner in this research has a total length of 4200 mm and a
left–right symmetrical structure with five disc brushes arranged on each side (the diameter
of a single brush is 600 mm). On each side, there is a motor controlling the rotation of
the wheel of the cleaner, a motor controlling the rotation of the disc brushes, and two
pusher motors controlling the lifting and lowering of the brushes. The five disc brushes are
connected by means of gears, shafts, and telescopic cardanic couplings. The purpose of
the lifting mechanism of the cleaner is twofold: (1) when the cleaner walks to the skylight
which is higher than the roof surface, it can raise the brushes to avoid collision; (2) to
ensure positive pressure between the brushes and the glass surface for optimal cleaning.
An overall schematic of the cleaner is shown in Figure 1.

The cleaner has two pairs of wheels on both the front and back, and the left and right
sides each have a motor to drive the wheels. The cleaner walks with the radial arrangement
along the greenhouse on the track, and the wheels start to move when the cleaning motor
controls the disc brush to rotate. While the cleaner walks on the glass surface, the pusher
clicks to control the brush to descend and fit the glass surface. After cleaning a span of the
greenhouse, the scissor lift truck will transfer it to another span of the greenhouse.

Glass greenhouse cleaners have a large variety and number of parts, making it difficult
to establish an accurate mathematical model. At the same time, the research in this paper
involves a variety of working conditions (such as friction changes, sudden strong wind,
and other factors), which further complicates modeling efforts. Adams dynamic simulation
software (Version 2019) can easily perform the dynamic analysis of the whole machine
movement, friction changes, and sudden strong wind; thus, the Adams software is used to
provide specific models except for the motor and then calculate the motor transfer function,
combined with a Matlab control model for simulation.



Processes 2023, 11, 3405 3 of 16Processes 2023, 11, x FOR PEER REVIEW 3 of 17 
 

 

 
Figure 1. Overall schematic of cleaner. 1. Traveling mechanism. 2. Main frame. 3. Cleaning mecha-
nism. 4. Lifting mechanism. 5. Telescopic universal coupling. 6. Transfer mechanism. 

The cleaner has two pairs of wheels on both the front and back, and the left and right 
sides each have a motor to drive the wheels. The cleaner walks with the radial arrange-
ment along the greenhouse on the track, and the wheels start to move when the cleaning 
motor controls the disc brush to rotate. While the cleaner walks on the glass surface, the 
pusher clicks to control the brush to descend and fit the glass surface. After cleaning a 
span of the greenhouse, the scissor lift truck will transfer it to another span of the green-
house. 

Glass greenhouse cleaners have a large variety and number of parts, making it diffi-
cult to establish an accurate mathematical model. At the same time, the research in this 
paper involves a variety of working conditions (such as friction changes, sudden strong 
wind, and other factors), which further complicates modeling efforts. Adams dynamic 
simulation software (Version 2019) can easily perform the dynamic analysis of the whole 
machine movement, friction changes, and sudden strong wind; thus, the Adams software 
is used to provide specific models except for the motor and then calculate the motor trans-
fer function, combined with a Matlab control model for simulation. 

The Adams model of the cleaner is shown in Figure 2. 

 
Figure 2. Adams model of the cleaner. 

In this paper, the wheels on both sides of the cleaner are driven by three-phase asyn-
chronous motors, and the forward and backward movement and angle control of the 
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Figure 1. Overall schematic of cleaner. 1. Traveling mechanism. 2. Main frame. 3. Cleaning
mechanism. 4. Lifting mechanism. 5. Telescopic universal coupling. 6. Transfer mechanism.

The Adams model of the cleaner is shown in Figure 2.
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Figure 2. Adams model of the cleaner.

In this paper, the wheels on both sides of the cleaner are driven by three-phase
asynchronous motors, and the forward and backward movement and angle control of
the cleaner are realized by adjusting the motor speed. Therefore, the power source of
the glass greenhouse cleaner can be simplified to a mathematical model of a three-phase
asynchronous motor and an inverter.

In the control system of the glass greenhouse roof washer, the inverter is used to
regulate the rotational speed of the three-phase asynchronous motor, where the mathemati-
cal model between the input voltage and the output rotational speed of the three-phase
asynchronous motor can be approximated as an inertial link [28]:

G1(s) =
K1

T1s + 1
(1)

where G1 is the output speed of the three-phase asynchronous motor, K1 is the motor speed
ratio input frequency, and T1 is the system time constant, the value of which is about a
quarter of the motor start-up time. The three-phase asynchronous motor used in this paper
is BWD-B0-0.75. The specific parameters of this motor are shown in Table 1.
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Table 1. Parameters of the three-phase induction motor.

Model Rated Rpm
(r·min−1)

Reduction
Ratio

Rated Power
(KW)

Rated
Voltage (V)

Frequency
(Hz)

BWD-B0-0.75 1400 9 0.75 380 50

Let the starting time of the motor be 0.8 s. Substituting the relevant data into Equation (1),
the expression for the transfer function of a three-phase asynchronous motor can be writ-
ten as:

G1(s) =
28

0.2s + 1
(2)

Similarly, the mathematical model between the inverter input voltage and output
frequency can be approximated as an inertial link [29]:

G2(s) =
K2

T2s + 1
T2 = 0.6τ (3)

where G2 is the output frequency of the inverter, K2 is the ratio of inverter frequency to
external set voltage, T2 is the inverter delay time, and τ is the inverter acceleration time.

By setting the acceleration time of the inverter to 0.1 s, setting T2 to 0.06, and substitut-
ing the relevant data into Equation (3), the transfer function expression of the inverter can
be derived as:

G2(s) =
10

0.06s + 1
(4)

In summary, the transfer function of the glass greenhouse cleaner control system can
be derived as:

G(s) =
280

0.012s2 + 0.26s + 1
(5)

3. Design of Fuzzy PID Controller

The control principle of a conventional PID controller is shown in Figure 3.
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In the above figure, e(t) = r(t) − c(t), where e(t) is the control deviation, r(t) is the given
target value, and c(t) is the output of the controlled object. The above diagram can also be
converted into the following mathematical expression:
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u(t) = Kp·e(t) + Ki·
∫ t

0
e(t)dt + Kd·

de(t)
dt

(6)

where Kp is the coefficient of proportion, Ki is the coefficient of integration, and Kd is the
coefficient of differential.

For the cleaner’s multiple working conditions environment, the traditional PID con-
troller adopts a single PID parameter, which is difficult to adapt to the changes in the
environment and ensure the stable operation of the machine. For this situation, a fuzzy
PID control system is designed. The control principle of the system is shown in Figure 4.
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According to the schematic diagram, the parameters of Kp, Ki and Kd are calculated as follows:

KP = K′P + ∆KP; KI = K′I + ∆KI ; KD = K′D + ∆KD (7)

where K′P, K′I , and K′D are the original parameters in the traditional PID controller, and
where ∆Kp, ∆Ki, and ∆Kd are the real-time corrected PID parameters.

The seven levels of variable values are set as “NB, NM, NS, ZO, PS, PM, PB”, the
domain corresponding to the input difference E and the rate of change of the difference EC
is [−6, 6], and the domain corresponding to the outputs Kp, Ki, Kd is [−3, 3]. Each variable
adopts the triangular state relationship function, whose corresponding function curves are
shown in Figure 5. A fuzzy rule table is established empirically, as shown in Table 2.
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Table 2. Fuzzy rule.

Kp, Ki, Kd
EC

NB NM NS ZO PS PM PB

E

NB PB/NB/PS PB/NB/NS PM/NM/NB PM/NM/NB PS/NS/NB ZO/ZO/NM ZO/ZO/PS
NM PB/NB/PS PB/NB/NS PM/NM/NB PS/NS/NM PS/NS/NM ZO/ZO/NS NS/PS/ZO
NS PM/NB/ZO PM/NM/NS PM/NS/NM PS/NS/NM ZO/ZO/NS NS/PM/NS NS/PM/ZO
ZO PM/NM/ZO PM/NM/NS PS/NS/NS ZO/ZO/NS NS/PS/NS NM/PM/NS NM/PM/ZO
PS PS/NM/ZO PS/NS/ZO ZO/ZO/ZO NS/PS/ZO NS/PS/ZO NM/PM/ZO NM/PB/ZO
PM PS/ZO/PB ZO/ZO/PM NS/PS/PM NM/PS/PM NM/PM/PS NM/PB/PS NB/PB/PB
PB ZO/ZO/PB ZO/ZO/PM NS/PS/PM NM/PM/PM NM/PM/PS NB/PB/PS NM/PB/PB

4. PSO Fuzzy PID Controller

The PSO was proposed by Dr. Eberhart and Dr. Kennedy in 1995, for which the
algorithm convergence speed is fast and the algorithm is simple. Therefore, it is easy to
program and the PSO was selected in this study. In this algorithm, the solution of the
problem to be optimized is considered as a particle, which iterates to find the optimal
solution and optimize the parameters [30,31].

The position and velocity update formulas for the PSO algorithm are as follows:

vk+1 = ωvk + c1rand()(pbestk − xk) + c2rand()(gbestk − xk) (8)

xk+1 = xk + vk+1 (9)

where ω is the inertia weight, which determines the size of the current velocity inheritance
of particles, vk is the particle velocity, xk is the current particle position, pbestk is the location
of the optimal solution found by the particle itself, rand() is a random number between
(0, 1), gbestk is the location of the optimal solution found by the whole population, and
c1, c2 is the factor of learning. The influence of pbestk and gbestk on particle attraction can
be adjusted by changing the values of c1 and c2.

The PSO fuzzy PID controller is optimized by the PSO algorithm for the three pa-
rameters Kp, Ki and Kd. At the same time, the increments of the three parameters Kp, Ki
and Kd (in other words, ∆Kp, ∆Ki, ∆Kd) are obtained from the difference E between the
actual wheel speed and the desired wheel speed, and the rate of change of the difference
EC (according to the fuzzy rule table). The optimized parameters are obtained according to
Equation (7).

The control schematic and simulation flowchart of the PSO fuzzy PID controller are
shown in Figures 6 and 7.
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Figure 7. PSO simulation flow chart.

The inertia weight of the PSO is set to 0.6, the learning factors c1 and c2 are both 2, the
dimension is 3, the particle swarm size is 100, the maximum number of iterations is 100,
and the search range is set to the upper and lower space of the parameters of the traditional
PID controller.

5. Multi-Working Condition Simulation Analysis

This paper focuses on the simulation of the operation of the washing machine under
three working conditions. These three working conditions are as follows:

(1) Both sides of the track are dry.

In the Adams software, the contact force stiffness coefficient is set to 100,000, the
damping coefficient is 50, the force index is 1.5, the penetration depth is 0.1, the static
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friction speed is 0.1, the dynamic friction speed is 10, the static friction coefficient is 0.3, and
the dynamic friction coefficient is 0.25.

(2) One of the tracks is wet with water.

In the Adams software, the contact force stiffness factor was set to 100,000, the damping
factor to 50, the force index to 1.5, the penetration depth to 0.1, the static friction speed to
0.1, the dynamic friction speed to 10, the static friction coefficient to 0.08, and the dynamic
friction coefficient to 0.05.

(3) The washing machine was suddenly disturbed by wind while traveling on a dry track.

The Adams software friction force was set the same as in the first case, and a spatial
fixation force was added to simulate the wind force when the machine was running for 40 s.
According to the wind data of Rui’an City, Zhejiang Province, in the past ten years, 90% of
the wind force is less than class 5, which is equivalent to 120 N (±10%) of oblique force.

Taking the first case as an example, the PSO fuzzy PID simulation model built in
Simulink is shown in Figure 8. The specific sub-modules are shown in Figures 9–11.
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The main function of the wheel speed conversion module is to calculate the input
RPM of the wheels on both sides of the cleaning vehicle according to the desired speed set
by the user, as well as the angular difference between the axis of the cleaner and the axis of
the greenhouse during operation.

The angular error calculation module is responsible for taking the absolute value of the
difference in angle between the washer axis and the greenhouse axis as output by Adams
and combining it with the axis orientation to input the real-time angular error value into
the wheel speed conversion module.

The scaling factors k of the fuzzy controller outputs ∆Kp, ∆Ki, and ∆Kd are set to 0.001,
0.01, and 0.001, respectively. The scaling factors of the deviation E and the rate of change of
deviation EC are 0.5 and 1.2, respectively.

5.1. Simulation Analysis of Working Condition I

The simulation data when both sides of the track are in the dry state are as follows.
The velocity curve under the three controllers is shown in Figure 12, the angle error curve
is shown in Figure 13, and the left and right wheel speed error curve is shown in Figure 14.

According to the velocity curve, the curve overshoot under the PID controller is 37.5%,
and the response time is 11 s. Under the fuzzy PID controller, the curve overshoot is 31.1%
and the response time is 8 s. Compared with the traditional PID controller, the overshoot
is reduced by 6.4% and the response time is reduced by 3 s. Under the PSO fuzzy PID
controller, the curve overshoot is 2% and the response time is 8 s. Compared with the
traditional PID controller, the overshoot is reduced by 35.5% and the response time is
reduced by 3 s.
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According to the angle error curve, the maximum absolute error of the PID controller
is 1.844× 10−3 deg, and the adjustment period is 2.96 s. Under the fuzzy PID controller, the
maximum absolute error is 1.844 × 10−3 deg, and the adjustment cycle is 2.04 s. Compared
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with the traditional PID controller, the maximum absolute error is not reduced, but the
adjustment cycle is shortened by 0.92 s. Under the PSO fuzzy PID controller, the maximum
absolute error is 1.324 × 10−3 deg, and the adjustment period is 0.22 s. Compared with
the traditional PID controller, the maximum absolute error is reduced by 0.52 × 10−3 deg,
and the adjustment period is shortened by 2.74 s. It can be seen from the angle error curve
that the PID controller and fuzzy PID controller both have angle abrupt phenomena in the
control process, while the PSO fuzzy PID controller has almost no abrupt phenomenon, so
the machine runs more stably.

According to the wheel speed error curve, the maximum speed error under the PID
controller is 0.026◦/s, the maximum speed error under the fuzzy PID controller is 0.024◦/s,
and the maximum speed error under the PSO fuzzy PID controller is 0.002◦/s. With the
PSO fuzzy PID controller, the error of wheel speed on both sides of the machine is the
lowest, and the machine runs stably.

5.2. Simulation Analysis of Working Condition II

When one side of the track is in the wet state, the simulation data are as follows. The
velocity curve under the three controllers is shown in Figure 15, the angle error curve is
shown in Figure 16, and the left and right wheel speed error curve is shown in Figure 17.
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According to the velocity curve, the curve overshoot under the PID controller is 35.8%,
and the response time is 11 s. Under the fuzzy PID controller, the curve overshoot is 30.9%
and the response time is 8 s. Compared with the traditional PID controller, the overshoot
is reduced by 4.9% and the response time is reduced by 3 s. Under the PSO fuzzy PID
controller, the curve overshoot is 2% and the response time is 8 s. Compared with the
traditional PID controller, the overshoot is reduced by 33.8% and the response time is
reduced by 3 s.

According to the angle error curve, the maximum absolute error of the PID controller
is 1.502 × 10−3 deg, and the adjustment period is 2.95 s. Under the fuzzy PID controller,
the maximum absolute error is 1.79 × 10−3 deg, and the adjustment cycle is 2.03 s. Com-
pared with the traditional PID controller, the maximum absolute error is increased by
0.288 × 10−3 deg, but the adjustment cycle is shortened by 0.92 s. Under the PSO fuzzy
PID controller, the maximum absolute error is 0.9534× 10−3 deg and the adjustment period
is 0.23 s. Compared with the traditional PID controller, the maximum absolute error is
reduced by 0.5486 × 10−3 deg and the adjustment period is shortened by 2.72 s.

According to the wheel speed error curve, the maximum speed error under the PID
controller is 0.023◦/s, the maximum speed error under the fuzzy PID controller is 0.02◦/s,
and the maximum speed error under the PSO fuzzy PID controller is 0.003◦/s. With the
PSO fuzzy PID controller, the error of wheel speed on both sides of the machine is the
lowest, and the machine runs stably.

5.3. Simulation Analysis of Working Condition III

The simulation data of the cleaner when it suddenly encounters wind disturbance
while walking on the dry track are as follows. The velocity curve under the three controllers
is shown in Figure 18, the angle error curve is shown in Figure 19, and the left and right
wheel speed error curve is shown in Figure 20.

According to the velocity curve, the curve overshoot under the PID controller is 36.2%,
and the response time is 10 s. Under the fuzzy PID controller, the curve overshoot is 31.4%
and the response time is 8 s. Compared with the traditional PID controller, the overshoot
is reduced by 4.8% and the response time is reduced by 2 s. Under the PSO fuzzy PID
controller, the curve overshoot is 2.5% and the response time is 8 s. Compared with the
traditional PID controller, the overshoot is reduced by 33.7% and the response time is
reduced by 2 s.
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According to the angle error curve, the maximum absolute error of the PID controller
is 6.04 × 10−3 deg, and the adjustment period is 2.93 s. Under the fuzzy PID controller,
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the maximum absolute error is 5.808 × 10−3 deg, and the adjustment cycle is 2.03 s.
Compared with the traditional PID controller, the maximum absolute error is reduced by
0.232 × 10−3 deg, and the adjustment cycle is shortened by 0.9 s. Under the PSO fuzzy PID
controller, the maximum absolute error is 5.869 × 10−3 deg and the adjustment period is
0.4 s. Compared with the traditional PID controller, the maximum absolute error is reduced
by 0.171 × 10−3 deg and the adjustment period is shortened by 2.53 s.

According to the wheel speed error curve, the maximum speed error under the PID
controller is 0.09◦/s, the maximum speed error under the fuzzy PID controller is 0.075◦/s,
and the maximum speed error under the PSO fuzzy PID controller is 0.004◦/s. With the
PSO fuzzy PID controller, the error of wheel speed on both sides of the machine is the
lowest, and the machine runs stably.

It can be seen from the simulation data of three working conditions that the PSO fuzzy
PID controller has smaller output curve overshot, shorter response time, better stability,
and better control performance.

The performance comparison with different conditions is shown in Table 3. In general,
the overshoot of the PSD fuzzy PID for all conditions does not exceed 5%. The angle error
adjustment cycle of the PSD fuzzy PID for all conditions is less than 1s. The response time
of the PSD fuzzy PID for all conditions is 8 s, and the speed error of the PSD fuzzy PID for
all conditions is less than 0.005◦/s. Therefore, the PSO fuzzy PID controller control effect
is superior to the other controllers, which results in high stability, fast regulation speed,
and robustness.

Table 3. Performance comparison with different conditions.

PID F-PID PSD-F-PID

Cond. I Cond. II Cond. III Cond. I Cond. II Cond. III Cond. I Cond. II Cond. III

Overshoot 37.5% 35.8% 36.2% 31.1% 30.9% 31.4% 2.0% 2.0% 2.5%
Response time * 11 s 11 s 10 s 8 s 8 s 8 s 8 s 8 s 8 s

Angle error ×10−3 1.844 1.502 6.04 1.844 1.79 5.808 1.324 0.9534 5.867
Adjustment cycle 2.96 s 2.95 s 2.93 s 2.04 s 2.03 s 2.03 s 0.22 s 0.23 s 0.4 s

Speed error 0.026◦/s 0.023◦/s 0.09◦/s 0.024◦/s 0.02◦/s 0.075◦/s 0.002◦/s 0.003◦/s 0.004◦/s

* Response time (in other words, adjustment time): the time required to go from the initial value to the set value
and stabilize around the set value.

6. Conclusions

In this paper, a fuzzy PID control system based on a particle swarm optimization
algorithm is proposed for the operation control model of a glass greenhouse roof cleaner.
By using Adams dynamic simulation software, through the simulation comparison under
different working conditions and different control schemes, it is found that the fuzzy PID
control system based on the particle swarm optimization algorithm has the best operation
effect. Specifically, the following conclusions are drawn:

(1) Adams dynamics software can easily simulate some mechanical systems and working
condition changes that are difficult to translate into mathematical models. By using
Adams and Matlab to establish a joint control simulation model, and combining this
with the PSO algorithm, various performance parameters of the target machinery can
be accurately calculated, proving the feasibility and stability of the mechanical system.

(2) The traditional PID controller has a certain control effect, but the ability to adapt
to a variety of working conditions is weak and cannot achieve the desired control
effect. Compared with the traditional PID controller, the fuzzy PID controller has the
advantage of online correction of controller parameters, but the control optimization
effect is not obvious. The PSO fuzzy PID controller control effect is better than the
first two kinds of controllers and has the desired characteristics of good stability, fast
regulation speed, robustness, and others.

(3) The co-simulation technique provides a new way for the simulation and optimiza-
tion of glass greenhouse cleaners and lays the foundation for future research on
co-simulation control algorithms.
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(4) The use of particle swarm fuzzy PID can significantly improve the stability of the
cleaner in the process of operation, improve its anti-interference ability, and adapt to
a variety of working conditions.

Author Contributions: Conceptualization, Y.S.; Methodology, Z.C.; Data curation, M.W.; Writing—original
draft, R.X.; Writing—review & editing, Z.C. and M.W.; Supervision, Y.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Key R&D Project of Zhejiang Province No. 2019C02019
and Wenzhou Municipal Key Science and Research Program No. ZN2022001.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Rui Xu was employed by the company Jiangsu Hengshen Co., Ltd. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References
1. Zhong, G. Development Status and Trend of Domestic and Overseas Greenhouse. Agric. Sci. Technol. Equip. 2013, 12, 68–69.
2. Zhou, J. Intelligent Cleaner for Greenhouse Based on Single Chip Microcomputer. Master’s Thesis, Hebei Agricultural University,

Baoding, China, 2007.
3. Ding, X.; Zhou, C. Test and measurement of solar visible radiation transmittance of greenhouse glazing. Trans. Chin. Soc. Agric.

Eng. 2008, 24, 210–213.
4. He, P.; Wang, Y.; He, J.; Liang, Y. Design and experiment of cleaning device with magnetic wheels for plastic greenhouses. Trans.

Chin. Soc. Agric. Eng. 2015, 31, 102–108.
5. Nie, Y.; Liang, Y.; Li, Q.; Kang, J.; He, J.; Xu, D.; He, P. Design and working parameter optimization of cleaning device for

greenhouse film roofs. Eng. Agric. Environ. Food 2017, 10, 14–19. [CrossRef]
6. Li, Y.G.; Wang, Y.Y.; Li, J.J.; Wang, S.L.; You, L.L.; Zhao, Y.J.; Duan, H.H.; Zhuang, W. Study on mechanical cleaning equipment for

greenhouse roof dust. Jilin Agric. 2011, 11, 229.
7. Seemuang, N. A cleaning robot for greenhouse roofs. In Proceedings of the International Conference on Control and Robotics

Engineering, Bangkok, Thailand, 1–3 April 2017; pp. 49–52.
8. Mijinyawa, Y.; Akpenpuun, T.D. Development of a greenhouse roof cleaner. Physic-Chem. Charact. Palm Kemel Oil Mech. Expressed

2011, 19, 100–107.
9. Manor, G.; Geva, A.; Jacobs, D.; Secker, I.; Tabak, S.; Singer, L. Cleaning machine for dusty greenhouse soft roofs. Acta Hortic.

2005, 691, 641–648. [CrossRef]
10. Kong, W. Design and Research of Cleaning Device for Glass Greenhouse Roofs. Master’s Thesis, Southwestern University,

Georgetown, TX, USA, 2015.
11. Xu, D. Design and Research of Cleaning Machine for Plastic Greenhouse Roofs. Master’s Thesis, Southwestern University,

Georgetown, TX, USA, 2015.
12. Li, J.; Li, Y. Modeling and PID control for a quadrotor. J. Liaoning Tech. Univ. (Nat. Sci.) 2012, 31, 114–117.
13. Wu, F.C.; Liu, X.Q.; Yuan, X. Modeling and PID control for a quadrotor. Electron. Des. Eng. 2012, 20, 68–70.
14. Ogata, K. Modern Control Systems; University of Minnesota; Prentice Hall: Minneapolis, MN, USA, 1987.
15. Sharaf, A.M.; Masry, M. Nonlinear Speed Control of large Industrial DC Motor Drives with an Energy Efficiency Enhancement

Loop. In Proceedings of the Canadian Conference on Electrical and Computer Engineering, Waterloo, ON, Canada, 25–28
May 1998.

16. Petruzella, F.D. Electric Motors and Control Systems, 1st ed.; McGraw-Hill: New York, NY, USA, 2010.
17. Hughes, A. Electric Motors and Drives Fundamentals, Types and Applications; Elsevier Ltd.: Amsterdam, The Netherlands, 2006.
18. Ziegleri, J.G.; Nichols, N.B. Optimum Settings for Automatic Controllers. Trans. Am. Soc. Mech. Eng. 1993, 115, 220–222.

[CrossRef]
19. Astrom, K.J.; Hagglund, T. Revisiting the Ziegler-Nicholsstep response method for PID control. J. Process Control 2004, 14, 635–650.

[CrossRef]
20. Liao, X.; Yang, S.; Hu, D.; Gong, G.; Peng, X. Control Performance Improvement of Hydro-Viscous Clutch Based on Fuzzy-PID

Controller. Energies 2021, 14, 8282. [CrossRef]
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