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Abstract 

Vertical picking method is a predominate method used to harvest cotton crop. However, a vertical picking method 
may cause spindle bending of the cotton picker if spindles collide with stones on the cotton field. Thus, how to realize 
a precise height control of the cotton picker is a crucial issue to be solved. The objective of this study is to design a 
height control system to avoid the collision. To design it, the mathematical models are established first. Then a multi-
objective optimization model represented by structure parameters and control parameters is proposed to take the 
pressure of chamber without piston, response time and displacement error of the height control system as the opti-
mization objectives. An integrated optimization approach that combines optimization via simulation, particle swarm 
optimization and simulated annealing is proposed to solve the model. Simulation and experimental test results show 
that the proposed integrated optimization approach can not only reduce the pressure of chamber without piston, 
but also decrease the response time and displacement error of the height control system.
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1 Introduction
Cotton is one of the most important crops [1]. According 
to the data from International Cotton Advisory Commit-
tee, the world cotton production was more than 24 mil-
lion tons in 2020. Increasing cotton production creates 
an urgent need for high efficiency harvesting machines. 
Due to the high efficiency in cotton harvesting, in recent 
years, the mechanical cotton pickers have gained more 
and more application. Among these mechanical cot-
ton pickers, the most representative one is the horizon-
tal spindle cotton pickers produced by John Deere and 
CaseIH, which can work not only reliably and stably, but 
also harvest with low cotton loss and less cotton leaf [2].

However, during the cotton harvesting process, the 
traditional horizontal spindle cotton picker is parallel 

to the cotton crop, which may lead to a low fiber qual-
ity of the cotton. To solve this problem, vertical spindle 
cotton pickers are developed in recent years [3]. It adopts 
a telescopic cotton removal method to avoid the reverse 
pulling by the cotton removal tray, which can efficiently 
improve the cotton fiber quality. Nevertheless, when 
using the vertical spindle cotton pickers, the spindles 
of cotton pickers may touch the soil. This may cause a 
deformation of spindles and decrease the cotton picking 
efficiency. Therefore, it is important to develop a height 
control system for the vertical spindle cotton picker.

Usually, there are two kinds of height control sys-
tem, i.e., mechanical height control system and electro-
hydraulic height control system. In early agricultural 
practice, the mechanical height control system is 
widely used in the no-till seeding [4] and transplanting 
machines due to its simple structure, easy control logic 
and low cost [5–8]. Unfortunately, as the control accu-
racy and response time of the mechanical height control 
system are poor, it cannot be used in cases that need high 
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control accuracy and rapid response. To solve this prob-
lem, electro-hydraulic height control systems are devel-
oped by researchers [9, 10].

However, although the electro-hydraulic height control 
system has higher control accuracy than the mechanical 
height control system, the control of its hydraulic cylin-
der is very complex. In the past, many researchers have 
been engaged in this area and a variety of control meth-
ods have been proposed, such as proportion integration 
differentiation (PID) control algorithm [11], sliding-mode 
fuzzy control method [12], etc. Among these methods, 
PID control algorithm is widely used because of its fea-
tures of simplicity, robustness and reliability [13]. Many 
improved PID algorithms are proposed based on the 
basic PID to enhance the probability of the suitable selec-
tion of the controller gains [14]. For example, in the work 
presented by Peng et al., they combined traditional PID 
with fuzzy control algorithm for planning trajectory of an 
electro-hydraulic robot [15].

A difficulty in a fuzzy PID control method is the design 
of fuzzy rules because it highly depends on the experi-
ence of experts or large amounts of experimental data 
[16]. Hence, the combinations with various nature-
inspired optimization algorithms (NIOAs) have a signif-
icant impact on the performance of PID control. Other 
researchers used the NIOAs to optimize PID parameters 
and fuzzy controller, which can improve the control effi-
ciency of the system. Examples of the approaches can be 
found in the works reported in References [17–20], such 
as Grey Wolf Optimizer algorithm [17], Particle Swarm 
Optimization [18, 19] and Simulated Annealing algo-
rithm [20].

Summarizing the findings of the above discussion, it 
can be found that PID parameters have been optimized 
for hydraulic actuators to obtain accurate and precise 
control performance. However, the height control system 
of the cotton picker is a mechanical-electric-hydraulic 
coupled system. Its design should consider interactions 
between mechanical and electrical parts of the com-
plete system. Several works about integrated optimiza-
tion approach have been carried out in the past decades, 
such as parallel robots [21, 22], mesh reflector deploy-
able space antennas [23], pipeline leak detection [24] and 
multistage synchronous induction coilgun [25]. It is con-
firmed that there is a lack of work in integrated optimiza-
tion approach for the height control system.

Generally, for a height control system, its performance 
is dependent on its mechanical structure design and con-
troller design. In designing such a system, the mechani-
cal structure cannot be optimized without considering 
its influence on control. Conversely, the control perfor-
mance, which can be optimized by using control design 
methods, can further be improved by modifying the 

mechanical structure. Hence, optimization of mechani-
cal structure parameters and control parameters in an 
integrated manner can further improve the performance 
of the height control system [26, 27]. Despite the success 
achieved by integrated optimization approach, little work 
has been devoted to height control system. Motivated 
by those findings, this paper aims to bridge the research 
gap and make the following contributions. Firstly, an 
integrated optimization model of mechanical structure 
parameters and control parameters is proposed to take 
the pressure of the chamber without piston, response 
time and displacement error of height control system 
as the optimization objectives. Secondly, this model is 
solved by Optimization via Simulation method (OvS), 
Particle Swarm Optimization (PSO) and Simulated 
Annealing (SA). To our best knowledge, it is the first time 
that both mechanical structure parameters and control 
parameters are simultaneously considered in the pro-
posed integration problem for the height control system.

The rest of the paper is organized as follows. Section 2 
establishes mathematical models of this system. Sec-
tion 3 presents an integrated optimization method. Sec-
tion 4 gives the case study, followed by the conclusion in 
Section 5.

2  Mathematical Models
2.1  Structure of Height Control System
Figure 1 shows the schematic of the proposed height con-
trol system, which consists of signal acquisition device, 
control system, hydraulic system and lifting mecha-
nism. The signal of height is obtained via the angle sen-
sor installed on the signal acquisition device. Then the 
signal of height is used to govern the electro-hydraulic 
servo valve. The hydraulic cylinder controlled by electro-
hydraulic servo valve is used as the power sector of lifting 
mechanism. With cylinder controlled by valve to lift the 

Figure 1 Schematic graph of the height control system
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spindles of the cotton picker, it can avoid spindles collid-
ing with stones on the cotton field.

2.2  Modeling of the Lifting Mechanism
The diagram of lifting mechanism of the height con-
trol system is shown in Figure 2. Line AB represents the 
hydraulic cylinder. Point B and point C are articulated on 
the frame of the spindle cotton picker corresponding to 
the installation position. L1 represents the total length of 
the hydraulic cylinder, L2 is the length of articulated rod 
AC, L3 is the installation position on the frame, and L4 is 
the distance of picking head centroid from articulated 
point A. L1 can be further expressed as follows:

where L0 and L represent cylinder length and piston dis-
placement of the hydraulic cylinder, respectively.

For convenience of analyzing the dynamics of the lift-
ing mechanism, it is simplified to an equivalent diagram 
as shown in Figure  3. Then, the dynamic model of the 
equivalent lifting mechanism is formulated as follows:

where A1 is the area of the end face of piston, A2 is the 
effective area of the piston in cylinder chamber with pis-
ton, P1 is the input oil pressure of the chamber without 
piston, P2 is the pressure of chamber with piston, M is the 
equivalent mass of the lifting mechanism, t is the elapsed 

(1)L1 = L0 + L,

(2)A1P1 − A2P2 = M
d2L

dt2
+ B

dL

dt
+ FL,

time of the lifting mechanism from starting to move to 
the end of lifting, B is viscous damping coefficient of the 
piston, FL is the external load of the lifting mechanism.

Equivalent mass M is calculated based on the theory 
that kinetic energy of the equivalent lifting mecha-
nism is equal to the original lifting mechanism. Mass 
of hydraulic cylinder, piston and articulated rod AC 
is negligible compared to the mass of picking unit. 
Besides, velocity of hydraulic cylinder, piston and artic-
ulated rod AC is same order of magnitude with velocity 
of picking unit. So kinetic energy of hydraulic cylinder, 
piston and articulated rod AC is ignored. Equivalent 
mass M is calculated based on the following Eq. (3):

where m is the mass of picking unit, m = G
/

g , G is gravi-
tational force of picking unit, g is gravitational accelera-
tion, ẋ and ẏ are two components of barycenter velocity 
of picking unit. x and y are calculated as follows:

External load FL is calculated as shown in Eq. (6):

Based on Eqs. (1)‒(6), the dynamic model of the 
equivalent lifting mechanism is expressed as follows:

The lifting mechanism of the height control sys-
tem realizes the lifting function of the picking unit by 
extending the piston of the hydraulic cylinder. Thus, it 
can prevent the spindle from being bended in the col-
lision with stones and metals. In Figure  4, point A is 
the articulation of the hydraulic cylinder and the pick-
ing unit. When the articulation is in the state of point 
A, the picking unit works in the normal position. The 
piston of the hydraulic cylinder does not extend and its 
stroke is zero. When the piston of the hydraulic cylin-
der moves to point A1, the picking unit is lifted. In this 
process, the profile height h can be calculated as:

(3)
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Figure 2 Schematic diagram of the lifting mechanism
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Figure 3 Equivalent model of the lifting mechanism
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When the surface of cotton field changes, the angle 
variation of profiling slider is detected by the angle sen-
sor. The angle sensor transmits the angle variation into 
the controller. The controller will output signal to make 
the piston rod of the hydraulic cylinder to  extend  out. 
The profile height h of the lifting mechanism is deter-
mined by the angle change of the angle sensor, which can 
be modelled as shown in Eq. (9):

where l is the distance between angle sensor and touch-
point of the profiling slide, Δθ is the angle change of 
angle sensor.

2.3  Modeling of the Hydraulic Control System
When the hydraulic fluid is pumped into the cylinder 
of the height control system, the hydraulic pressure will 
force the piston to move back and forth. The displace-
ment and speed of the hydraulic cylinder is determined 
by the opening size of the electro-hydraulic servo valve. 
Therefore, the height and rising speed of the picking unit 
are adjusted by the electro-hydraulic servo valve. In order 
to achieve precise position tracking control, a PID con-
troller, which is widely used in various industries due to 

(8)h =
L2 + 2L0L

2L3
.

(9)h = l�θ ,

its high reliability and robustness [28–31], is adopted to 
control the electro-hydraulic servo valve.

As shown in Figure  5, the input of the PID controller 
is ΔU, whose value is the difference between the actual 
displacement signal U2 and the input displacement sig-
nal U1. After a proportional, integral and differential 
processing of the PID controller, the new displacement 
signal U is the output. Then the displacement signal U is 
converted into control current I of the electro-hydraulic 
servo valve by the servo amplifier. The transfer function 
of the servo amplifier is expressed in Eq. (10):

where KA is the amplification factor of servo amplifier, ωA 
is the natural frequency of the amplifier.

The control current I of the electro-hydraulic servo 
valve controls the displacement of the valve core, thus 
resulting in the change of valve opening, and finally real-
izing the control of the flow qv of the electro-hydraulic 
servo valve. The transfer function of the electro-hydraulic 
servo valve is [32]:

where Ksv is the gain of the electro-hydraulic servo valve, 
ωsv is the natural frequency of the amplifier, ξsv is the 
damping ratio of the electro-hydraulic servo valve.

When the output fluid of the electro-hydraulic servo 
valve flows into the hydraulic cylinder, the piston of the 
hydraulic cylinder will extend out of the cylinder block. 
So that the picking unit will be lifted to the position of 
the height required by the system. The transfer function 
of the hydraulic cylinder is:

where Kh is the gain of hydraulic cylinder, ωh is the nat-
ural frequency of hydraulic cylinder, ξh is the damping 
ratio of hydraulic cylinder.

When the displacement L of the piston rod is 
detected by the sensor installed on the hydraulic cyl-
inder, it will be converted into actual displacement sig-
nal. The difference between the actual displacement 

(10)
I

U
=

KAωA

s + ωA
,

(11)
qv

I
=

Ksvω
2
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s2 + 2ξsvωsvs + ω2
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,

(12)
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=
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2
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(
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Figure 4 Kinematic analysis of lifting mechanism
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signal and the input displacement signal are sent into 
the PID controller to adjust the displacement of the 
piston of the hydraulic cylinder. The transfer function 
of the displacement sensor is:

where Kse is the gain of displacement sensor, ωse is the 
natural frequency of displacement sensor.

3  Multi‑objective Optimization of Height Control 
System

The height control system is a mechanics-electronics-
hydraulics coupled system that consisting of signal 
acquisition device, control system, hydraulic system 
and lifting mechanism. For such a system, pressure in 
the chamber without piston, response time and dis-
placement error are the most important performance 
indicators. A reduction of the pressure in the chamber 
without piston will decrease the pressure required by 
the hydraulic system and hence improve the reliabil-
ity of the hydraulic system. Moreover, minimization 
the response time and displacement error can improve 
response speed and precision of the height control 
system. As a result, the probability of the spindle cot-
ton picker, whose off-ground height can be adjusted 
by the height control system, colliding to the ground 
will be reduced. Hence, in order to reduce pressure in 
the chamber without piston and minimize response 
time and displacement error of the hydraulic system, 
a multi-objective optimization is adopted in this paper. 
Moreover, for the height control system, the pressure 
of the chamber without piston is highly dependent on 
the mechanical structure parameters, i.e., inner diam-
eter of hydraulic cylinder D, length of hydraulic cylin-
der barrel L0 and the length of rod AC L2. The response 
time and displacement error is related to the combina-
tion of the mechanical structure parameters (i.e., inner 
diameter of hydraulic cylinder D, length of hydraulic 
cylinder barrel L0) and control parameters. (i.e., pro-
portion coefficient KP, integration coefficient KI and 
differential coefficient KD). Hence, during the optimi-
zation process, the mechanical structure parameters 
and control parameters are both taken as the optimiza-
tion variables. With the obtained optimal mechanical 
structure parameters and control parameters, a better 
height control system can be designed to reduce the 
probability of the spindle cotton picker colliding to the 
ground. In this section, a multi-objective optimization 
model is proposed firstly. Then an algorithm combined 
OvS, PSO and SA is proposed to solve the model.

(13)
U2

L
=

Kseωse

s + ωse
,

3.1  Optimization Objectives and Variables
3.1.1  Pressure of the Chamber without Piston
In a hydraulic system, the lower the pressure in the cham-
ber without piston is, the lower the pressure required by 
the hydraulic system is. As a result, the reliability of the 
hydraulic system will be improved. Hence, in this paper, 
the pressure of the chamber without piston P1 is set as an 
optimization objective.

Oil return circuit is directly connected to the oil tank 
from the hydraulic schematic diagram, so P2 = 0. Accord-
ing to Eq. (7), P1 is expressed as follows:

3.1.2  Response Time and Displacement Error
For the height control system of the spindle cotton picker, 
response time t0 and displacement error e are two vital 
performance indicators. With the aim to improve the 
profiling precision, reduce response time of hydraulic 
cylinder and decrease the probability of spindle collid-
ing to the ground, the response time t0 and displacement 
error e are chosen to be optimization objectives. For the 
sake of algorithmic convergence, the response time t0 and 
displacement error e are merged into one normalized 
objective H, which can be seen in Eq. (15):

where topt and eopt are the response time and displace-
ment error required by the height control system, ω1 and 
ω2 are the corresponding weights.

The hydraulic system of the height control system is 
complex with nonlinear characteristics. Its response time 
t0 and displacement error e are influenced by multiple 
factors, such as the mechanical structure parameters and 
control parameters. During the optimization process, it 
is difficult to establish a precise mathematical model of 
the hydraulic system to acquire the response time and 
displacement error. Hence, a simulation model based on 
AMESim is proposed to acquire the response time and 
displacement error of the hydraulic system.

The AMESim is a kind of software serving for advanced 
modeling and simulation of engineering systems based 
on intuitive graphical interface. It is specialized in 
multi-disciplinary collaborative simulation especially 
for mechanics, electronics and hydraulics. As the height 
control system is a typical mechanical-electro-hydraulic 

(14)
P1=

4

πD2

4L21(L2 + L4)
2

4L22L
2
3 −

(

L22 + L23 − L21
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d2L

dt2

+
4

πD2

[

+B
dL
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+
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.

(15)H = ω1
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topt
+ ω2
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system, several libraries are involved to build the whole 
model, like hydraulic component design library for the 
hydraulic pump, planner mechanical library for mechani-
cal attachments and control library for control opera-
tions. Meanwhile, the required parameters such as the 
inner diameter of hydraulic cylinder D and length of 
hydraulic cylinder barrel L0 are input in the model. The 
simulation model of the height control system can be 
seen in Figure 6.

3.1.3  Variables
The decision variables considered for the integrated opti-
mization problem can be classified into two categories. 
One is related to the structure and the variables needed 
to be decided are the inner diameter of hydraulic cylinder 
D, length of hydraulic cylinder barrel L0 and the length 
of rod AC L2. Another is the PID control parameters, i.e., 
proportion coefficient KP, integration coefficient KI and 
differential coefficient KD.

3.2  Constraints

(1) The inner diameter of hydraulic cylinder D should 
be selected from the Standard GB/T 2348, which 
can be seen in Eq. (16):

(16)
D = [63, 80, 90, 100, 110, 125, 140, 160, 180].

(2) The overall length of hydraulic cylinder L1, length 
of rod AC L2 and installation dimension L3 are 
restricted to the geometry constraints of a triangle:

where the overall length of hydraulic cylinder L1 is 
the sum of the length of hydraulic cylinder barrel L0 
and travel range of piston L, installation dimension 
L3 is constant.

 The length of hydraulic cylinder barrel L0 is:

where B is width of rod, B = (0.6‒0.8)D, LA is the 
guiding distance of hydraulic rod, LA = (0.6‒1.5)D, 
LM is sealing distance of hydraulic rod determined 
by sealing method, LC is the rest length of hydraulic 
cylinder barrel.

(3) The length of hydraulic cylinder barrel L0 is within 
twenty times the length of its inner diameter:

(4) The lifting height should be more than 100 mm 
when the hydraulic cylinder reaches its maximum 
travel range:

where Lmax is the maximum travel range of hydrau-
lic cylinder.

(5) The PID parameters are restricted by the reasonable 
ones:

where KPmax, KImax and KDmax are the maximum 
values of KP, KI and KD. The widely used method 
for acquiring these values is simulation tests. Dur-
ing each test, one of the PID parameters is changed 
while another two parameters remain unchanged. 
If the response time and displacement error of the 
height control system are within a reasonable range, 
then the value of the changed parameter will be 
recorded. The tests will last for several times until 
all the maximum values of the three PID parame-
ters are settled.

(17)







L0 + L+ L2 > L3,
L0 + L+ L3 > L2,
L2 + L3 > L0 + L,

(18)L0 = Lmax + B+ LA + LM + LC ,

(19)L0 < 20D.

(20)
L2max + 2L0Lmax

2L3
> 100,

(21)







0 < KP < KPmax,

0 < KI < KImax,

0 < KD < KDmax,

Figure 6 AMESim model of the height control system
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3.3  Optimization Model
Based on the analysis above, a multi-objective optimi-
zation model with the aim to minimize the pressure of 
chamber without piston, response time and displacement 
error of the height control system, is then formulated as 
shown in Eq. (22):

3.4  Optimization Solution
In this paper, the optimization model is solved via a 
simulation based optimization method. The response 
time and displacement error of the hydraulic cylinder 
are firstly acquired by the AMESim platform. Then 

(22)

min [P1(L0, D, L2), H(L0, D, KP , KI , KD)],

s.t.,



















































D = [63, 80, 90, 100, 110, 125, 140, 160, 180],
L0 + L+ L2 > L3,
L0 + L+ L3 > L2,
L2 + L3 > L0 + L,
L2max+2L0Lmax

2L3
> 100,

L0 < 20D,
0 < KP < KPmax,
0 < KI < KImax,
0 < KD < KDmax.

the simulation results are chosen to be fitness func-
tions of the multi-objective optimization model. For 
the discrete structure parameters, i.e., inner diam-
eter of hydraulic cylinder D, length of hydraulic cylin-
der barrel L0 and length of rod AC L2, they are firstly 
searched using SA and the optimal control parameters 
KP, KI and KD for each set of structure parameters are 
then obtained through PSO algorithm. The reason for 
choosing SA and PSO is that the SA is capable of high 
searching efficiency and fast convergence speed for 
solving discrete optimization problem [33] and so does 
the PSO for continuous optimization problems [34, 35]. 
The flowchart of the algorithm is shown in Figure 7 and 
the detailed procedure is described as follows.

Step 1: Set the parameters of SA and PSO. Gener-
ate initial solution x_current(D, L0, L2, KP, KI, KD) 
and calculate objective function object(P1, H). Set 
xSA_current as x_current(1:3).
Step 2: Enter the outer loop of SA. Judge whether 
the temporary temperature temp is greater than the 
minimum temperature tempmin set in Step 1 or not. 
If so, go to Step 3. Otherwise, go to Step 10.

Start

Input SA and PSO

parameters

Generate initial solutions

x_current(D, L0, L2, KP, KI, KD)

xSA_current=x_current(1:3)

temp>tempmin?

g=0

g<gM?

Use simulated annealing 

algorithm to generate adjacent 

solutions

xSA_new of xSA_current

Initialized particle swarm

xpso_current(KPi, KIi, KDi)

Use AMESim model to 

calculate objective function H

Update particle velocity Vi
And position Xi

Reinvocate AMESim model to

calculate objective function H

T=T+1

T<Tmax?

Output the optimal control parameters

xpso_new under structural parameters

x_new(1:3)=xSA_new
x_new(4:6)=xPSO_new

object_new(P1, H)

x_current dominate

x_new?

Calculate acceptance

probability Prob

Rand<Prob?

Keep the current

solution x_current

x_current=x_new
New solution

enters Pareto

solution set

g=g+1

Output Pareto solution End

N

Y
Y

Y

Y
N

N

N

N

Y

temp=temp× a

Figure 7 Simulation based optimization algorithm flow
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Step 3: Judge whether the current iteration count g is 
less than the maximum iteration count gM or not. If 
so, go to Step4. Otherwise, go to Step 9.
Step 4: Randomly generate the adjacent solution 
xSA_new of xSA_current in the outer loop of SA and 
calculate the pressure object SA_new(P1) of the cham-
ber without piston in the hydraulic cylinder.
Step 5: Enter the inner loop of PSO and calculate the 
optimal PID parameters corresponding to the struc-
tural parameters xSA_new generated in Step 4. The 
details are as follows.

 Step 5.1: Initialize the PSO, generate the initial 
solution xpos_current(KPi, KIi, KDi). Invoke the model 
in AMESim and get the output results of response 
time and displacement error of hydraulic cylinder, 
namely the value of objective function objectpso_cur
rent(H).

Step 5.2: Update the velocity vid and position xid 
of every particle according to Eqs. (23) and (24) 
and generate the adjacent solution xpos_new(KPi, 
KIi, KDi) of PSO. Invoke the model in AMESim 
and obtain the output results of response time 
and displacement error of profiling hydraulic 
cylinder, namely the value of objective function 
objectpso_new(H).

where vTid and xTid are velocity and position of the 
dth (d = 1, 2 or 3) dimension of the ith particle in 
the Tth iteration, pid is the best position of each 
particle during the iterative process, pgd is the best 
position of all particles in the temporary iterative 
procedure, c1 and c2 are learning factors, r1 and r2 
are two random numbers, ω is inertia weight.
Step 5.3: Update the iteration count of PSO, 
T = T + 1.
Step 5.4: Judge whether the current iteration count 
T is greater than the maximum iteration count 
Tmax or not. If so, go back to Step 5.2, otherwise go 
to Step 5.5.

Step 5.5: Generate the optimal PID parameters 
xpos_new that are related to the structure parameters 
from the outer loop of SA.

Step 6: Set x_new(1:3) as xSA_new, x_new(4:6) as 
xpos_new and value of objective function object_new 
as (P1, H).

(23)
vT+1

id = ωvTid + c1r1(pid − xTid)

+ c2r2(pgd − xTid),

(24)xT+1
id = xTid + vT+1

id ,

Step 7: Judge the dominating relationship of the 
solutions in SA. The details are as follows.

 Step 7.1: Judge whether x_new is dominated by 
x_current or not. If not, set x_current as x_new and 
add x_new to Pareto Archive, otherwise, go to Step 
7.2.

Step 7.2: Calculate the probability of acceptance 
Prob according to Eq. (25):

where ΔE = E(f(x_new), λ) − E(f(x_current), λ), 
E(f(x), λ) = λ1P1 + λ2H. λ1 and λ2 are set as 0.5.

Step 7.3: Generate a random number Rand and 
judge whether Rand is less than Prob or not. If so, 
set x_current as x_new and add x_new to the Pareto 
Archive. Otherwise, retain x_current.

Step 8: Update the iteration count of SA, g = g + 1. 
Go back to Step 3.
Step 9: A commonly-used exponent cooling strategy 
is adopted in the outer loop of SA:

where a is the cooling factor of SA and faster cool-
ing speed is achieved with less value of a. Go back to 
Step 2.
Step 10: Output the Pareto Archive.

4  Case Study
To validate the proposed multi-objective optimization 
model and algorithm and gain a better understand-
ing of the influence of structure parameters and control 
parameters on pressure of the chamber without piston, 
response time and displacement error, a series of experi-
ments are carried out in this section.

4.1  Optimization Results
To verify the effectiveness of the proposed approach, 
three optimization cases are studied. Hydraulic param-
eters and structure parameters of the height control 
system for the cotton picker are shown in Table 1. Param-
eters of SA and PSO are given in Table 2. Optimization 
results are shown in Table 3.

Case 1: Height control system with original structure 
parameters and PID control parameters.

Case 2: Height control system with optimal PID control 
parameters but original structure parameters.

(25)Prob = exp

(

−�E

temp

)

,

(26)temp = a× temp,
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Case 3: Height control system with optimal structure 
parameters and PID control parameters obtained by the 
proposed integration optimization approach.

4.1.1  Simulation Results under an Identical Height
According to the structural parameters of the height con-
trol system and displacement of the hydraulic cylinder, 
the pressure of the chamber without piston P1 for the 
three cases is calculated and plotted in Figure 8.

From Figure 8, it can be seen that the maximum pres-
sure of Case 1, Case 2 and Case 3 is 29.07 MPa, 29.07 MPa 
and 24.81 MPa, respectively. Compared with Case 1 and 
Case 2, the maximum pressure of Case 3 is reduced by 
14.65%. Furthermore, it also can be found that the aver-
age pressure of Case 1, Case 2 and Case 3 is 11.82 MPa, 
11.82  MPa and 12.31  MPa, respectively. The average 
pressure is slightly increased by 4.15% when compared 
with Case 1 and Case 2. Note that the maximum pressure 
and average pressure of Case 1 and Case 2 are the same. 
This is because the load of the hydraulic cylinder will not 
be changed if only control parameters are optimized but 
structural parameters remains unchanged.

To study the response characteristics of the three cases 
under the same height, an AMESim simulation is per-
formed. During the simulation process, the output load 
of the hydraulic cylinder is set to be the maximum load. 

Table 1 Hydraulic parameters and structure parameters of 
height control system

Parameter Value Unit

Engine rated speed 2200 r/min

Rated displacement of pump 90 mL/min

Rated pressure of pump 40 MPa

Speed of pump 2000 r/min

Rated current of servo valve 200 mA

Rated flow of servo valve 75 mL/min

Natural frequency 50 Hz

Damping ratio 1

Servo amplifier gain 250

Overflow pressure of overflow valve 16 MPa

G 20000 N

L2 850 mm

L3 750 mm

L4 1000 mm

Table 2 Algorithm parameters of height control system

Parameter Symbol Value

Initial temperature of SA temp 200

Minimum temperature of SA tempmin 10

Maximum iterations of SA gM 100

Cooling factor of SA a 0.98

Learning factor of PSO c1 2

Learning factor of PSO c2 2

Inertia weight of PSO ω 0.2

Population size of the particles N 40

Maximum iterations of PSO T 500

Table 3 Optimization results

Parameter Case 1 Case 2 Case 3

L0 900 900 1006

L2 850 850 613

D 100 100 110

KP 18 14 10.33

KI 0.25 0.52 0.57

KD 0.1 0.02 0.01

M
Pa

Figure 8 Pressure of hydraulic cylinder for different cases

Figure 9 Displacement of the hydraulic cylinder before and after 
optimization
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As the step signal is the most common and useful refer-
ence signal for judging the response characteristics of a 
controlled system, during the simulation, the step signal 
is used to study the response characteristics of the height 
control system. The lifting height of spindle cotton picker 
is set to be 100  mm. The displacement of the hydraulic 
cylinder for the three cases is calculated by Eq. (8) and 
the piston displacement of Case 1, Case 2 and Case 3 is 
80  mm, 80  mm and 72  mm. Simulation is carried out 
with step signal as shown in Figure 9.

In Figure  10, the response curves of Case 1, Case 2 
and Case 3 is given. The response time of the three cases 
are 0.98s, 0.75s and 0.48s respectively. Moreover, the 
displacement error of the three cases is 4.0%, 2.6% and 
1.1%. The response time and displacement error of Case 
3 are less than that of Case 1 or Case 2. This is because 
the displacement of the piston rod L for Case 3 is smaller 
than that of Case 1 and Case 2 under the same required 

height. Moreover, from Figure 10, it can be found that the 
control parameters has a great influence on the response 
time and displacement error of the height control system.

4.1.2  Simulation Results under an Identical Displacement
In order to verify the performance of the height control 
system, comparative simulations are made on the three 
cases with the same displacement of 80  mm. From Fig-
ure  11, it can be seen that the maximum pressure of 
the chamber without piston for Case 1 and Case 2 is 
29.07 MPa, while the maximum pressure of Case 3 is only 
24.81  MPa. Compared to Case 1 and Case 2, the maxi-
mum pressure of Case 3 is reduced by 14.65%. From Fig-
ure 12, it can be found that the response time of Case 3 is 
0.62 s, which is reduced by 18.42% compared with Case 1 

Figure 10 Comparison of response curves under the same height

P 1
)aP

M(

Figure 11 Pressure comparison of the three cases

Figure 12 Comparison of displacement response

Figure 13 Height control system of spindle cotton picker



Page 11 of 12Chen et al. Chinese Journal of Mechanical Engineering          (2021) 34:136  

and Case 2. Besides, the displacement error of Case 3 is 
reduced by 1.4%. It can be found that significant improve-
ment is achieved with the proposed approach.

From the analysis above, it can be found that the opti-
mal control parameters will vary with different struc-
ture parameters, optimization of structure parameters 
and control parameters in an integrated manner can 
further reduce the pressure, shorten the response time, 
and improve the positioning accuracy of the height 
control system.

4.2  Experimental Validation
According to the optimal structure and PID control 
parameters, as shown in Figure 13, a height control sys-
tem for a cotton picker is constructed. In order to verify 
its performance, a practical test is carried out. Obstacles 
with the height of 100 mm, 80 mm and 50 mm are put 
on a smooth road to simulate the fluctuation of cotton 
field ground. The cotton picker travels through obstacles 
at a working speed of 5.8 km/h. The response time of the 
height control system is recorded as shown in Table  4. 
From Table  4, it can be found that the response time 
is 0.55 s, 0.43 s and 0.28 s under the height of 100 mm, 
80  mm and 50  mm. All the response time is less than 
0.93  s, which is the maximum response time to lift the 
picking unit to avoid colliding the obstacles at a speed of 
5.8 km/h. This proves that the optimal structure and con-
trol parameters of the height control system can meet the 
requirements.

5  Conclusions
In this paper, a vertical spindle cotton picker has been 
presented to solve existing problems in the traditional 
spindle cotton picker. A mechanical-electric-hydraulic 
coupled height control system is designed for the verti-
cal cotton picker to avoid collision between spindles and 
bumps on the cotton field, and improve the efficiency of 
cotton picking. The conclusions are as follows.

(1) Both structure and control parameters are opti-
mized to improve terrain-tracking performance of 
the height control system. A multi-objective inte-
grated optimization model is established, which 

takes the pressure, response time and displacement 
error as the optimization objectives.

(2) The multi-objective integrated optimization model 
is solved by using the optimization method based 
on AMESim simulation. Experimental results show 
that the maximum pressure of the hydraulic cylin-
der, the response time and the displacement error 
can be effectively reduced by 14.65%, 18.42% and 
1.4%, respectively.

(3) Future work will be focused on the following 
aspects. Effects of the SA and PSO algorithm 
parameters on the optimization results of the 
height control system are not analyzed in the cur-
rent study. It is expected that these works will be 
the future work. More improved optimization algo-
rithms such as Artificial Bee Colony and Cuckoo 
Search algorithm [36–38] will be proposed to solve 
the proposed multi-objective optimization model.

Acknowledgements
Not applicable.

Authors’ Contributions
XC was in charge of the trial and wrote the manuscript. CL provided funda-
mental ideas and all support conditions of this paper. RH and NL conducted 
proof reading and made some critical revisions. CZ assisted the trial and 
simulations. All authors read and approved the final manuscript.

Authors’ Information
Xingzheng Chen, born in 1990, is currently a Lecturer at College of Engineer-
ing and Technology, Southwest University, China. He received his PhD degree 
from Chongqing University, China, in 2018. His research interests include on 
electronic-hydraulic system optimization and energy efficient machining.
Congbo Li, born in 1981, is currently a Professor at State Key Laboratory of 
Mechanical Transmission, Chongqing University, China. His main research inter-
ests include modeling and optimization control, green manufacturing, energy 
efficient manufacturing and remanufacturing.
Rui Hu, born in 1994, is currently a master candidate at State Key Laboratory of 
Mechanical Transmission, Chongqing University, China.
Ning Liu, born in 1989, is currently a Research Fellow at Department of 
Mechanical Engineering, National University of Singapore, Singapore. His research 
interests include artificial intelligence for industrial solutions, metallic additive 
manufacturing and industrial automation.
Chi Zhang, born in 1995, is currently a master candidate at State Key Laboratory 
of Mechanical Transmission, Chongqing University, China.

Funding
Supported by National Natural Science Foundation of China (Grant No. 
51905448), Chongqing Technology Innovation and Application Program of 
China (Grant No. cstc2018jszx-cyzdX0183) and Fundamental Research Funds 
for the Central Universities of China (Grant No. SWU119060).

Competing Interests
The authors declare no competing financial interests.

Author Details
1 College of Engineering and Technology, Southwest University, Chong-
qing 400715, China. 2 State Key Laboratory of Mechanical Transmission, 
Chongqing University, Chongqing 400044, China. 3 Department of Mechanical 
Engineering, National University of Singapore, Singapore 119077, Singapore. 

Table 4 Response time of the height control system

Height h (mm) Piston displacement L 
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Response 
time t (s)
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80 58 0.43

50 36 0.28
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