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Abstract: Large high clearance self-propelled sprayers were widely used in field plant protection due to their high-efficiency
operation  capabilities.  Influenced  by  the  characteristics  of  field  operations  such  as  high  power,  heavy  weight,  high  ground
clearance,  and  fast  operation  speed,  the  comprehensive  requirements  for  the  ride  comfort,  handling  stability  and  road
friendliness  of  the  sprayer  were  increasingly  strong.  At  the  present  stage,  the  chassis  structure  of  the  high  clearance  self-
propelled sprayer that  attaches great  importance to the improvement of comprehensive performance still  has the problems of
severe  bumps,  weak  handling  performance  and  serious  road  damage  in  complex  field  environments.  Therefore,  this  paper
proposes  an  optimization  design  method  for  hydro-pneumatic  suspension  system  of  a  high  clearance  self-propelled  sprayer
based  on  the  improved  MOPSO  (Multi-Objective  Particle  Swarm  Optimization)  algorithm,  covering  the  entire  process  of
configuration  design,  parameter  intelligent  optimization,  and  system verification  of  the  high  clearance  self-propelled  sprayer
chassis. Specifically, chassis structure of the hydro-pneumatic suspension suitable for the high clearance self-propelled sprayer
was  designed,  and  a  design  method  combining  the  improved  MOPSO  algorithm  based  on  time-varying  fusion  strategy  and
adaptive  update  with  the  parameter  optimization  of  hydro-pneumatic  suspension  based  on  this  algorithm was  proposed,  and
finally the software simulation and bench performance verification were carried out. The results show that the optimized hydro-
pneumatic  suspension has excellent  vibration reduction effect,  and the body acceleration,  suspension dynamic deflection and
tire  deflection  were  increased  by  16.5%,  9.9%  and  0.9%  respectively,  compared  with  those  before  optimization.  The
comprehensive  performance  of  the  hydro-pneumatic  suspension  designed  in  this  study  is  better  than  that  of  the  traditional
suspension.
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1    Introduction
As a large-scale high-end agricultural equipment, the large high

clearance  sprayer  is  widely  used  in  the  stage  of  crop  spraying  and
fertilization[1-4].  Compared  with  the  non  road  vehicles  such  as
military  vehicles  and  engineering  vehicles[5,6],  the  complex  field
working  environment  when  large  high  sprayers  operate  at  high
speeds  puts  forward  higher  requirements  for  their  suspension  and
vibration reduction systems[7,8]: 1) Ensure that the structure is highly
integrated to reduce crop damage; 2) Improve the ride comfort and
handling  stability  of  field  operation;  3)  Relieve  soil  compaction
caused by heavy weight  and improve road friendliness;  (4)  Ability
to adjust chassis height according to crop height.

The traditional air spring passive suspension system can realize
the  functions  of  vibration  reduction  and  small-scale  chassis
adjustment[9].  However,  in  the  face  of  complex  conditions  such  as
field potholes, crop plant protection with different plant heights and
multi-level  road  driving,  due  to  its  own  structure,  it  is  unable  to
achieve  high-performance  vibration  reduction  and  large-scale
chassis  clearance  adjustment,  and  the  comfort  and  handling
performance  are  not  good,  which  has  a  great  impact  on  the  spray
stability of the boom[10,11]. The hydro-pneumatic suspension benefits
from  the  advantages  of  hydraulic  cylinder  with  accumulator  for
vibration  reduction,  large-scale  damping  adjustment  of  hydraulic
system and compact  structure  layout,  which  can  achieve  improved
vibration  reduction  performance  and  wider  range  chassis  height
adjustment  function[12-14],  it  has  certain  advantages  in  solving  the
problem  of  reducing  vibration  of  sprayers,  and  has  broad
application  prospects.  However,  with  the  complexity  of  the
hydraulic  system  and  the  high  integration  of  the  hydro-pneumatic
suspension  structure,  there  are  many  parameters  that  affect  the
vibration  reduction  effect,  and  the  complex  combination  of
parameters  has  a  significant  nonlinear  impact  on  the  suspension
performance[15].  These  problems  make  it  difficult  to  clarify  the
relationship  between  the  vibration  reduction  performance  and  the
inherent characteristics of the suspension, and make the influence of
the  multi-parameter  coupling  in  the  hydro-pneumatic  suspension
structure  on  the  nonlinear  system  become  increasingly  serious.
Therefore,  it  is  increasingly  difficult  to  establish  a  set  of  structure
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and  model  suitable  for  the  vibration  reduction  system  of  high
clearance self-propelled sprayer.

Many  researchers  have  carried  out  a  lot  of  research  and
experiments  on  the  optimization  analysis  of  suspension  system
characteristics.  Solomon  et  al.[16]  analyzed  the  impact  trend  of
stiffness and damping characteristics  on the smoothness of  tracked
vehicle  hydro-pneumatic  suspensions.  Gundogdu[17]  established  a
dynamic  model  based  on  damping  and  stiffness,  designed  the
dimensionless  expressions  of  head  acceleration,  peak  factor,
suspension  dynamic  deflection  and  tire  deflection,  and  optimized
the quarter car seat suspension. Gobbi et al.[18] adopted a two-degree-
of-freedom model to describe the dynamic behavior of road driving,
and  improved  the  vehicle’s  grip  and  working  space  by  optimizing
the stiffness and damping of passive suspension. Peng et al.[19] used
the GA-PSO algorithm to improve the damping and stiffness of the
tires  and  suspension  of  off-road  vehicles,  in  order  to  achieve  the
best  damping  performance.  Kuznetsov  et  al.[20]  established  a
dynamic model that couples stiffness and damping with the driver,
vehicle  body,  and  road  surface,  and  used  the  Global  Optimization
Problem Algorithm (AGOP) to optimize ride comfort. In the above
suspension design and analysis, some people design the suspension
system  by  establishing  the  hydraulic  system  model  without
considering  the  suspension  dynamic  characteristics,  while  others
establish the dynamic model through Newton’s law, and analyze the
stiffness  and  damping  coefficient  to  improve  the  suspension
characteristics,  but  the  stiffness  and  damping  coefficient  are  time-
varying  in  actual  operation,  so  that  the  suspension  characteristic
analysis only exists in theoretical research, and the optimization of
the suspension is difficult to be applied. It is very rare to truly start
with  the  hydraulic  system,  analyze  its  nonlinear  characteristics
fundamentally,  and  conduct  comprehensive  optimization  of
structural  parameters.  Therefore,  starting  from  the  oil  system,
establishing  a  mathematical  model  with  complex  structural
parameters  as  input  and  analyzing  the  spray  hydro-pneumatic
suspension  accurately  is  the  priority  among  priorities  in  the
optimization  of  ride  comfort,  handling  stability  and  road
friendliness.

Multi-objective  optimization  algorithm  is  widely  used  in
solving  the  internal  conflict  of  multi-objective  and  realizing  the
compromise  of  multi-objective[21].  In  the  fields  of  military  vehicles
and  engineering  vehicles,  some  researchers  have  carried  out
relevant  research  on  suspension  optimization  by  using  multi-
objective  algorithm.  Farid  et  al.[22]  established  a  quarter  vehicle
model,  used  genetic  algorithms  to  analyze  head  acceleration  and
seat  shaking,  and  optimized  vehicle  vibration  reduction
performance.  Wu  et  al.[23]  established  a  rigid-flexible  coupling
model  to  improve  the  efficiency  of  model  analysis,  and  used
ISIGHT to optimize the contradictory relationship between vehicle
handling and driving characteristics.  Mohsen et  al.[24] aiming at  the
problem  of  poor  vibration  reduction  effect  of  military  armored
vehicle  suspension,  took  ride  comfort  and  driving  performance  as
optimization  goals,  and  proposed  an  optimal  vibration  reduction
scheme  for  military  armored  vehicles  through  genetic  algorithm.
Gomes et  al.[25] used the PSO algorithm to evaluate the variance of
road load and suspension displacement, and used this to analyze the
minimization  of  the  objective  function.  The  above  optimization
provides  a  reference  for  the  multi-objective  optimization  of  the
sprayer’s  hydro-pneumatic  suspension,  but  the  performance
indicators  of  most  suspension  optimizations  are  simple,  which  are
not  enough  to  cope  with  the  complex  field  operation  environment
faced  by  the  sprayer’s  vibration  reduction.  At  the  same  time,

existing  algorithms  cannot  balance  global  and  local  optima  in  the
face  of  extremely  complex  nonlinear  hydraulic  models,  losing  the
necessity of using algorithms for optimization.

Based on this, in order to meet the complex vibration reduction
requirements  of  high  clearance  self-propelled  sprayers  in  farm
working  conditions,  in  view  of  the  serious  bumps,  weak  handling
performance  and  serious  road  damage  in  the  chassis  system,  this
study  establishes  a  chassis  design,  structural  optimization  and
system  verification  method  suitable  for  high  clearance  self-
propelled  sprayers.  The  main  work  contents  include:  1)  By
introducing the hydro-pneumatic suspension system and the parallel
structure  of  the  damping  holes,  an  innovative  configuration  based
on  the  hydro-pneumatic  suspension  chassis  of  the  high  clearance
self-propelled  sprayer  is  proposed;  2)  An  optimization  method  for
the  structural  parameters  of  the  hydro-pneumatic  suspension based
on the time-varying fusion algorithm is proposed; 3) The algorithm
verification  and  system  optimization  verification  methods  are
constructed, and a performance test bench is built for verification. 

2    Material and methods
 

2.1    Configuration and analysis of hydro-pneumatic suspension 

2.1.1    Hydro-pneumatic suspension configuration
(1)  Structure  and  working  principle  of  hydro-pneumatic

suspension
Aiming  at  the  problems  that  the  traditional  air  suspension  in

field operation has limited vibration reduction and cannot adjust the
ground  clearance  greatly,  an  hydro-pneumatic  suspension  system
for sprayer working conditions is proposed. In this paper, combined
with  the  basic  parameters  and  functional  requirements  of  the  self-
developed  3WPG-3000  high  clearance  self-propelled  sprayer,  the
designed sprayer’s hydro-pneumatic suspension chassis structure is
shown in Figure  1.  When the  sprayer  is  transported  on the  asphalt
pavement, the hydraulic cylinder 3 is retracted to reduce the center
of  gravity  and  improve  the  handling  stability.  When  the  sprayer
works in the field, the hydraulic cylinder 3 adjusts the chassis height
in  real  time according to  the  crop height,  so  as  to  avoid  damaging
crops.  The  guide  mechanism  4  slides  in  the  bearing  with  the
movement of the hydraulic cylinder to realize the guiding function
and  transfer  the  steering  torque.  Compared  with  the  traditional  air
suspension, the structure of the hydro-pneumatic suspension system
is  placed  under  the  vertical  shaft,  and  the  design  is  compact,
reducing  the  interference  of  crops  and  improving  the  mobility  of
sprayer.
  

2
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1

1.  Frame  2.  Steering  System  3.  Hydraulic  Cylinder  4.  Guiding  Mechanism
5. Hydro. pneumatic Suspension Fixing Mechanism Tires and Motors
Figure 1    Design of sprayer hydro-pneumatic suspension chassis

(2) Key component design and parameter analysis
1) Steering system design
The  steering  mechanism of  the  high  ground  clearance  sprayer

conforms to the basic theory of trapezoidal four-link steering[26], but
the  structure  is  different  from the  traditional  four-link  mechanism,
so it is difficult to optimize the sprayer steering system by using the
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trapezoidal  four-link  theory.  In  this  paper,  the  steering  cylinder  is
regarded as  the  tie  rod of  the  trapezoidal  four-bar  linkage,  and the
equivalent structure is shown in Figure 2.
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Figure 2    Equivalent trapezoidal four-link
 

When the  high  clearance  self-propelled  sprayer  is  turning,  the
steering trapezoid should make the steering wheels of the inner and
outer  sides roll  along the different  corners of  the same center.  The
theoretical corner of the Ackerman steering principle is used as the
design  standard,  and  the  relationship  between  the  actual  rotation
angle of the inner and outer steering wheels meets the Equation (1).

α′ = arctan
N1 sin(θ1 −β′)

M−N1 cos(θ1 −β′)
− θ1+

arccos
[N1 +2M cosθ1 −2N1cos2θ1 −M cos(θ1 −β′)]√

N2
1 +M2 −2N1 M cos(θ1 −β′)

(1)

where, α′ and β′ are the actual rotation angles of the outer and inner
wheels, (º); M is the distance between the main pins, mm; N1 is the
length  of  the  steering  arm,  mm;  θ1  is  the  bottom  angle  of  the
steering  trapezoid.  During optimization,  the  steering  trapezoid  arm
is  limited  to  150-300  mm  and  the  bottom  angle  of  the  steering
trapezoid  is  65°-75°,  the  minimum  difference  between  the  actual
rotation  angle  of  the  outer  steering  wheel  and  the  theoretical
rotation angle is taken as the optimization target, that is,

f =min |α−α′| < 3◦ (2)

Before  the  steering mechanism is  optimized,  in  order  to  avoid
the “dead point” caused by the too small angle between the steering
trapezoid arm and the oil cylinder, the minimum transmission angle
ξ is established as the constraint condition, namely

ξ = arccos−M cos(θ1 +δmax)+2M cosθ1 −2N1cos2θ1

M−2N1 cosθ1
> 30◦ (3)

where,  δmax  is  the  maximum  actual  outer  wheel  angle,  (º).  The
Matlab R2020b analysis shows that:  after  optimization,  the bottom
angle of  the steering trapezoid is  69.55°,  the length of  the steering
arm  is  160  mm,  and  the  maximum  actual  outer  wheel  angle  is
28.02°. As shown in Figure 3, the difference between the optimized
turning angle and Ackerman’s theoretical turning angle is 0.64°, and
the steering performance is better than that before the optimization,
which can effectively avoid abnormal wear of the steering wheel.
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Figure 3    Comparison of internal and external corners before and
after optimization

 

2) Handling performance analysis
Due to  the  complex operating  environment  of  the  sprayer,  the

characteristics  of  high  ground  clearance  put  forward  higher
requirements  on  the  driving  ability  of  the  sprayer.  In  this  section,
force analysis is carried out under the conditions of sprayer braking
and climbing to verify the handling performance of the new chassis
structure.

As  shown  in  Figure  4,  when  the  sprayer  brakes  in  an
emergency,  the  front  axle  is  subjected  to  both  vertical  load  and
inertial force, and the vertical load moves to the front axle, that is,

Gb1
L
2
=Gb2

L
2
+Fb1h+Fb2h (4)

where, Gb1 and Gb2 are the reaction forces of the road surface to the
front  and rear  wheels,  N; Fb1 and Fb2 are the braking forces of  the
front  and  rear  wheels,  N.  Since  the  braking  force  is  equal  to  the
product of the peak adhesion coefficient φ and the reaction force of
the  road  surface,  the  reaction  force  of  the  road  surface  is  equal  to
the  sum  of  the  sprung  mass  of  the  single  wheel  and  the  inertial
force, which can be obtained:

Gb1 =

(1
2
+
φh
H

)
Gm

Gb2 =

(1
2
− φh

H

)
Gm

When  the  sprayer  is  climbing,  the  mass  of  the  whole  vehicle
moves  backward,  and  the  ground  reaction  forces  of  the  front  and
rear  wheels Gp1  and Gp2  can  be  obtained  when  the  slope  is  θ,  as
shown in Equation (5).

Gp1 =

( cosθ
2
− h

H
sinθ
)

Gm

Gp2 =

( cosθ
2

+ h
H

sinθ
)

Gm

(5)

Compared  with  the  upper  air  suspension  structure,  the  lower
hydro-pneumatic  suspension  structure  can  effectively  reduce  the
height of the center of gravity h.

3) Hydro-pneumatic suspension chassis design
Combined  with  the  operation  requirements,  the  ground  gap

adjustment function is designed to make the chassis system realize
the adjustment function of 1.5-2.1 m, as shown in Figure 5.

The offset distance of the vertical axle is the distance between
the extension line of the steering vertical axle and the contact point
between the wheel center and the ground, which is used to maintain
the  stability  of  straight  driving[27].  The  offset  distance  is  positive
when the intersection of  the extension line is  located on the inside
of  the  tire,  and  the  vertical  axis  offset  distance  of  the  sprayer  is
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usually  set  to  a  positive  value  to  ensure  that  the  steering  is  light.
Based  on  the  design  principle  that  the  offset  distance  is  positive
when  the  ground  clearance  is  the  highest  and  the  lowest,  the
inclination  angle  of  the  vertical  axis  is  set  to  3°,  and  the
corresponding offset distance is 187.2-218.6 mm.

After  the  strength  check,  the  chassis  structure  parameters  are
listed in Table 1.
 
 

G

Gm

Gb1
Gb2

Fb2 Fb1

Gmcosθ

Gp1

Gp2

Gmsinθ

H

Braking

Climbing

h

Figure 4    Schematic diagram of climbing and braking conditions
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Figure 5    Schematic diagram of ground clearance adjustment
 
 

Table 1    Design parameters of chassis.
Parameter symbol Explanation Numerical value

m/kg Total weight 11 480
ms/kg Sprung mass of single wheel 2400
mu/kg Unsprung mass of single wheel 470
S/mm Hydraulic cylinder stroke 600

Dx/mm Diameter of guide column 90
Dl/mm Diameter of vertical shaft 120

 

(3) Oil circuit system design
In order to adapt to the complicated and changeable conditions

of  the  sprayer,  aiming  at  the  problem of  low variable  threshold  of
damping and stiffness of traditional suspension, a hydro-pneumatic
spring oil circuit system with parallel structure of damping holes is

proposed  to  improve  the  damping  time-varying  range,  and  the  1/4
suspension model of sprayer is set up, as shown in Figure 6.
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Figure 6    Hydro-pneumatic suspension model
 

The  suspension  model  is  composed  of  tire  model,  unsprung
model,  body  model  and  hydro-pneumatic  suspension  system.  The
tire  model  is  composed of  linear  spring and linear  damper.  During
the working process,  the solenoid on-off valve 8 is normally open.
When the body moves upward,  part  of  the hydraulic  oil  in  the rod
cavity  flows  through  the  damping  hole  4  and  enters  the  rodless
cavity,  and  the  other  part  flows  through  the  damping  hole  5  and
enters the accumulator 9; When the body moves downward, part of
the  hydraulic  oil  in  the  rodless  cavity  flows  through  the  damping
hole 4 into the rod cavity, and the other part enters the accumulator
9  through  the  check  valve  6  and  the  damping  hole  7.  When  the
hydraulic  cylinder  is  compressed,  check  valve  6  opens  and
hydraulic  oil  passes  through  damping  holes  4,  5,  and  7.  At  this
point,  the  function  is  equivalent  to  the  spring  of  a  traditional
suspension; When the hydraulic cylinder is extended, check valve 6
closes and hydraulic oil only flows through damping holes 4 and 5.
At this point, the flow rate is relatively high, acting like a damper in
traditional  suspension.  The  innovation  of  this  structure  lies  in  the
hydraulic oil circuit with parallel damping hole structure. Compared
with  the  hydro-pneumatic  suspension  system  of  engineering
vehicles, this system innovatively adds check valve 6 and damping
hole  7.  Since  the  damping  force  has  the  characteristics  of  time-
varying  with  the  excitation  amplitude  of  the  road  surface,  the
structure  increases  the  damping  threshold  of  the  hydro-pneumatic
suspension  and  better  adapts  to  the  comprehensive  vibration
reduction requirements of high clearance self-propelled sprayers.

After  calculation,  the  structural  parameters  of  the  designed oil
circuit system are listed in Table 2. 

2.1.2    Nonlinear characteristic analysis
The structure designed above covers the accumulator, damping

valve,  hydraulic  cylinder  and  other  components,  which  promotes
the  establishment  of  mathematical  model  and  the  improvement  of
the  performance  of  the  whole  machine.  Traditional  nonlinear
analysis  mostly  considers  the  relationship  between  stiffness,
damping  and  dynamic  model.  To  accurately  establish  a
mathematical  model  and  analyze  the  influencing  factors  of

　112 　 April, 2024 Int J Agric & Biol Eng　　　Open Access at https://www.ijabe.org Vol. 17 No. 2　

https://www.ijabe.org


suspension in an all-round way,  the performance components  such
as  accumulator,  damping  valve,  and  hydraulic  cylinder  cannot  be
ignored.  Therefore,  by  establishing  the  mathematical  model  of  the
damping  hole  parallel  system proposed  in  this  paper,  the  coupling
relationship  between  the  oil  circuit  system  and  the  dynamics  is
quantified.
 
 

Table 2    Design parameters of oil circuit
Parameter Explanation Numerical value

d1/mm Piston rod diameter 35
d2/mm Hydraulic cylinder inner diameter 63
dz/mm Diameter of damping hole 4 4
dj/mm Diameter of damping hole 5 and 7 4

P0/MPa Initial pressure of accumulator 12
V0/L Accumulator charging volume 2.5

 

(1) Mathematical model of hydro-pneumatic suspension
According to  the  above model,  when the hydraulic  cylinder  is

working,  the  output  force  of  the  hydro-pneumatic  suspension  is
equal to the sum of the elastic force and the damping force, namely

F = p2A2 − p1A1 = ks(xs − xu)+ cs(ẋs − ẋu) (6)

where, p1  and p2  are  the  pressure  of  rod  cavity  and rodless  cavity,
Pa; xs and xu are the body displacement and unsprung displacement,
m;  ks  is  the  stiffness  coefficient  of  hydro-pneumatic  suspension,
N/m; cs  is  the damping coefficient of hydro-pneumatic suspension,
N·s/m; A1  and A2  are  the  effective  area  of  the  rod  cavity  and  the
rodless cavity, m2.

Due to the nonlinear characteristics of the hydraulic system, the
stiffness  coefficient  and  damping  coefficient  of  the  hydro-
pneumatic  suspension  cannot  be  determined.  The  inherent
parameters of the suspension are introduced into the model, and the
following  preconditions  are  set:  1)  Ignore  friction  and  leakage;
2)  Assume  that  the  gas  is  an  ideal  gas;  3)  Ignore  external
disturbances;  4)  Assume  that  the  temperature  of  the  working
medium is constant, according to the ideal gas equation of state, the
elastic force output by the hydro-pneumatic suspension is obtained as:

Fk = p(A2 −A1) =
P0V r

0(A2 −A1)
[V0 − (A2 −A1)X]r (7)

where, p and p0 are the accumulator pressures in the working state
and  initial  state; V  and V0  are  the  accumulator  gas  volume  in  the
working state and initial state, and r is the gas variability index.

The  damping  hole  4  is  set  as  a  thick  wall  orifice,  and  the
damping holes 5 and 7 are set as slender orifices to obtain the flow
through the damping hole.

qz =CqAz

…
2
∆p1

ρ

qi =
πd4

j

128µL
∆p2

q j =
πd4

j

128µL
∆p3

(8)

where,  qz,  qi  and  qj  are  the  flows  of  damping  holes  4,  5  and  7
respectively,  m3/s;  Cq  is  the  orifice  flow  coefficient,  recorded  as
0.82;  μ  is  the  dynamic  viscosity  of  hydraulic  oil,  Pa·s;  L  is  the
overflow  length  of  throttle  orifice,  m.  According  to  the  working
principle  of  parallel  damping  hole  oil  circuit  analyzed  above,  the
working process of suspension can be expressed by Equation (9).

A1Ẋ = sign(Ẋ)qz +qi

(A2 −A1)Ẋ =
[1

2
+

1
2
sign(Ẋ)

]
q j −qi

(9)

The  damping  force  obtained  by  sorting  is  shown  in  Equation
(10).

Fc =
ρA3

2Ẋ2sign(Ẋ)

2
ï

CqAz +
πd4

j

128µL

(1
2
+

1
2

sign(Ẋ)
)ò2 +

128µLA1(A2 +A1)Ẋ
πd4

j

(10)

Calculate  the  partial  derivative  of  Equation  (7)  and  (10),  and
the expressions of stiffness coefficient and damping coefficient are:

ks(x) =
rP0V r

0(A2 −A1)
2

[V0 − (A2 −A1)x]r+1 (11)

cs(ẋ) =
ρA3

2 ẋsign(ẋ)ï
CqAz +

πd4
j

128µL

(1
2
+

1
2

sign(ẋ)
)ò2 +

128µLA1(A2 +A1)
πd4

j

(12)

The nonlinear  vibration model  of  hydro-pneumatic  suspension
can be obtained by Newton’s law of motion, as shown in Equation
(13).®

ms ẍs = −ks(xs − xu)− cs(ẋs − ẋu)

mu ẍu = ks(xs − xu)+ cs(ẋs − ẋu)− kt(xu −w)− ct(ẋu − ẇ)
(13)

where, ms and mu are sprung mass and unsprung mass; w is the input
displacement of pavement; kt and ct are the stiffness coefficient and
damping coefficient of the tire. Combining Equations (11) and (12),
the  stiffness  coefficient  and  damping  coefficient  in  the  dynamic
model  can  be  replaced  by  the  hydraulic  system  model,  which  is
convenient to establish the nonlinear coupling model below.

(2)  Nonlinear  characteristic  analysis  of  hydro-pneumatic
suspension

The analysis of the damping characteristics of hydro-pneumatic
suspension  is  complex.  In  order  to  comprehensively  determine  the
performance  parameters  that  affect  the  sprayer’s  hydro-pneumatic
suspension,  the  nonlinear  characteristics  of  hydro-pneumatic
suspension are analyzed based on the oil circuit model.

According to Equations (7) and (10), the initial pressure of the
accumulator, the charging volume of the accumulator, the effective
action  area  of  the  hydraulic  cylinder  and  the  diameter  of  the
damping  hole  are  the  key  parameters  affecting  the  output  force  of
the suspension. Therefore, single factor analysis is conducted for the
above  parameters.  Under  the  sinusoidal  signal  with  amplitude  of
0.05 m and excitation frequency of 3 Hz, adjust the initial pressure
of accumulator P0, inflation volume V0, inner diameter of hydraulic
cylinder d2, piston rod diameter d1, damping hole diameter dz and dj,
and analyze the nonlinear characteristics of suspension. The change
trend of elastic force and damping force is shown in Figure 7.

It  can  be  seen  from  Figure  7a  that  within  a  certain  range  of
hydraulic  cylinder  action,  except  for  the  accumulator  charging
pressure  that  has  been  determined  at  the  beginning  of  the  sprayer
design, the charging volume and the diameter of the piston rod have
a  greater  impact  on  the  elastic  force  of  the  hydro-pneumatic
suspension.  It  can  be  seen  from Figure  7b  that  the  damping  force
has a great correlation with the damping hole and the inner diameter
of  the  hydraulic  cylinder.  The  change  curve  of  the  hydraulic
cylinder inner diameter in Figure 7a is coincident, and the curve of
the piston rod diameter in Figure 7b is also coincident. To sum up, it
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can  be  seen  that  the  accumulator  charging  volume,  piston  rod
diameter,  damping  hole  diameter  and  hydraulic  cylinder  inner

diameter  are  important  parameters  for  optimizing  the  performance
of the hydro-pneumatic suspension.
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Figure 7    Relationship between suspension characteristics with parameters
 
 

2.2    Intelligent optimization of parameters
The  system  design  index  is  based  on  static  performance  and

does  not  take  into  account  the  complexity  and related  influence  of
dynamic operation process. Therefore, it is one of the focuses of this
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study  to  explore  the  intelligent  optimization  method  of  parameters
affecting the sprayer’s hydro-pneumatic suspension. 

2.2.1    Improved  MOPSO algorithm based  on  time-varying  fusion
method

As  one  of  the  classic  multi-objective  optimization  algorithms,
the  MOPSO  algorithm  integrates  the  characteristics  of  the  PSO
algorithm,  and  is  widely  used  in  power  grid  capacity  scheduling,
water  resource  scheduling  and  other  fields[28].  However,  each
particle  in  the  traditional  MOPSO  algorithm  has  a  unintelligent
flight  speed  and  direction.  As  shown  in  Figure  8,  particle  swarm
optimization algorithm searches for the optimal solution in space by
following the current global optimal particle and individual optimal
particle.
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Figure 8    Schematic diagram of particle motion
 

According  to  the  analysis  of  Figure  8,  the  particle  motion
direction is affected by three factors: 1) Inertial motion according to
its  own  velocity;  2)  According  to  the  particle  cognition  during
iteration,  approach  to  the  optimal  position  of  the  individual;  3)
Through  information  exchange,  search  the  current  optimal  particle
and  move  to  the  global  optimal.  Suppose  that  each  particle  is
initialized in the j-dimensional  space,  and the particle  position and
velocity are represented by xi=(xi1, …, xij) and vi=(vi1, …, vij).

vi(t+1) = ωvi(t)+ c1r1(pbi − xi(t))+ c2r2(gb− xi(t)) (14)

xi(t+1) = xi(t)+ vi(t+1) (15)

where, t  is the current number of iterations; ω  is the inertia weight
of  PSO,  when ω  is  large,  the  algorithm  has  strong  global  search
ability,  and when ω  is  small,  the algorithm has strong local  search
ability;  c1  and  c2  are  the  individual  learning  factor  and  the  social
learning  factor,  respectively.  r1  and  r2  are  random  numbers  in  the
interval  (0,1); pbi  is  the  optimal  solution  of  individual  i,  and gb  is
the global optimal solution of the current iteration.

Specifically, when ω is too large, the particle is greatly affected
by the inertial force and move in the direction of its own motion, the
convergence speed of the algorithm is too slow and the purpose of
the  search  is  insufficient;  When  ω is  too  small,  the  particle  is  less
affected by its  own inertia,  and more moves to the current optimal
particle, and the effect is not good. The individual learning factor c1
represents  the  particle’s  self-learning  ability.  When  c1=0,  the
particle  is  only  affected  by  the  current  “optimal”  c2,  and  the
convergence  speed  is  faster,  but  it  is  difficult  to  find  the  global
optimum  when  solving  complex  problems;  The  social  learning
factor  c2  determines  the  social  information  sharing  ability  of
particles. When c2 = 0, particles will not approach the current global
optimum,  and  the  search  effect  is  poor  only  through  the  “self
cognition” factor c1.

The traditional MOPSO algorithm uses the fixed inertia weight
to  balance  the  global  and  local  search,  which  makes  it  have  poor
convergence  and  easy  to  fall  into  local  optimization  when  dealing

with  complex  calculation  models[29].  It  is  difficult  to  converge  to
Pareto front when optimizing the suspension coupling mathematical
model with strong nonlinear characteristics.

Therefore, aiming at the fixity of particle velocity direction and
position updating, Therefore, aiming at the fixity of particle velocity
direction  and  position  update,  this  paper  proposes  a  method  of
multiple  time-varying  factors  and  real-time  dynamic  updating
particles.  It  includes  the  particle  velocity  of  time-varying  fusion
strategy  and  adaptive  updated  particle  position.  On  the  issue  of
particle  velocity,  the  original  inertia  weight  is  changed  into  time-
varying weight, and a factor fusion strategy is proposed to solve the
defect  of  single  particle  flight  direction  and  realize  the  real-time
adjustment effect of particle flight direction. On the issue of particle
position  update,  the  problem that  the  particle  position  can  only  be
changed  through  the  velocity  direction  is  solved  by  introducing
adaptive  weight  factor,  so  as  to  realize  the  dynamic  update  of
particle  position  and  intelligently  balance  the  relationship  between
global and local search.

(1) Particle velocity of time-varying fusion strategy
By  comparing  the  pros  and  cons  of  the  father  and  son

generations to judge whether evolution has occurred, the probability
of not evolving Ps(i) is

Ps(t) =

N∑
i=1

Q(i, t)

N
(16)

Q(i, t)where,  when  pbi-1  is  better  than  pbi,    is  recorded  as  1,
otherwise  it  is  0;  N  is  the  total  number  of  particles  and  i  is  the
current particle. When the probability value is large, it indicates that
the number of non-dominated solutions in the last iteration is small.
Therefore,  the  inertia  weight  is  adjusted  in  real  time  according  to
the probability value to adaptively improve the global search ability.
In  the  later  stage  of  the  iteration,  most  of  the  non-dominated
solutions  are  close  to  the  Pareto  frontal  surface,  which  adaptively
reduces the global search ability,  improves the local search ability,
and makes the algorithm converge quickly. From this principle, the
inertia weight ω1 is obtained as Equation (17).

ω1(t) = (ωmax −ωmin)Ps(t)+ωmin (17)

Among  them,  ωmax  and  ωmin  are  taken  as  0.9  and  0.4,
respectively.  In  order  to  make  the  particles  approach  the  global
optimal direction, an inertia weight ω2 based on the global optimal
particle is proposed to supplement ω1.

ω2(t) = ωmax

Ç
1−

√
(pbi − xi(t))

2
+1√

(gb− xi(t))
2
+ (pbi − xi(t))

2
+1

å
(18)

With  the  progress  of  iteration,  the  particles  should  gradually
tend  to  the  Pareto  front,  the  particle  uniformity  is  continuously
improved, and ω2 gradually decreases with the iteration, which is in
line  with  this  design  principle.  Thus,  the  inertia  weight ω1  and ω2

are  fused,  and  judge  the  size  of  inertia  weight,  and  intelligently
select  the  maximum  value  as  the  inertia  weight  of  the  current
iteration.

ω′ =max(ω1(t),ω2(t)) (19)

In  the  traditional  particle  swarm  optimization  algorithm,  the
values  of  c1  and  c2  are  usually  fixed  value  2,  which  makes  the
proportion  of  each  factor  unchanged  in  the  whole  process  of  the
algorithm  and  can  not  be  adjusted  in  real  time  with  the  actual
convergence, Therefore, the learning factors c1 and c2 are improved,
and the obtained adaptive learning factors are shown in equation (20).
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c1i = c10 exp

Ç
t
T

(pbi − xi(t))√
(pbi − xi(t))

2
+1

å
,

c2i = c20 exp

Ç
− t

T
(gb− xi(t))√
(gb− xi(t))

2
+1

å (20)

In  the  early  stage  of  iteration,  the  particle  distribution  is
complex  and  the  location  of  the  optimal  solution  cannot  be
determined.  The  particles  should  be  close  to  the  global  optimal
particle  to  quickly  approach  the  Pareto  front;  In  the  later  stage  of
iteration, most particles are close to the current global optimum. In
order to ensure that the current optimal result does not fall into the
local  optimum,  the  evolutionary  position  of  particles  should  be
properly  divergent,  that  is,  the  proportion  of  individual  optimal
direction  of  particles  should  be  increased  to  achieve  the  optimal
effect.  Therefore,  the  designed  c1i  increases  with  the  increase  of  t
and  c2i  decreases  with  the  increase  of  t,  so  as  to  weigh  the
proportion of global search and local search.

Finally, the improved particle velocity is shown in the Equation
(21).

vi(t+1) = ω′vi(t)+ c1ir1(pbi − xi(t))+ c2ir2(gb− xi(t)) (21)

(2) Adaptively updated particle position
The traditional position update method is not conducive to the

global search. A particle position update method based on adaptive
adjustment is proposed. According to the current iteration state, the
adaptive  factor η  is  used  to  change  the  ratio  of xi(t)  and vi(t+1)  in
real  time,  and  adjust  the  weight  of  global  and  local  search.
Therefore, the judgment condition pi is proposed.

pi =

exp

(
1
N

N∑
i=1

xi(t)

)
exp(xi(t))

(22)

where,  pi  is  to  master  the  fitness  of  the  current  particle  by
calculating the ratio of the average value of all particles to particle i
in  the  t-th  generation.  When  pi<1,  the  current  average  fitness  is
better  than  the  fitness  of  particle  i,  the  search  effect  of  particle  i
itself  is  not  good,  and the global  search ability  of  particle  i  should
be  strengthened;  When pi>1,  the  fitness  of  particle  i  is  better  than
the  current  average  fitness,  and  the  overall  effect  of  the  current
population  is  poor,  particle  i  should  be  retained  for  local  search.
Therefore,  a  position  update  method  of  adaptive  strategy  is
proposed, which is expressed by Equation (23)

xi(t + 1) =

®
xi(t)+ vi(t+1), pi > 1

ω3 xi(t)+ (1−ω3)vi(t+1), pi < 1
(23)

ω3 = ωmin +
(ωmax +ωmin) t

T
(24)

In principle, the overall fitness in the early stage of the iteration
is  low,  and  the  algorithm  needs  to  have  a  strong  global  search
capability. In the later stage of the iteration, most of the particles are
close  to  the  Pareto  front,  which  requires  higher  local  search
capabilities.  Therefore,  the  weight  coefficient  ω3  is  proposed  to
synthesize  the  proportion  of  this  principle  and  adaptive  location
update  method. ω3  increases  with  the  iteration.  On  the  premise  of
satisfying  the  adaptive  position  update,  the  local  search  ratio  is
automatically increased to optimize the iterative effect. 

2.2.2    Optimal  design  method  of  hydro-pneumatic  suspension
parameters based on improved algorithm

At present, there are few researches on the optimization design

of  the  suspension  system  of  high  clearance  self-propelled  sprayer.
The  suspension  optimization  in  other  fields  mostly  focuses  on  the
damping  coefficient  and  stiffness  coefficient  suspension,  but  the
optimization of stiffness coefficient and damping coefficient can not
really map to the actual suspension structure. This paper starts from
the  working  characteristics,  and  proposes  an  optimized  design
method  of  hydro-pneumatic  suspension  parameters  based  on  the
improved  algorithm  for  the  actual  structure  of  hydro-pneumatic
suspension,  so  as  to  improve  the  vibration  reduction  effect  of
suspension system.

In order to map the nonlinear system to the chassis structure of
the high clearance self-propelled sprayer and improve the vibration
reduction  effect  of  the  system  as  much  as  possible,  the  improved
MOPSO algorithm is used to optimize the key design parameters of
the  suspension  of  the  high  clearance  self-propelled  sprayer.  In  the
face  of  the  hydro-pneumatic  suspension  with  complex  nonlinear
system and complex parameter coupling, the optimization effect of
the traditional algorithm is poor. It is often unable to get close to the
Pareto front, and even the “optimal solution set” is concentrated in a
certain  area,  the  convergence  effect  and  speed  cannot  achieve  the
expected  effect,  the  performance  optimization  has  little  effect,  and
the  optimization  is  not  necessary.  By  integrating  multiple  time
varying  factors,  the  improved  algorithm  to  control  the  global
optimization  effect  in  real  time  has  the  advantage  of  solving  the
contradiction between global  and local  search and speeding up the
convergence  efficiency,  which  is  suitable  for  the  nonlinear
mathematical model of hydro-pneumatic suspension. Among them,
the  speed  update  method  based  on  time-varying  fusion  strategy
avoids the time consumption of  the algorithm in the calculation of
poor  parameter  combination  during  optimization  iteration,  and  can
calculate  the  optimal  parameter  combination  faster;  The  updating
method of particle position based on adaptive strategy optimizes the
relationship  between  global  and  local  search,  and  efficiently
determines the optimal parameter combination to make it converge
faster  and  reduce  the  probability  of  error  in  the  calculation  of
complex  nonlinear  system.  This  method  can  comprehensively
obtain  the  optimal  solution  sets  of  different  weights  for  ride
comfort,  handling  stability  and  road  friendliness,  providing  more
possibilities for the subsequent improvement of sprayer suspension
parameters. The algorithm calculation process is shown in Figure 9.
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Figure 9    Schematic diagram of improved MOPSO for hydro-
pneumatic suspension system

  

3    System verification
 

3.1    Software simulation verification
The  root  mean  square  of  vehicle  body  acceleration  is  used  to

evaluate  the  ride  comfort;  The  suspension  dynamic  deflection  is
used  to  evaluate  the  handling  stability;  The  tire  deflection
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determines  the  degree  of  damage  to  the  soil,  in  order  to  avoid
compacting the soil, it is used to evaluate the road friendliness[30,31].

In  order  to  better  reflect  the  pros  and  cons  of  the  evaluation
indicators,  the  root  mean  square  of  the  body  acceleration,  the  root
mean  square  of  the  suspension  dynamic  deflection  and  the  root
mean square of the tire deflection are used as the objective functions
of the algorithm. According to the analysis results of the suspension
characteristics  in  Section  2.1.2,  the  accumulator  charging  volume
V0, the hydraulic cylinder inner diameter d2, the piston rod diameter
d1,  and  the  damping  hole  diameters dz  and dj  are  used  as  decision
variables. By optimizing the decision variables, this paper achieves
the best comprehensive effect of ride comfort, handling stability and
road friendliness.

According  to  the  intelligent  optimization  method  in  Section
2.2.2,  the improved algorithm has a good theoretical  feasibility for

the optimization of the hydro-pneumatic suspension, but due to the
complexity  of  the  hydraulic  system,  an  accurate  model  must  be
established  to  reflect  the  suspension  characteristics  in  the  actual
optimization.  Therefore,  this  paper  does  not  adopt  the  traditional
method  of  establishing  the  objective  function,  but  builds  the
coupling model of  the hydraulic system and the dynamic model in
Matlab/Simulink  according  to  the  mathematical  model  established
in  Section  2.1.2,  and  establishes  the  objective  function  of  the
improved  algorithm  on  this  basis.  The  structural  parameters  are
used  as  the  model  input  (Real-time  adjustment),  and  the  objective
function  is  used  as  the  model  output  (Output  to  algorithm).  The
assignin  and  sim  function  are  used  to  realize  the  data  exchange
between  the  m  file  of  the  algorithm  and  the  model  I/O,  so  as  to
control the coupling model in real time. The coupling model of data
exchange is shown in Figure 10.
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Figure 10    Objective function coupling model
 

Through  calculation  and  simulation,  the  feasible  range  of
optimization  parameters  is  defined.  Finally,  the  value  range  of
optimization parameters is listed in Table 3.
  

Table 3    Optimization range of parameters
Parameters Lower limit value Upper limit value

Hydraulic cylinder inner diameter d2/mm 55 90
Piston rod diameter d1/mm 20 50

Damping hole 4 diameter dz/mm 2 9
Damping hole 5, 7 diameter dj/mm 2 9

Accumulator volume V0/L 2 7
  

3.2    Bench performance verification
In  order  to  further  explore  the  optimized  suspension

performance  and  verify  the  superiority  of  the  designed  hydro-
pneumatic  suspension  structure,  the  hydro-pneumatic  suspension
vibration reduction test  bench was built  according to  the  structural
parameters  of  the  3WPG-3000  sprayer,  the  structure  of  the  test
bench is shown in Figure 11. The tire is simulated by a coil spring,

and its stiffness coefficient is set to 650 kN/mm, which is the same
as  the  actual  tire.  The  actuator  9  simulates  the  input  of  excitation
through industrial computer, and the excitation signal is sequentially
transmitted to the simulated tire 8, the hydraulic cylinder 7 and the
mass  block  6  to  simulate  the  vibration  reduction  process  of  the
sprayer,  and the signal  received by the sensor  is  transmitted to  the
computer in real time. The signal sent by the computer is set to 0.05 m
step signal and D-level road signal. The purpose of the 0.05 m step
signal  test  is  to  verify  the  correctness  of  the  system  characteristic
analysis.  During  the  0.05  m  step  test,  the  two  ends  of  the
displacement  sensor  1  are  fixed  on  the  test  bench  frame  and  the
sprung-loaded  position  respectively,  and  the  two  ends  of  the
displacement  sensor  4  are  respectively  fixed  between  the  actuator
and  the  hydraulic  cylinder,  which  are  used  to  monitor  the  sprung
displacement  and  the  unsprung  displacement  respectively.  During
the  D-level  road  test,  the  acceleration  sensor  2  is  placed  in  the
spring-loaded  position,  the  two  ends  of  the  displacement  sensor  3
are  fixed  on  both  sides  of  the  hydraulic  cylinder  7,  and  the
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displacement sensor 4 is fixed on both ends of the simulated tire 8,
which  are  respectively  used  to  monitor  the  body  acceleration,  the
suspension dynamic deflection and the tire deflection.
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1.  Displacement  sensor  2.  Acceleration  sensor  3.  Displacement  sensor
4. Displacement sensor 5. Hydraulic valve block 6. Mass block simulating body
mass 7. Hydraulic cylinder 8. Simulated tire 9. Servo actuator

Figure 11    Hydro-pneumatic suspension vibration test bench
 

Before the start of the test, two kinds of road input signals are
used to test the vibration reduction performance of hydro-pneumatic
suspension,  and  the  excitation  signal  transmission  time  was  set  to
10s.  The  corresponding  positions  of  the  test  bench  were  replaced
with the suspension structure before and after optimization in turn,
and  each  group  was  repeated  20  times.  After  each  test,  it  was
allowed to stand for 1 min to avoid the error effect of the increase in
oil temperature on the test effect, the sensor data was recorded and
the vibration reduction effect was analyzed. 

4    Results and discussions
 

4.1    Algorithm verification results
In this paper, ZDT1, ZDT2, ZDT3 and ZDT6 test functions are

used  to  compare  and  analyze  the  algorithms  before  and  after  the
improvement.  In Matlab R2020b, the population size is  set  to 100,
the number of iterations is 1000, and each test is repeated 5 times to
take the best one, and the performance evaluation index IGD is used
to  record  the  optimization  effect  in  the  iterative  process[32].  The
performance  index  IGD  judges  the  convergence  and  distribution
performance  of  the  algorithm  by  calculating  the  distance  between
the  point  on  the  real  Pareto  front  and  the  population  individuals.
The calculation method of IGD is shown in Equation (25).

IGD =

N∑
i=1

|di|

N
(25)

where, |N|  is the number of individual point sets on the real Pareto
frontier,  and  |di|  is  the  minimum  Euclidean  distance  between  the
points  on  the  real  front  and  the  current  optimal  point  set.  IGD
evaluates  the  overall  performance  of  the  algorithm  by  calculating
the  average  value  of  the  minimum  Euclidean  distance.  When  the
algorithm has good convergence performance, the corresponding |di|
is relatively small, which is used to evaluate the convergence of the
algorithm.  When  the  algorithm  has  poor  distribution  performance,
the  individuals  in  the  population  are  relatively  concentrated,  and
most individuals have a large |di|, otherwise |di| is small, this feature
is used to evaluate the distribution of the algorithm. The smaller the
value  of  IGD,  the  better  the  overall  performance  of  the  algorithm,
the  comparison  of  algorithm  performance  before  and  after
improvement is shown in Figure 12 and Table 4.
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Table 4    Comparison of the final data of IGD
Function MOPSO Improved MOPSO
ZDT1 0.0517 0.0169
ZDT2 0.258 0.011
ZDT3 0.0480 0.0199
ZDT6 0.348 0.05

 

It can be seen from Figure 12 and Table 4 that the IGD value of
the improved MOPSO algorithm is better than that of the MOPSO
algorithm in most of the time. The improved algorithm has obvious
advantages  in  the  IGD  value  when  the  iteration  is  completed,  the
convergence  speed  is  faster,  and  the  population  distribution  is
better.  Compared  with  the  MOPSO  algorithm,  the  convergence
performance and distribution performance of the improved MOPSO
algorithm are  guaranteed  when  dealing  with  complex  models.  The

effectiveness  of  the  improved  algorithm  is  verified  by  the  test
function. 

4.2    Parameter optimization results
In  order  to  optimize  the  structure  of  hydro-pneumatic

suspension and explore the performance of the improved algorithm,
the  classical  algorithm NSGA-II  in  multi-objective  optimization  is
introduced[33,34].  By comparing with  the  algorithm in  this  paper,  the
effect of the improved MOPSO algorithm is analyzed. The coupling
model is optimized by NSGA-II algorithm, MOPSO algorithm and
improved  MOPSO algorithm  respectively,  the  road  input  signal  is
set  to  the  D-level  road  commonly  seen  in  the  field.  The  initial
population is  set  to  200 and the number of  iterations is  set  to  100.
The three algorithms are optimized for 5 times each, and the group
with the best effect is taken as the result. The optimal solution after
suspension parameters optimization is shown in Figure 13.
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Figure 13    Comparison of optimal solution sets
 

It can be seen from Figure 13 that the NSGA-II algorithm and
the  MOPSO  algorithm  have  their  own  characteristics  in  terms  of
convergence  and  population  distribution,  but  when  dealing  with
complex  mathematical  model  of  sprayer,  the  overall  optimization
effect  cannot  meet  the  needs  of  the  optimization  of  the  sprayer’s
hydro-pneumatic  suspension.  Since  the  reason  for  these  two
algorithms  to  participate  in  the  comparison  is  to  verify  the
advantages  of  the  improved  MOPSO  algorithm  in  optimizing  the
complex  mathematical  model  of  the  sprayer,  the  characteristics  of
the  NSGA-II  algorithm  and  the  MOPSO  algorithm  will  not  be
analyzed in detail. Compared with the improved MOPSO algorithm,
the  particle  population  distribution  in  the  solution  set  of  the
MOPSO  algorithm  and  NSGA-II  algorithm  is  poor,  and  some
particles do not converge to the frontier surface, while the solution
set  of  the  improved  MOPSO algorithm is  smooth,  the  solution  set
distribution  is  more  uniform,  and  it  does  not  fall  into  the  local
optimum,  and  the  optimized  solution  set  is  closer  to  the
optimization,  which  verifies  the  effectiveness  of  the  time-varying
fusion  strategy  in  updating  the  particle  velocity  and  position,
improves  the  practicability  and  superiority  of  the  algorithm  in
dealing  with  complex  models,  and  solves  the  problem  of  poor
optimization effect of traditional algorithm in dealing with complex
coupling models  of  hydro-pneumatic  suspension.  The results  show
that the Pareto front of the improved MOPSO algorithm is superior
to  the  other  two  algorithms,  which  proves  the  superiority  of  the
improved  MOPSO  algorithm  compared  with  NSGA-II  algorithm
and MOPSO algorithm.

According  to  the  basic  properties  of  multi-objective
optimization,  the  point  set  of  Pareto  front  represents  the  different
weights  of  multiple  objectives.  Under  the  complex  operating

conditions  of  the  sprayer,  the  ride  comfort  determines  the  driver’s
riding experience and the spraying quality of the boom, and has the
highest priority in the performance indicators of vibration reduction;
The handling performance of the sprayer directly affects the quality
of the field operation, and it is the second priority in the indicators
of vibration reduction; Since the increase of tire dynamic load will
cause a substantial increase in road damage, the optimization results
should ensure that the road friendliness performance of the sprayer
cannot deteriorate. Based on this principle, the optimal solution set
optimized  by  the  improved  algorithm  is  screened  to  obtain  the
optimal  combination  of  evaluation  indicators  that  meet  the  above
principles,  and  the  final  parameters  are  selected  according  to  the
mechanical design principles, as listed in Table 5.
  
Table 5    Comparison of structural parameters before and after

algorithm optimization.

Parameter Original
suspension

Optimized
suspension

Model
selection

Hydraulic cylinder inner diameter d2/mm 63 81.04 80.00
Piston rod diameter d1/mm 35 40.47 40

Damping hole 4 diameter dz/mm 4 6.27 6.00
Damping hole 5, 7 diameter dj/mm 4 4.52 4.50

Accumulator volume V0/L 2.5 2.89 3.00
 

By  comparing  the  original  suspension  (Suspension  structure
without  any  algorithm  optimization)  and  optimized  suspension
(Suspension  optimized  by  improved  mopso  algorithm),  the
comparison curves of the following three indicators are obtained in
MATLAB 2020b, which are shown in Figure 14,  take 1000 points
evenly  for  each  curve  in  the  figure,  and  show  it  in  Table  6  after
calculating the root mean square value.
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Figure 14    Comparison of suspension performance before and after optimization
 
 
 

Table 6    Root mean square and improvement rate of
evaluation indicators

Evaluating indicator Original
suspension

Optimized
suspension

Improvement
rate

RMS of body acceleration/m·s–2 0.72 0.59 18.1%
RMS of suspension dynamic deflection/m 0.023 0.019 17.4%

RMS of tire deflection/m 0.0062 0.0061 1.6%
 

It  can  be  seen  from Figure  14  that  the  body  acceleration  and
suspension  dynamic  deflection  of  the  optimized  hydro-pneumatic
suspension  have  been  significantly  improved.  According  to  the
analysis  of  Table  6,  the  evaluation  indicators  have  increased  by
18.1%,  17.4%  and  1.6%  respectively,  the  tire  deflection  has  been
slightly  improved.  In  summary,  the  optimized  structure  accords
with  the  design  principle  of  sprayer  suspension  performance  and
effectively  improves  the  vibration  reduction  performance  of  the
sprayer.

According  to  the  suspension  characteristics,  the  following
analysis  is  made:  1)  the  greater  the  vibration  reduction  amplitude,
the greater the momentum of the hydraulic cylinder and the smaller
the  stiffness  coefficient;  2)  The  stronger  the  ability  of  hydro-
pneumatic  suspension  to  resist  external  impact,  the  smaller  the
moving  speed  of  hydraulic  cylinder  and  the  smaller  the  variation
range  of  damping  coefficient.  Due  to  the  complexity  of  the  actual
field  road  conditions,  it  is  difficult  to  accurately  analyze  the
suspension characteristics before and after optimization, the 0.05 m
step  signal  simulation  is  used  to  observe  the  change  trend  of  the
stiffness  coefficient  and  damping  coefficient  before  and  after  the
suspension  optimization.  It  can  be  seen  from  Figure  15  that
compared  with  before  optimization,  the  stiffness  coefficient  of  the
optimized suspension has decreased significantly, and the damping
coefficient  has  a  smaller  change  range,  which  verifies  the
performance  of  the  improved  vibration  reduction  system  from  the
side. 

4.3    Performance verification results
After the bench test, analyze the data and select the group with

the best effect among the 20 tests. The result of the 0.05 m step test
is shown in Figure 16.

It can be seen from Figure 16 that the unsprung displacement of
the  optimized  suspension  is  larger  than  that  of  the  original
suspension. In the case of the same road excitation input, the size of
the  unsprung displacement  is  determined by the  momentum of  the
hydraulic  cylinder,  and  is  directly  proportional  to  the  momentum,
and the optimized system tends to be stable faster. According to the
simulation  data  of  the  suspension  characteristics  in  Section  2.1.2,
the larger the momentum, the smaller the stiffness coefficient of the
system, and the test effect is consistent with the simulation; At the
same  time,  it  is  found  that  the  body  displacement  after  the

suspension  optimization  is  smaller  than  that  of  the  original
suspension,  and  the  shaking  of  the  body  is  significantly  reduced,
which  proves  that  the  optimized  hydro-pneumatic  suspension
system has better excitation attenuation effect.

Next, by inputting the D-level road excitation, the data received
by  the  sensor  is  analyzed  and  processed,  and  the  suspension
performance before and after optimization is obtained and shown in
Figure 17.

It  can  be  seen  from  Figure  17  that  the  three  indicators  are
significantly  improved  compared  with  those  before  optimization,
which  verifies  the  good  effect  of  the  improved  algorithm,  and  the
test results are in good agreement with the simulation results, which
verifies  the  reliability  of  the  simulation.  Refer  to  the  relevant  data
on  air  suspension  vibration  reduction  of  sprayer[35],  by  comparing
the performance of  the traditional  air  suspension of  the same level
sprayer  with  hydro-pneumatic  suspension  designed  in  this  paper,
and the tire  deflection is  converted into tire  dynamic load,  and the
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comparative  data  of  body  acceleration,  suspension  dynamic
deflection and tire dynamic load are obtained and listed in Table 7.

It  can  be  seen  from  Table  7  that  the  hydro-pneumatic
suspension  chassis  structure  designed  in  this  study  has  obvious
advantages  over  the  air  suspension  in  terms  of  vibration  reduction
performance,  which  proves  the  rationality  of  the  design  in  this
paper. And the vibration reduction indicator of the hydro-pneumatic
suspension  optimized  by  the  improved  MOPSO  algorithm  has  an
improvement of 16.5%, 9.9% and 0.9% respectively compared with

before  optimization,  which  achieves  the  expected  effect  of  multi-
objective  optimization,  and  verifies  the  superiority  of  the  hydro-
pneumatic  suspension  structure  designed  in  this  paper  in  the
application of high clearance self-propelled sprayers, and the whole
process  of  the  optimization  design  method  of  high  clearance  self-
propelled sprayer is completed. 

5    Conclusions
This  paper  proposes  an  innovative  method  for  the  design  and

verification  of  the  hydro-pneumatic  suspension  system  of  a  high
clearance self-propelled sprayer, which comprehensively covers the
configuration design, parameter intelligent optimization, and system
verification  of  the  sprayer  chassis  system.  The  design  and
verification  system  put  forward  in  this  paper  closely  matches  the
operation  characteristics  of  sprayer  in  the  field.  By  integrating  the
intelligent optimization algorithm, the system systematically guides
the design and test of the high clearance self-propelled sprayer.

This  method  is  suitable  for  multi-level  road  transportation  of
high clearance  self-propelled  sprayers  and complex field  operation
conditions.  Based  on  the  proposed  configuration  of  the  hydro-
pneumatic  suspension  system,  the  suspension  system  optimization
method of improved MOPSO algorithm based on the time-varying
fusion  strategy  and  the  adaptive  adjustment  factor,  the  verification
of  the  improved algorithm,  the  simulation  optimization  analysis  of
the suspension and the bench vibration test system are innovatively
combined.  The  test  results  show  that  the  optimal  structure
combination  of  the  hydro-pneumatic  suspension  system  of  the
sprayer can be obtained by this optimization method, the optimized
hydro-pneumatic  suspension  system  can  meet  the  comprehensive
requirements  of  high  clearance  self-propelled  sprayer  for  ride
comfort,  handling  stability  and  road  friendliness.  The  optimized
suspension performance indicator is improved by 16.5%, 9.9% and
0.9% through the bench test verification, and the vibration reduction
effect is significantly improved. The verification method combining
simulation  and  test  fully  proves  that  the  sprayer  hydro-pneumatic
suspension  optimized  by  the  improved  algorithm  can  take  into
account a variety of operating scenarios and can meet complex field
operating conditions.
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Figure 17    Comparison of data before and after optimization
 

 
 

Table 7    Comparison of test data

Evaluating indicator Air
suspension

Original
hydro-

pneumatic
suspension

Optimized
hydro-

pneumatic
suspension

Improvement
rate/%

RMS of body
acceleration/m·s–2 1.56 0.97 0.81 16.5

RMS of suspension
dynamic deflection/m 0.0220 0.0191 0.0172 9.9

RMS of tire dynamic
load/N 4606.6 4245.06 4207.64 0.9

Therefore,  the  innovative  method  for  the  design  of  the  large
high  clearance  self-propelled  sprayer  vibration  reduction  system
proposed in this paper effectively solves the problems of difficulty
in  improving  its  vibration  reduction  performance  and  poor
adaptability  to  multiple  working  conditions,  and  provides  an
effective reference for the design of the vibration reduction system
for the large high clearance self-propelled sprayer. 
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