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ABSTRACT

When a sprayer travels on a ramp or a rough road, the load exerted on each wheel changes. If an
unbalanced wheel load is maintained for long periods of time, the wheels may slip, the sprayer’s
manoeuvrability is affected, and a rollover accident may occur. In this study, the air suspension of a self-
propelled sprayer chassis was investigated, and the potential load imbalance conditions of the sprayer
suspension were analysed. A mathematical model of the inflation/deflation of the suspension was
established based on air nonlinear thermodynamics and vertical dynamics theory and a Ya-scale vertical
dynamics model of the sprayer chassis was developed. A control strategy to balance the sprayer’s wheel
load was developed. Considering the nonlinear characteristics of the air suspension, a sliding mode variable
structure control method was used to balance the wheel load. Simulation experiments were conducted under
different working conditions. The simulation results showed that the sliding mode variable structure control
provided good control response and precision. The proposed auto load-levelling controller was tested under
different working conditions, including different roll and pitch angles and navigating a rough road; the
controller successfully changed the load on each spring to ensure that the sprung mass of the suspension
was equal and the wheel load was balanced. The results of this study provide reference information for auto
load-levelling control of large sprayers.
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INTRODUCTION

As an important tool for preventing and eliminating crop diseases and insect pests, pesticide
applications have become an important measure to improve crop yield (Li X. et al., 2017). The self-propelled
sprayer is an essential piece of equipment to ensure secure food production and stable development of
agriculture (Tahmasebi M. et al., 2013; 2018). With the advancement of agricultural mechanization and the
implementation of large-scale farm cooperative management, high-power and high-efficiency field
management machinery is needed to spray and fertilize large plots. An advanced sprayer with excellent
performance allows for the precise, efficient, and intelligent management of field crops and has the
characteristics of high efficiency, low injury risk, field friendliness, good comfort, and mobility. High-clearance
self-propelled sprayers are important for spraying and fertilizing crops and are widely used due to their high
efficiency, environmental protection capacity, and ease of use (Chen Y. et al., 2020; Yuki S. et al., 2013;
Baumhardt U. B. et al., 2017).
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Compared with the general agricultural machinery, the sprayer has complicated operating conditions
and needs to be equipped with a special suspension system to improve its ride comfort, reduce the vibration,
swing and rotation of the sprayer boom, thereby making the spray more uniform and reduce drift (Herbst A.
et al., 2018; llica A. et al., 2018; Gil E. et al., 2015). Air suspension is widely used in sprayers because of its
good nonlinear elastic characteristics, large suspension range, adjustable load capacity, and large load-
bearing mass (Melzi S. et al., 2014; Chen Y. et al., 2016). Some sprayer manufacturers such as John Deere
(Carlson B. C. et al., 2011; Wubben T. M. et al., 2007) and Hagie (Schaffer J. A., 2002) use a four-wheel
independent vertical shaft air suspension system. A vertical shaft is connected between the wheel hub and
the bottom of the airbag and the top of the airbag is attached to a sleeve connected to the vehicle frame
through a gantry frame. As the sprayer travels over uneven road surfaces, the air springs are squeezed and
stretched to reduce suspension buffer vibration. In order to ensure that the sprayer is adaptable to complex
operating conditions, researchers have focused on the active or semi-active adjustment of the suspension by
attaching an adjustable damper to the suspension, adding a highly stable device to the elastic element, or
integrating a ground clearance adjustment device into the suspension (Zatrieb J. et al., 2012; Li W. et al.,
2018).

A large self-propelled sprayer has a high operating speed and high ground clearance; the sprung
mass and the content of the liquid change frequently during the spraying process (Chen Y. et al., 2012). The
sprayer mass is in the range of ten to twenty tons and the width of the spray rod is twenty to fifty meters,
significantly exceeding the size of regular vehicles and off-road vehicles (Cui L. F. et al., 2018; 2019). The
sprayer is not only different from road vehicles, but also different from general non-road vehicles. When the
sprayer is in the transport condition, the fast running speed requires that the sprayer suspension can fully
dissipate the vibration energy transferred from the ground to the body to ensure sprayer comfort and
smoothness. When the sprayer is in the spraying condition, the ground friendliness should be taken into
account, that is, the excessive dynamic tire load should not be generated to prevent soil compaction and
damage. When the sprayer is in the injection or spraying conditions, the body mass will change, at this time
the suspension can adjust the body height in real time to ensure the driving stability. In addition, since the
sprayer mostly adopts the "two pump + four motor" full hydraulic driving scheme, each wheel should have
enough load to prevent wheel slip and tire wear. However, when the sprayer is driving on a ramp, the
machine mass will shift to one side, which increases the wheel load on the lower side and the risk of
overloading the wheel. The load is lower on the high side and the wheels may slip or lose control. Due to the
high barycentre of high-clearance sprayers and the unbalanced load on both sides of the wheels, rollover
accidents can easily occur. The imbalance of the wheel load not only has a large influence on the handling
stability and safe operation of the sprayer but also affects the quality and efficiency of the sprayer operation.
Therefore, measures must be taken to eliminate or reduce this effect.

In order to ensure the vehicle running stability and safety, researchers have studied the vehicle body
height stability control and made some progress. Holbrook developed a method for the manual and
automatic adjustment of the sprung mass height of the suspension to a predetermined reference height
(Holbrook G., 2010). Hyunsup (Kim H. et al., 2011) applied the sliding mode control theory to design a non-
linear controller for an air suspension based on body height adjustment. The controller monitored the height
change of the car body in real time using a pressure sensor installed inside the four air springs and adjusted
the height (height control) and the roll angle and pitch angle of the car body (levelling control). Simulations
and experiments indicated that the controller improved the ride comfort and safety. In addition, electronically
controlled air suspension systems have the disadvantages of overcharge, over-discharge, and sensor failure.
Jang (Jang I. et al., 2007) used a failure protection algorithm to perform auxiliary correction control on the
target height of the vehicle body. Yang conducted a detailed study on the relationship between the stiffness
and height of the air spring and air charging and discharging and designed an electronically controlled air
suspension system based on fuzzy proportional-integral-derivative (PID) control (Yang Q. Y., 2008). Wang
conducted an analysis of the characteristics of the charge and discharge process of an air spring and divided
the vehicle body height into high, medium, and low. A fuzzy control algorithm was used to control the vehicle
body height depending on the road surface and speed of the vehicle (Wang S. H. et al., 2013).

However, these researches mainly focused on the control of the vehicle body height (Wang S. H. et
al.,, 2015; Jiang H. et al., 2015), and there are few studies on the auto load-levelling control of agricultural
sprayers. When the height of air suspension, hydropneumatic suspension and other nonlinear suspension is
controlled, due to the strong nonlinearity and the variability of the suspension internal parameters, the
general control method effect has a certain overshoot phenomenon (Jiang H. et al., 2017; Chen Y. X. et al,,
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2015; Porumamilla H. et al., 2005). The large high clearance self-propelled sprayer chassis mostly use air
suspensions, the driving road conditions and operating conditions are complex and changeable. The
precision and response speed of auto load-levelling control directly affect the safety and spray quality of the
sprayer.

Therefore, in this study, the air suspension of a self-propelled sprayer chassis was taken as the object
and potential load imbalance conditions of the sprayer suspension were analysed. An auto load-levelling
control strategy of the sprayer chassis air suspension was developed. According to the nonlinear
characteristics of air inflation/deflation process and law of gas thermodynamics, the mathematical model of
the air spring inflation/deflation and Ya-scale vertical dynamic model of sprayer chassis air suspension were
established. Based on the differential geometry theory, the %-scale suspension vertical dynamic model was
globally linearized by the state feedback linearization method, and the sliding mode controller was designed
in the linear domain. Through the inverse linear transformation, a nonlinear control algorithm for sprayer auto
load-levelling in the original coordinate system was obtained. The simulation results show that the developed
auto load-levelling control strategy and algorithm can efficiently and accurately control the load levelling of
the high-clearance sprayer chassis suspension under various unfavourable working conditions to ensure the
stability and safety of the sprayer.

MATERIALS AND METHODS
Analysis of sprayer operating conditions

In certain road conditions, the vertical load of the wheels will change, thereby reducing the adhesion
of the wheels to the ground or a wheel(s) may not touch the ground. As shown in Fig. 1(a), it is assumed that
when the sprayer is running, the rear left wheel enters a pit and the wheel is not suspended due to the use of
an independent air suspension. Under the action of air pressure inside the air spring, the air spring is rapidly
stretched. Therefore, the internal pressure and the load borne by the spring also decrease, ultimately
reducing the adhesion of the wheel. This impacts the handling performance of the sprayer. Due to the use of
a hydrostatic drive, when a drive wheel has less adhesion, the driving force is greater than the adhesion and
the wheel will slip. Tire skid not only consumes a lot of power but also increases tire wear and soil damage.
When the sprayer is driving on a ramp, as shown in Fig. 1(b), the mass of the machine will shift to one side,
increasing the wheel load on the lower side and the risk of overloading the wheel. The load on the high side
is reduced and the wheels may slip or lose control. Due to high barycentre of the high-clearance sprayer and
the unbalanced load on both sides of the wheels, rollover accidents can easily occur. The load imbalance is
caused by a change in the attitude of the sprayer body. When the sprayer body is in the levelling state, the
mass of the body is distributed to each suspension system with equal mass. Since the suspensions are
directly connected to the wheels, the load on each wheel is also equal. Therefore, the load balancing
process of the sprayer wheel is equivalent to the process of its body levelling.

1 2 3

\ ()
Q 777777
Direction of sprayer travel 7

(a) Sprayer is driving on uneven roads (b) Sprayer is driving on a ramp

1. cab; 2. liquid tank; 3. engine; 4. frame; 5. pneumatic suspension

Fig. 1 — Schematic diagram of load imbalance

Mathematical model

The air suspension of the sprayer chassis is inflated and deflated to adjust the body attitude and
achieve load-levelling. In order to adjust the sprayer’s load balance, a pneumatic system was designed, as
shown in Fig. 2.

The pneumatic system consists of an air compressor, a pressure-regulating valve, an air dryer, an
accumulator, four height sensors, four three-position three-way proportional solenoid valves, four air springs,
and an air spring control unit. The compressed air required by the system is provided by an air compressor
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on the engine. The air compressor supplies clean, dry compressed air to the suspension system in an
appropriate pressure range while ensuring that the air compressor has a suitable load condition and the
impact on the engine performance is low. The pressure regulator switches between the operating and
unloading state of the air compressor to regulate the system pressure. The air dryer absorbs moisture from
the air and prevents the system components from getting wet. It can also be used to filter oil mist and
particulate impurities in the air and to alleviate system component wear. The function of the accumulator is to
buffer and store energy so that the air enters the suspension system smoothly.

The height sensor is installed beside each air spring. The controller controls the movement of the
solenoid valve spool through an electrical signal output by the sensor to charge and discharge the air spring,
adjust the height of the air spring, and achieve load-levelling of each wheel. When the height of the sprayer
is increased by the air spring, the air passes from the accumulator and three-position three-way solenoid
valve to the air spring. When the height is reduced, the air flows out from the air spring, passes through the
three-position three-way solenoid valve, and then is vented to the atmosphere by an exhaust valve.
Therefore, the mathematical model of the system includes three parts: the accumulator model, the fluid
resistance model, and the air spring model.

Regenerative .
- — . — Control line
Air drier accumulator

Check valve Feedback line
Engine Pressure regulating valve Accumulator Gas line
Air
compressor Exhaust &4 Exhaust valve
Exhaust , Solenoid Blowoff valve valye |
valve valve N |

Air
spring

Air
spring

Exhaust valve I q
! Exhaust.
\/\/\ﬂj%ﬂﬂ Solenoid valve valve |

Solenoid valve

Air
spring Height sensor Height senso

Air
spring

Fig. 2 - Schematic diagram of sprayer airflow line system

) Accumulator model

As the constant volume air source of the suspension system, the accumulator's charging process of
the air spring can be regarded as a constant-volume air discharge process. The airflow out of the
accumulator is considered negative airflow. Based on the mass continuity equation and the ideal gas state
equation, it can be concluded that during the inflation of the air spring, the gas pressure changes in the

accumulator are defined as:
n-1

RT, o
b, :_u(&j G (1)
V pcO

In Eq. (1), pe, Teo, and pco are the absolute pressure, initial gas temperature and absolute pressure in the
accumulator, respectively; the units are MPa, K, and MPa; V is the accumulator volume, m3; refer to
literature (Carneiro J. F. et al., 2006), the thermodynamic charging / discharging of air inside pneumatic
suspensions are regarded as a polytropic process, n is the gas polytropic index that can be adjusted from 1
(isothermal process) to 1.4 (adiabatic process). According to literature (Carneiro J. F. et al., 2006), the value
of nis 1.35 as a calculation example; R is a constant and the value is 287.1 J/(kg-K).
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) Fluid resistance model

The air flows through the solenoid valves and the gas lines produce fluid resistance. The pressure-flow
characteristics when airflow passes through the solenoid valve and pneumatic pipeline are equivalent to the
pressure-flow characteristics when airflow passes through the throttle valve orifice. Therefore, the mass flow

rate of air passing through the solenoid valve and pneumatic pipeline when the suspension is raised is:

G - Cd KpcAKlNc
When the suspension is lowered, the air in the air spring is directly discharged into the atmosphere

through the solenoid valve. Therefore, the mass flow rate when air passes through the solenoid valve and
the pneumatic pipe is:

)

_ G Kp AN

Nid

where K is taken as a constant, which is a function of the polytropic exponent n for air. Nc and Nk are
restriction factor, which are function of n and the up-stream and down-stream pressures.

When the suspension is raised, the up-stream and down-stream pressures are Pc and Pu,
respectively.

When the suspension is lowered, the up-stream and down-stream pressures are Pl and Pa,
respectively. Tc and T1 are gas temperature in the Accumulator and air spring, respectively, the units are K.
Nc, Nk, K can be obtained by the following formulas.
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° Air spring model
When the suspension is raised, a variable-mass variable-volume aeration process occurs in the air
spring. The air mass flow from the accumulator to the air spring through the solenoid valve is defined as G¢

and the air pressure inside the spring is:

N nRT,,

n-1
np, . ;
— Py
V, V,

p, = (4)
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Similarly, when the suspension is lowered, a variable-mass variable-volume deflation process occurs
in the air spring. The change rate of the gas pressure inside the spring is:

n-1
P|"
-+ G
Vl ' Vl ( ploj “
Vertical dynamic model of sprayer suspension
Equations (1) to (5) indicate that the vertical dynamics model of the Y-scale suspension during
inflation and deflation is:

b =Py _NRTy (5)

G =CdecA<lNc
__nRTCo
Y
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mb(xb+g)+cs(xb_xt):(p1_ pa)Ae
mtxl _Cs(Xb _Xt)_mbg+kt(xl_W)+C1(XI_W)=_(pl_ pa)Ae

When the spring is inflated (6)

p1:
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When the spring is deflateds p — TPy _ NRTyo (ﬁ] G, 7)

V,

1

V,

1 p10

mb(xb+g)+cs(xb_xt)=(p1_ pa)p\-}
mtxt_Cs(xb_X()_mbg"'kt(xt_W)+Ct(xt_w):_(p1_ pa)’%

In Egs. (1) to (7), pa is atmospheric pressure and the value is 0.1 MPa; the other unmarked symbols
meanings are listed in Tab.1.

Table 1
Symbols meaning in Egs. (1) to (7)
Symbols/unit Instructions Symbols/unit Instructions
. Initial gas temperature in the
pc/ MPa Absolute pressure in the accumulator Teol K 9 P
accumulator
Initial absolute pressure in the
pco/ MPa P VI m3 accumulator volume
accumulator
Cq Throttle valve shrinkage coefficient At/ m? The solenoid valve port area

Tc/ K Gas temperature in the accumulator T/ K Gas temperature in the air spring
p1/ MPa Absolute pressure in the air spring Mo/ kg Sprung mass
g/m-s? Gravity acceleration mi/ kg unsprung mass

Xol M Sprung mass displacement X/ m Unsprung mass displacement
Vi/ m3 Air spring volume Cs/ N:s:m? Suspension damping

Tio/ K Initial gas temperature in the air spring p1o/ MPa Initial pressure in the air spring

. . . . Effective cross-sectional area of
ks N-m* Tire equivalent radial stiffness Ae/ m? W ~sect]
the air spring
w/ m Road excitation Cy N-s-m? Tire equivalent radial damping
Controller design
(] Control strategy

During automatic load-levelling, the adjustment range needs to be set in advance, as shown in Fig.
3. Dt is the adjustment amount. The value of Dt is related to the height difference between springs. Dt is
obtained using Eq. (8).

Left
sid

Front left Front side Front right

, When D ; >160mm, the
sprayer body cannot be

[ Jleveled because D; exceeds
the maximum adjustment
range of the suspension.

Right When 20<D;<<160mm, Dy is
side within the suspension
adjustment range, the
sprayer body can be leveled.

When 0<D;<20mm, the
Ellsprayer body is already

Rear left

_ _ leveled
Rear side Rear right

Fig.3 - Schematic diagram of load levelling adjusting range

max(xmj ) —min(xw ) When the four springs are individually adjusted

D=1 oL When the sprayer climbs or downhill (8)
6B When the sprayer drives along the ramp
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In Eq. (8), ij represents the four positions of the suspensions relative to the sprayer chassis, which is
denoted as FL, FR, RL, and RR. FL, FR, RL, and RR represent front left, front right, rear left, rear right,
respectively. 6 and ¢ are the sprayer body roll angle and pitch angle measured by a gyroscope. L and Br are
the wheelbase and wheel track respectively. According to the load balancing requirements, combined with
the characteristics of the air suspension structure, a load balancing control strategy for the large high-
clearance self-propelled sprayer is developed. The strategy is shown in Fig. 4. The high-frequency and low-
frequency limits of the bandpass filter are 0.05 Hz and 0.1 Hz, respectively. The bandpass filter filters out
changes in body displacement caused by road surface excitation and sprung mass changes. The
BLOCKTIMER allows the controller to compare changes in the adjustment D: within 10 s to identify whether
the sprayer is in a long-term load imbalance condition and makes adjustments to avoid frequent movement
of the solenoid valve. In the initial state, the height difference of each spring is within 20 mm and the loads of
the springs are in equilibrium. When the sprayer travels on uneven roads or slopes, the loads of the springs
change under the weight of the body. When the height difference between springs caused by the load
change is within the range of 20 mm, the controller recognizes that the sprayer is in a balanced load state.
When the height difference between springs exceeds 160 mm, the controller alerts the driver that the
machine load is not in the equilibrium state so that the driver uses caution when operating the sprayer. When
the height difference between springs is in the range of 20~160 mm, the sprayer is in a load level state. In
addition to the height sensor, a gyroscope is installed at the barycentre of the sprayer. The gyroscope
measures the tilt angle of the sprayer in the front and rear directions or the left and right directions when the
sprayer is operated on a slope. The controller calculates D: based on the measured tilt angle and the
wheelbase and wheel track of the sprayer. During load-levelling, the spring on the high side has priority of
deflation and if load-levelling cannot be achieved, the spring on the low side is inflated. High side refers to
the side with large sprung mass displacement value xijj in the four suspensions of sprayer. Low side refers to
the side with small sprung mass displacement value xyij in the four suspensions of sprayer. Reducing the
inflation time of the spring reduces the pumping time of the air compressor and extends the life of the
compressor.

Strat load The body has been
leveling leveled, the load has
system been balanced, the BLOCKTIMER
chassis height is
> marked, and the Bandpass
adjustment is over. "
System prompts

Whether the heigh
difference of each suspension
is within the range of 20-
160mm?

NO| drivertoturnon

manual adjustment

to ease the current
state

System marks the
height of each System stores
. L data to the ECU
spring at this time

NO

YES

Whether The driver manually
itis received manual YES Y | adusts the spring YES
adjustment command?2 height to ti_1e required Y o
height System adjusts and
NO marks the height
P T - T - - - ————— *— ——————————————————————— 1 position of sprayer
| Which side needs to be | chassis
adjusted ‘
| The spring adjustment amount
l ¢ ¢ l ¢ l i i D . is calculated from the
height sensor and the
Front Rear Left Right Front Front Rear Rear acceleration sensor data, and
side side side side left right left right the chassis direction data to
be adjusted is obtained from

Raise
opposite
side

Raise
opposite
side

an we lowel
the side

Can we lowe
the side

YES

Whether
the height difference
of each spring is
within 20mm?

The process of the
sprayer body being

|
|
|
|
|
|
|
|
|
|
|
|
| l | | L | | | | the gyroscope.
|
|
|
|
|
|
|
|
|
|
|
__________________ automatically leveled _ _ ________]_______| NO

Fig. 4 - Control strategy of auto load levelling
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) Control algorithm

The auto load-levelling control is based on the suspension height and body attitude, which are
determined by the height sensors, the unsprung mass acceleration sensors, and the gyroscope. The amount
of adjustment required for each spring is calculated and the springs are adjusted to achieve load-levelling of
the suspensions. Therefore, auto load-levelling control requires a control algorithm to adjust the target
height. The established load-levelling control strategy and the sliding mode control are used for the proposed
auto load-levelling control algorithm, which is shown in Fig. 5. The uj is the control amount and Xuijm is the
target height of each spring. In order to obtain the sprung mass displacement xyjj of the air suspensions, Xj
and xg need to be obtained. The x; could be obtained through the spring height sensor, and the xg could be
obtained by the unsprung mass acceleration sensor.

The height x;; of each spring is measured by a height sensor, the
unsprung mass displacement x;; is measured by the unsprung
mass acceleration sensor, the body roll angle 6 and the pitch
angle ¢ measured by the gyroscope.

!

System calculates the initial height xbijO of each
suspension, and then calculates the target height xbijm
URLPWM URRPWM
Xorin) Sliding mode Sliding mode XorRm
Model of |, 7\ controller of | UrPwn UrrPwM | controller of a8 MOde.I of
| XorL _ ; - . Xorr | front right
front left air ——»{+ front left air front right air | + .
suspension suspension suspension ar
height Control amount height suspension
allocation
Xp - . X
RL i Sliding mode | | yg, 1 Urr Sliding mode v ORRm Model of
Model of XbRL = controller of U u controller of — Xorm rear right
—» rear left air + rear left air R rear right air 4@47 ront 1, |
suspension suspension suspension sus 2';sion
height height P
Fig. 5 - Control algorithm of auto load levelling
) Auto load-levelling control model of the sprayer chassis

We use the front left air suspension during inflation as an example; the system state variable is
Xp =[X1 Xp X3 Xy Xs]"=[Xpry Xpr Xere Xirr Prrd"
The vertical dynamics model of the sprayer suspension model represents the state equation, as
shown in Eq. (9).
XFL =f (XFL)+ g(XFL)uFL
. . T
XeL :[XbFL Xprr Xer XL plFL] (9)
y= h(XFL): XorL — XieL

f(xrL) and g(xrL) in Eq. (9) are expressed as:

X2 - -
((Xs—pa)AeFL—CdFL(Xz—X4)—meL9)/meL g
f(X )= X, y 9(Xe ) = 0
(o (% = %) = (% = P2) Ar = My ) = K X5 = Cie X, ) /mlFL nRTl:L)/leL
I —(MPe Ar (X — %, ))/VlFL | ) -

According to Eq. (9), Eqg. (10) can be obtained from the theory of differential geometry.
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th(XFL) Xy Lf h |_ _f4’ Lgh(XFL):O’
Lf3h(XFL)=£[ J A fs = Cor Ty +Cor f4)J+M(f3 + f4),, (10)
1 n 1 J NRTe A 20

My
Lgth(XFL)=O’ Lgszh(XFL)=[m V.

According to Eqg. (10), the relative order of the system is 3, which is smaller than the order of the
equation state of the original system. Therefore, local feedback linearization processing can be performed on
Eg. (9). We define the new system state variable 9 =[X,r X Xpr-XieL Xor-%ie 1T iN linear space. The state
equation of Eq. (9) in linear space is as shown in Eq. (11). The relationship between the original control
amount ug_and the control amount ug, in the linear state is defined in Eq. (12).

bFL thL

{‘gFL =A% +Bug (11)
y=38x
=Lh(x, )+ L L h(x, )u, (12)
A and B in Eq. (11) are expressed as:
010 0
A=/0 0 1|,B=|0].
0 0O 1

The model obtained by feedback linearization is a third-order linear system. In the linear system, the
new output error is defined as e =3, -&,4.- The sliding surface can be set to:

_ 2 . .o
SpL = AfLCrL + 24 € + € (13)
In Eq. (13), ArL is the sliding mode coefficient and Ar.>0. The sliding mode control output ug, consists

of an equivalent control amount ug, ., and a switching control amount ug, g, that is,

UFL = UFLeq + UFst (14)
The effect of the equivalent control is to drive the system state to move along the expected sliding
mode surface (Zhao Y. Z. et al., 2014; Jin M. et al., 2014; Assadsangabi B. et al., 2009; Zirkohi M. M. et al.,

2015) and keep the system at Sg,; =0. We use the derivative of Eq. (13) to obtain Eq. (15).
= 11:2 € + ZAFL'e.FL +E
_ﬂ“FL ( A — Sare ) +2q ( 1FL l91dF|_ ) + (“gl‘FL - ':gl'dFL ) (15)
_AFZ ( el — Kt ) + Zﬂﬂ ( 3FL l91d|:|_ ) + (UFLeq - l.gidFL )

Let SFL =0, then the equivalent control ug, ., can be expressed by Eq. (16).

Ubleq = A8 + 200 8 — I (16)
The function of switching the control is to drive the system state to approach the sliding mode

switching surface Sg; =0; the output of the switching control is defined in Eq. (17).
Up o = —€r SON (SFL) (17)
In Eq. (17), & is the switching constant and sgn(sr.) is a sign function. Equation (14) can be
expressed as:

= A% € +270 & — G —EqSigN (Se) (18)
Based on the Lyapunov stab|I|ty condition, if the designed sliding mode control system is stable, the
inequality (19) is correct.

. 1d .
V(SFL) = EESFLZ = SFLSFL<_77F|_ | S, | (19)
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In Eq. (19), nr is an arbitrarily small positive integer. The function of the equivalent control U, is to

ensure that Sg, =0; therefore, Eq. (19) can be expressed as:

S, (_gFLSign(SFL ))<_77F|_ | S, | =& > (20)
It is known from Eg. (20) that when & > nrL, the sliding mode control system [2%-30] is stable. In order

to reduce the system chatter caused by the switching control in the auto load-levelling control system, the
sign function in Eqg. (17) can be replaced by the saturation function of Eq. (21).

SeL /WeL | S IS WL
sat(s = 21
( - /WFL) {Sgn(SFL)’ | SeL = we )

In EQ. (21), wg, is the boundary layer thickness. According to Eqg. (18), the output of the sliding mode
controller in the linear state is obtained as shown in Eq. (22).

2 .
U = Ar 8L + 270 €L — S — 8 S (S /W) (22)
Combined with Eqgs. (12) and (22), the actual sliding mode control amount of the front left air
suspension inflation is as shown in Eq. (23).
2 . . "' 3
a2 8 + Y L h(XeL ) — &rsat (Se /W)
U, = T (23)
LyLe*h(Xe)
Similarly, the actual sliding mode control amounts u.g, Ug, and ugzg Of the front right, rear left, and
rear right air suspension inflation processes are as shown in Egs. (24)-(26), respectively.

_ —Abeber = 2erbir + S — L°h(Xer ) = £rrSat (Ser /Wer )

u (24)
. L7 ()
_ —25 8L — 2 Bay + l'gide_ - Lfsh(XRL ) - gRLsat(SRL/‘//RL)
Ug = > (25)
LA (%)
_ _ﬂ'éRe‘RR —24er€rr + Grr — Lfsh(XRR ) - gRRsat(SRR /Wrr )
Ugg = > (26)
L7 (e )

In Egs. (24) to (26), Arr, ArL, and Arr are the sliding mode coefficients corresponding to the
respective suspension controls. &z, &g, and &gz are the switching constants. ez, W, and Y are the
boundary thicknesses.

In addition, in the case of an unbalanced load of the sprayer, the load on each chassis suspension
will change. It is assumed that if the sprayer is operating in a certain extreme condition, the roll angle and the
pitch angle are 6 and ¢, respectively. The distance from the barycentre to the front and rear axles are a and
b, respectively. According to 6, ¢, a, b and the overall mass ms, the sprung mass of each sprayer chassis
suspension in the limit working condition can be calculated by Eq. (27).

b 6 ¢
m, =m(—-—+
St s(2L 2 2)
My —ms(£+_+f)
2L 2 2 @7)
a 0 ¢
m —_—
sRL s(2L 2 2)
a 6 o
M =M (—+—=——=
SRR 5(2L 2 2)

In EQ. (27), msrL, MsFr, MsrL, and Msrr are the sprung masses of each suspension.

In the actual auto load-levelling control process of the sprayer chassis air suspension, according to
equations (23) - (26), the controlled quantity u; of proportional solenoid valve is obtained when the
suspension is inflated and deflated, and then the opening degree of the proportional solenoid valve is
controlled by pulse width modulation (PWM) method. The actual switching state duty ratio of the proportional
solenoid valve can be obtained by Eq. (28).
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L When  u; > [ug |
Uipwm = uij/‘UOmaxij » When 0<uy; < ‘UOmaxij‘ (28)
0, When u, <0

In Eq. (28), uipwm is the duty ratio of the proportional solenoid valve actual switching state. Uomaxij iS
the product of the air mass flow and the unit control period when the solenoid valve is fully opened. The
mass flow value required in the spring height control process can be converted into the duty cycle in the
solenoid valve switch electrical signal, so as to control the solenoid valve more conveniently. The maximum
control amount uomaxij Of each suspension can be obtained by equation (29).

(oK Ama PN /T When the spring is inflated (29)
M6y KAGm PN /YT, When the spring is deflated

In EqQ. (29), Axumax is the solenoid valve port area when the proportional solenoid valve connected to
the spring is fully opened.

RESULTS AND DISCUSSION

Matlab/Simulink was used to develop the simulation model of the auto load-levelling control system.
The simulation used fixed-step type, and the solving algorithm used ode3 (Bogacki-Shampine). The
sampling frequency was 1000Hz and the sampling time was 6s in the simulation. Simulation parameters are
shown in Tab. 2.

Table 2
Initial simulation parameters of auto load-levelling control
Paramgters / Instructions Values Paramgters / Instructions Values
unit unit
me/ kg Body mass 12000 Til K Internal spring 203
temperature
V /[ km-h1 Speed 12 f/ Hz Sampling frequency 1000
Br/m Wheel track 3.2 t/s Sampling time 6
alm Front axle dlstgnce from 18 A Sliding mode coeff|IC|ent of 40.328
centroid each suspension
b/m Rear axle dlstgnce from 29 3 Switching consta_mt of 16
centroid each suspension
R fch i | B hick f
Vi ate of change in volume 0518 v, oundary thickness o 0.01

of the spring each suspension
Xoij/ mm Initial spring height 380 Csij/ N-s-m? Suspension damping 2400
The initial working

Vi / m3 . 0.01914 G/ mm Centroid height of sprayer 1620
volume of the spring
f each Ti ival ial
i/ kg Unsprung mass of eac 300 kej/ N-m-L ire equ.lva ent radia 560000
suspension system stiffness
Cu/ N-s:m? Tire equivalent radial 5700

damping

In order to verify the performance of the proposed sliding mode control method, the front left air
suspension was increased by 0.08 m or reduced by 0.08 m from the design height of 0.38 m and the
suspension height adjustments in the on-off control, PID control and sliding mode control were obtained, as
shown in Fig. 6. The Ziegler-Nichols method was used to tune the PID controller parameters and selected
the best PID control parameters. Through the tuning of PID control parameters, the proportional link
coefficient ke=25.4, the integral link coefficient ki=15.8, and the differential link coefficient ko=10.2. Fig. 6 (a)
shows the lift of the front left air suspension. After 3 s, the target height of 0.46 m is reached under sliding
mode control and the suspension heights in the on-off control and PID control are still being adjusted. After
3.5 s, the suspension height in the on-off control has stabilized at 0.47 m, exceeding the target height by
0.01 m. At this time, the height of the suspension under PID control accurately reaches the target height of
0.46 m. Fig. 6 (b) shows the lowering of the front left air suspension. After 3 s, the target height of 0.30 m is
reached under sliding mode control. After 3.5 s, the suspension height in the on-off control has stabilized at
0.295 m, exceeding the target height by 0.005 m. At this time, the height of the suspension under PID control

75



Vol. 64, No. 2 /2021 INMATEH — icultutal

accurately reaches the target height of 0.30 m. The simulation results show that both the sliding mode
control and PID control have higher precision, and both effectively solve the problems of "overcharging" and
"over discharging" in the suspension height control process. However, compared with PID control, sliding
mode control has a faster response speed and better robustness for air suspension system with strong
nonlinearity.

E E
w
2 o4s | ﬁ 0.38 on-pﬁ control
£ £ = = = sliding model control
2 2 — — PID control
=i L aeemE s Sosl W, 0 === Target height
v ” 2]
b l' rd T =
© sul p = = = sliding model control 3
qéa / — on-off control 2034}
8 , 4 — — PID control =
O 042r P Target height =
c s S 032r
g £
= /
g o4or ’ 3
© /! / f_g_ 030 bimimim i m e o S
.% D 38 % 1 1 1 Il 1 &_q L 1 1 1 L
a "o 1 2 3 4 5 0 1 2 3 4 5
Timels Time/s
(a) The lift of the front left air suspension (b) The lowering of the front left air suspension

Fig. 6 - The suspension height adjustment effect in different control modes

In order to verify the performance of the auto load-levelling algorithm based on the sliding mode
control, the sprayer is tested using different roll and pitch angles and rough road conditions; the roll angle,
pitch angle, barycentre height, sprung mass of each suspension, and the height changes were analysed, as
shown in Figs. 7-9. According to the sprayer auto load-levelling control strategy in Section 2.3.1 and the
parameter data in Tab. 2, since the sprayer wheel track is 3.2m, the distance from the front axis to the
centroid is 1.8m, the distance from the rear axis to the centroid is 2.2m, the centroid height is 1.62m, initial
air spring height is 380mm, and the maximum height difference between the air springs should not exceed
160mm. By calculating the above parameters and obtaining that the maximum roll angle of the sprayer does
not exceed 0.025rad, and the maximum pitch angle does not exceed 0.02rad.

Fig. 7 shows the changes in various parameters during auto load-levelling for a roll angle of 0.025
rad and a pitch angle of O rad. The auto load-levelling controller first deflated the two suspensions on the left
side of the sprayer until the suspensions’ heights were reduced from 2.08 m to 2.0 m. The heights of the two
suspensions on the left and right sides were equal, as shown in Fig. 7(b). The body roll angle gradually
decreased from 0.025 rad to 0 rad and the centroid height also decreased. The pitch angle fluctuated around
0 rad and the change was negligible, as shown in Fig. 7(a). When the suspension height on the left side
changed, the load on each spring also changed; ultimately, the suspension’s sprung mass on the left and
right sides of the machine were equal and the load of each suspension reached an equilibrium state.

2.50E-2
\ 3400 r g 4208
\ v
225E2 ., - - -Roll angle change 1204 'y
XY . 3300 F %y -+ 207
200E2 | Y — Pitch angle change "
17562 | \’\ —-—- Centroid height change | 203 a00f % —e— Front right sprung mass—e— Front left sprung mass | 2.06
" ’ 1 \‘ —=s— Rear right sprung mass —#— Rear left sprung mass
© 1.50E-2 |- 3100 - k § —&=—Frontright height change—=— Front left height change | 205
© S 2 “ 1 —=—Rearright height change—=— Rear left height change =]
= =
@ 1.25E-2 4202 = 5 3000 - Wt B 2'04E
E 1.00E-2 W % g ﬁk 2
B = d L t i [5])
< Oy I = 2900 WA Z.OSI
7.50E-3 [ N {2.01 WA
"\ 2800 A H2.02
A 5 %
5.00E-3 | \ \\
e 2700 |- 201
2.50E-3 | et 2.00
hES = =Ey
0.00 ~a o 2600 & 3 RO 1P DS S p— ]
250E3 \/ . . . 199 2500 : : ‘ : ‘ 199
0 1 2 3 4 5 6 0 1 2 E 4 2
Time/s Time/s
(a) Roll angle, pitch angle and centroid height changes (b) Sprung mass and height changes

Fig. 7 -Effect control of auto load-levelling during body rolling
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Fig. 8 shows the changes in various parameters during auto load-levelling control for a roll angle of 0
rad and a pitch angle of 0.02 rad. Similar to the control process shown in Fig. 7, the auto load-levelling
controller first deflated the two suspensions on the rear side of the sprayer until the suspensions’ heights
were reduced from 2.08 m to 2.0 m. The heights of the two suspensions on the front and rear sides were
equal, as shown in Fig. 8(b).

The body pitch angle gradually decreased from 0.02 rad to O rad and the centroid height also
decreased. The roll angle fluctuated around O rad and the change was negligible, as shown in Fig. 8(a).
When the suspension height on the rear side changed, the load on each spring also changed; ultimately, the
suspension’s sprung mass on the front and rear sides of the machine were equal and the load of each
suspension reached an equilibrium state.

22E2E
\ 12,035 3400 -
20824 4
; 3300 & 208

18821 ‘-\ - - -Roll angle change 120%0 \
16E2F \* —— Pitch angle change 3200 ~

\ —-—- Centroid height change 12.025 —s—Front right sprung mass—s— Rear right sprung mass 206
14e2f \} 12

—s=—Front right height change—s— Rear right height change

b
o
[~
S

E 12E2 £ 20l E
g 1082 2.015%) % 1 2.04%
S 80E3 , moI = 29001 T
6.0E-3 : 2800 4 100
40E-3 2.005 9700 ]
2.0E-3
00 2.000 2600 472 200
T S T e S U B
Time/s Time/s
(a) Roll angle, pitch angle and centroid height changes (b) Sprung mass and height changes

Fig. 8 - Effect control of auto load-levelling during body pitching

Fig. 9 showed the changes in various parameters during auto load-levelling control for a roll angle of
0.025 rad and a pitch angle of 0.02 rad. The controller reduced the height of each suspension to 2.0 m. The
auto load-levelling controller first inflated the front right suspension and deflated the other suspensions until
all suspension heights reached the target height, as shown in Fig. 9(b).

The body roll angle and pitch angle gradually decreased from 0.025 rad and 0.02 to O rad,
respectively. The centroid height also decreased, as shown in Fig. 9(a). Finally, the load on each suspension
reached a balanced state.

2.50E-2 —a— Front right sprung mass—s— Front left sprung mass{ 2 14
XY - —s—Rear right sprung mass—e— Rear left sprung mass
225E-2 -\ +2.08 3400 Pay
vy X 4212
LI
2.00E-2
A % - - -Rollangle change 1210
1.75E-2 |- 1 —— Pitch ang|e change 4208 3200 . —=—Front right height change—s=— Front left height change
3 \\ - - \, —s=—Rear right height change—=— Rear left height change
1.50E2 L “\ —-—- Centroid height change 4208
ko) ) [=l) £
@© r X
L1252+ 204 £ 53000 206 2
3 i o % o
21.00E-2 - 2 = 1204
7.50E-3 |- 202 2800 202
5.00E-3 -
r 2.00
2.50E-3 - 2.00 2600
0.00 b 41.98
-2.50E-3 . - . - . 1.8 2400 ! ! L L L 1.96
0 1 2 3 4 5 8 0 1 2 3 4 5 6
Time/s Time/s
(a) Roll angle, pitch angle and centroid height changes (b) Sprung mass and height changes

Fig.9 - Effect control of auto load-levelling during sprayer running on the uneven road
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CONCLUSIONS

During the sprayer operation, load imbalance will cause the wheels to slip or the machine to roll over,
affecting the safe operation and handling stability of the sprayer. Auto load-levelling control is an important
technology to improve sprayer performance. The following conclusions can be drawn:

(1) A model of the charge and discharge of the air suspension of a sprayer was established and a %-
scale vertical dynamics model of the suspension was developed to lay a theoretical foundation for auto load-
levelling control of a sprayer.

(2) The proposed auto load-levelling control algorithm with sliding mode effectively overcomes the
problems of oscillation, "overcharging" and "over discharging" in the vehicle height control process, and has
good accuracy, good control response and robustness to changes in the model parameters.

(3) The control strategy and algorithm meet the needs of auto load-levelling control and provide
reference information for auto load-levelling control of self-propelled sprayers.

However, the above research mainly verified the proposed auto load-levelling control effect of the
large self-propelled sprayer from a simulation perspective. Although the implementation method of applying
pulse width modulation (PWM) to the proportional solenoid valve opening control in actual control was also
proposed, its actual control effect needs to be further verified. In addition, since the high control activity of the
sliding mode control method is the main factor restricting its practical application, it is necessary to further
study the sliding mode control problem of the discrete-time system, the optimization problem of the sliding
mode control parameters, or combined the sliding mode control with other control methods, such as fuzzy
control for joint control to overcome the shortcomings of the current sliding mode control method, so as to
better realize the auto load-levelling control actual vehicle application of the large self-propelled sprayer
chassis air suspension.
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