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Design and implementation of a nonlinear robust controller based on
the disturbance observer for the active spray boom suspension

Longfei Cui, Xinyu Xue®, Wei Kong, Suming Ding, Wei Gu, Feixiang Le

(Nanjing Institute for Agricultural Mechanization, Ministry of Agriculture and Rural Affairs, Nanjing 210014, China)
Abstract: Spray boom vibrations are one of the main causes of the uneven distribution of agrochemicals. Using active
suspension to maintain the correct height of nozzles is critical for obtaining a uniform spray pattern and minimizing the
possibility of spray drift. However, the electro-hydraulic active pendulum boom suspension has nonlinear uncertain factors
such as parameter uncertainties, external disturbances, model error, etc., which complicate the design of the controller.
Therefore, this paper proposes a nonlinear robust feedback control method with disturbances compensation, which integrates a
robust controller and disturbance observers through the backstepping method. Initially, to verify the performance of the
controller, the Lyapunov stability theory is used to prove that the proposed controller can guarantee the given transient
performance and the final tracking accuracy. Furthermore, taking the active suspension of a 28 m wide boom driven by a
single-rod hydraulic actuator as an implementation case, the proposed NRCDC controller was compared with a variety of
control schemes through a rapid control prototype of a pendulum active suspension. Finally, the proposed control scheme is
implemented on a self-propelled sprayer with a boom of 12 m in length. The field test results show that all the performance

indicators of the NRCDC controller are better than the other three conventional controllers.

Both laboratory and field tests

have verified the effectiveness and high performance of the proposed controller.

Keywords: robust control, sprayer boom, boom suspension, hydraulic control system, disturbance observer

DOI: 10.25165/j.ijabe.20231601.7007

Citation: Cui L F, Xue X Y, Kong W, Ding SM, Gu W, Le F X. Design and implementation of a nonlinear robust controller

based on the disturbance observer for the active spray boom suspension.

1 Introduction

To increase the yield in agriculture, plants must be protected
against diseases. One of the most important methods to spray
agrochemicals is by using a spray boom. Agrochemicals are
dissolved in a carrier liquid and sprayed using an agricultural spray
boom. However, the uneven ground causes random vibration of the
boom during operation, which deteriorates the deposition
distribution pattern of the spray nozzle, resulting in overspray or
missed spray of chemical pesticides!!], which has side effects on
plants, heavy application of chemical pesticides has seriously
polluted the environment®>7)..  The uniformity of application
influences the amount of chemical or biological crop protection
products delivered to individual plants, rows, or field areas. Studies
point out that the rolling motion of the boom is responsible for
variations in spray distribution ranging from 0 to 1000% (100% is
ideal)®191, Herbst et al.'!l presented methods for spray uniformity
of booms under various field conditions and built a hydraulic test rig
to simulate field conditions to test the effect of boom motion on
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spray deposits. Simulation results show that trailed booms have
better spray distribution than tractor-mounted booms because trailed
sprayers excite the boom with less intensity and their response
frequency is reduced by 0.5 Hz for the 27 m boom. This paper
focuses on the control of the rolling motion of the boom.

The boom suspension would be to maintain a constant distance
between boom and ground to improve the uniformity with which the
droplets are distributed through achieving correct overlap of spray
patterns from adjacent nozzles. High efficiency can also be
guaranteed by using longer booms or spraying at higher speeds by
reducing vertical vibration at the boom tips. It should be possible to
set the boom closer to the targets to enhance spray penetration
through crop canopies and reduce the risk of spray drift!!>13,
Boom suspensions are generally classified as passive or active. A
vast proportion of agricultural sprayers are equipped with a passive
suspension!'¥,  Passive boom suspension maintains the system
stiffness by reasonably selecting springs, dampers, and other
linkages, which can better attenuate the high-frequency excitation
from road roughness, but it cannot drive the boom to align the
inclined ground™. Active boom suspension system has been
adopted by many manufacturers of boom sprayers, but whether the
active suspension systems can precisely control the angle of the
boom depends on the design of high-performance controller(!%17],

This study proposes a nonlinear robust control method of an
active pendulum boom suspension is proposed, an active boom
suspension includes a set of the electro-hydraulic servo control
system designed based on the original passive suspension, which
consists of a hydraulic cylinder, two non-contact distance sensors
and controller hardware, its design and calculation have been given
in our previous research['%1%1. Driven by the hydraulic cylinder, the
boom's roll angle tracks low-frequency terrain changes.

The common control methods, such as proportional control,
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LQG/LTR control, H. control, and so on!??2, whose control
accuracy is mainly obtained by high gain feedback. If the gains are
too large, the unmodeled dynamics of the boom suspension system
will be easily excited. The electro-hydraulic servo system of
suspension is a typical non-linear system that includes various
parameter uncertainties and time-varying disturbances, which
include unmatched disturbances (external disturbances, unmodeled
dynamics, etc.) and matched disturbances (system pressure dynamic
modeling error)?3l. The above factors will sharply degrade the
expected control performance of the controller and make the design
of high precision tracking controller becomes difficult. The
adaptive robust control (ARC) strategy is proposed, which has been
applied to a variety of controlled plants®*?°! and has good tracking
performance, but its high tracking accuracy is achieved by using
high feedback gains. An extended state observer (ESO) has been
used to estimate the disturbance in the hydraulic system by Yao et
al.?%27] but this method cannot deal with both matched and
mismatched disturbances. Active torque control scheme with
iterative learning (ATCAIL) has been applied to the undesired
vibration control of the boom!?*2°], but due to the limitation of the
output torque of the DC motor, it is not suitable for the motion
control of a large boom with more than 27 m in length. An adaptive
fuzzy sliding mode control strategy for the trapezoidal boom
suspension was designed by Xue et al.’%, but this method does not
explicitly process the parameter uncertainties, and its steady-state
control performance is easily affected by factors such as changes in
operating conditions and load quality.

To accurately estimate the strong uncertain nonlinearity in
motion control, a finite time disturbance observer is designed3!,
which can accurately estimate the uncertain nonlinearity of the
system in a finite time and then carry out feedforward control.
However, it needs to obtain the parameters of the system in
advancel32-34,

Based on the above analysis, developing a high-precision
controller for active pendulum boom suspension to deal with the
parameter uncertainties and random disturbances of the suspension
system may be a novel and valuable research hotspot. The
mathematical model of the boom pendulum suspension
electro-hydraulic position servo system is established. Aiming at
the time-varying disturbances and parameter uncertainties existing
in the electro-hydraulic suspension position servo system, a
nonlinear robust feedback controller based on the finite time
disturbance observers is designed, the finite time disturbance
observers were integrated into the nonlinear robust feedback
controller by using the backstepping design method, the disturbance
observers are designed to observe the matched and mismatched
disturbances simultaneously. All the parameter uncertainties in the
model compensation control items are concentrated in the
disturbance estimation items, combined with nonlinear robust
feedback control, to complete the processing of disturbances and
parameter uncertainties in the actual system. By using Lyapunov's
theorem, it is proved that the proposed controller can guarantee the
described instantaneous control accuracy and steady-state tracking
error.

To verify the effectiveness of the proposed controller, an
experimental study is carried out with a 28 m width boom active
suspension driven by a single rod hydraulic actuator. The
controller has been tested and verified through rapid prototyping
control technology. The six-degree-of-freedom motion platform is
used to simulate the field motion of the chassis. Finally, the
proposed nonlinear robust controller for the active boom system is

implemented on a self-propelled sprayer with a 12 m long boom, and
the effectiveness of the boom control system was verified through
experiments in paddy fields.

2 Problem formulation and dynamic models

2.1 Modeling of the pendulum boom suspension system

The schematic diagram of the active pendulum boom
suspension is shown in Figure 1, where the boom is in any state
during the control process. O is the rotation center of the
pendulum rod, P is the rotation center of the boom, the length of
the boom OP is /1, the distance between the rotation shaft at point
Q and the rotation shaft at point R is /2, and the distance from the
rotating shaft R to the welding point F on the spray boom is /5, and
the distance from rotating shaft P to welding point F' on the boom
is ls. In the process of adjusting the boom angle by hydraulic
cylinder, the angle between the rod PQ and rod PR is {o+(.

L I O— Axis of rotation

Spray boom Iy
Simplified schematic diagram of active pendulum boom
suspension

Figure 1

The linear motion of the hydraulic cylinder is transformed into
the rolling motion of the spray bar through the designed connecting
rod mechanism. Therefore, firstly, the kinematic and dynamic
equations of the connecting rod mechanism are established. Then,
the hydraulic system is designed and the model of the valve
controlled hydraulic cylinder is established. According to the
geometric relation of the linkage mechanism of active suspension
and the cosine theorem, it can be obtained as,

Lpo + Lpp? =12
£ =arccose TR T8 _ .

(M

lPQlPR
where, /pr is the distance between point P and point R in Figure 1,
m; /pq is the distance between point P and point O, m; /> can be
measured by the displacement sensor on the hydraulic cylinder, m.
The displacement of the piston rod of the hydraulic cylinder is
xr=I2-ho, then the speed of the piston of the hydraulic cylinder is

. Ipglpr Sin(S + &)
= 2 2
\/IPQ +1pr” = 2lpolpr cO8(S + &)

When the sprayer stops on horizontal ground, the pendulum
OP is in the vertical position and the boom is in the horizontal
position, define this state as the initial state of the boom suspension,
in this condition 9=0, =0, the angle between rod PQ and rod PR is
o, the length of the oil cylinder is /20, and under the driving of the
hydraulic cylinder, the angle variation between rod PQ and rod PR
is { The angle between boom and target position f can be
obtained from suspension geometry:

p=C+9 3)

where, 4 is the angle from which the pendulum rod OP deviates

2
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from the initial position during the movement of the hydraulic
cylinder, (°).

The control goal is to make the angle of the boom accurately
track the desired trajectory, and realize the boom angle to follow
the terrain fluctuation. The dynamic model can be described as

follows
L+ KB +Cp+ A4S (B)+ [(B.S.0)=g(AR-4R)  (4)
g = axL PQ Lppsin(& +¢) )
g \/IPQ Lo’ 2Upolpg cos(C + )
where, 1 represents the moment of inertia of spray boom

respectively, kg:m?, Ki is the suspension rotational stiffness
coefficient around point O, N-m/rad; Ci is the suspension rotational
damping coefticient around point O, N-m-s/rad; 4r is the amplitude
of approximate Coulomb friction, N-m; St is a continuous shape
function, f(,/,t) represents the sum of unmodeled dynamics
and external disturbances, including unmodeled nonlinear friction
characteristics. 41 and 4> are the effective areas of the two
chambers of the hydraulic cylinder, m?; P1 and P: are the oil pressure
of the two chambers, Pa.

An asymmetrical servo valve is used to control the
asymmetrical cylinder as the actuator of the boom active suspension.
The schematic diagram is shown in Figure 2.

A A I L»
© ' ©
P, |
VW 11 MW
U
SRR s;yf<—

Figure 2 Schematic diagram of valve-controlled single rod
hydraulic cylinder

The pressure dynamic equations of the forward chamber and
return chamber are established as!33],

B=Lcai-CR+q+0) ©)
1
_ ﬂeZ 3
b= % (4, —CR —q,—0n) 7
2

where, Vi=Voi+AixL, Va=Vo—A2xL represent the effective volumes
of the forward chamber and return chamber, respectively; Vor and
Vo2 are the initial volumes of the rod free chamber and the rod
cavity respectively; Q1 and Q> represent the flow from the servo
valve to the two chambers of the hydraulic cylinder respectively; g1
and g2 are the lumped modeling errors in the dynamics of P and P,
m?; Be1 and Bea  are the bulk moduli of the hydraulic oil in the left
and right chambers of the hydraulic cylinder, Pa; Ct is the internal
leakage coefficient, m*/s-Pa; PL= P1—P» represents the load pressure,
Pa; the flow Qi1, 02 of servo valve is a function of spool
displacement xv, m3/s; and the flow equation can be expressed as

follows!33]:

O = \/EkqlkiRlu )
0, = \/EqukiRzu
where, ki and u represent the current gain of spool and control input
respectively, and the expressions of Ri and R: are as follows:

{Rl = 5P —R +s(-u)}JB P,

Ry, = s(u)N P, —F +s(-u}JF, - P, ®

s(*) is defined as follows:
1 if*>0
) —
“)%OH*w (10)
where, Ps and P: are the supply pressure and return pressure; kqi
and kq2 are the flow gain coefficient of the left and right cavities.

1
kql = del\/7

< (11)
kg = dez\/7

Ve

where, Cq is the flow coefficient of servo valve orifice, wi and w2
are the area gradient of left and right ends of servo valve spool
orifice, m?, p is the density of hydraulic oil, kg/m3. Since the servo
valve is symmetrical, the flow gain coefficient kqi= kq2= kq, and the
elastic modulus of the two-cavity hydraulic oil of the actuator
satisfies fe1=Le2=fe.

3 Design of nonlinear robust controller based on

disturbance compensation

3.1 The state equation of electro-hydraulic suspension
Define  state

[ﬂ,[;’,(AlP1 - 4,P)/1]", then the dynamic model can be written in

variables x =[x, x, x]T =

the form of state space as follows

X =X
@@m—%@—ﬁm f&mym@@ (12)
X3 = ﬂpkﬂ f31 A f%z ﬁcfss d,(x,1)
where,
fu ek
Sx :(%24‘1;75)&)52
fo=Ghe 2, (13)
dy(xe,ty= L&D
1,
dz(x,r):'f—f St

The parameter set is defined as@ =[01, 02, 03, 04, 05, 0], where
=K1/, :=Ci/, O=Af11, Os=Pc ku/\, Os=fc/I, O=bc-C/l1. The
state-space equation of boom suspension can be formulated as

X =X
Xy = g% — 0% — 0hx; — 0,5; (%) — di (x, 1) (14)
=0, fs1ut — 6 fro — O fr3 — dr(x,1)

The uncertain nonlinear terms di1 and 4> in the actual hydraulic
system are bounded. So, the following assumptions are true

Hypothesis 1: di(x, 1), di(x,1) and da(x, 1) are all bounded,

that is
‘dl(xat)‘ <&
x| <& (15)
‘dz(x,t)‘ <&
where, {1, (> and {3 are positive bounded functions.
Hypothesis 2: the system reference command signal x1d(?) is
third-order continuous, and the system expected position command,
speed acceleration acceleration

command, command, and
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. ~ . . a, :—(0(20 +a2s)
Let 6, be the nominal value of 6, and 6 the estimation g
error of 6, and 6, =6, -6, then the state equations are as Qo = Xgpy +0,%, +6,,%, +6,,5:(x,)— D, (23)

follows
X =X,
X, = g% —0,x% —0,,x,-6,,5:(x,)-D(x,1)  (16)
X, =0, fL,u—0 [, =6, fs —D,(x,t)

where,

{Dl(x,r) =0 + 0.0, + 0,8, (x2) ~ d (x.1) a7

Dy(x,1) = =0y fuu + 0 foo + O frs — da(x,1)
where, Di(x, ) is the mismatched concentrated disturbance, and
Da(x, ) is the matched concentrated disturbance. To compensate
for the mismatched and matched disturbances in the active
suspension system simultaneously in one controller, the
disturbance observers are designed as follows

):52 =Wy t+ g% —671)51 —ézxz —é;Sf(xz),@ = 1-31,072 = Dl
N 23 . n ~
@y =—a)|% — x| sign(x, —x,)+D,
~ 172, ~ 2
o == ‘Dl - a’o‘ sign(Dy, — @p)*+D,
o, = —assign(D; — @) (18)
Xy =5+ éz&f}lu - és]gz - é6f33,0)4 = f)z
W3 =—ay ‘553 - x}r/z sign(¥; — x; )""]jz
w,; = —assign(ﬁz — )
where, a;i>0 (i=1,2,3.,4,5) is the coefficient of the observer, and wo,
us, 1, f, pa are the estimated values of x2, x3, Di, D, Da,
respectively.  The estimation errors are defined as oo=uo—x2,
o1=u1-D1, o2=u2— Dy, o3=p3-x3, o4=us—Ds, according to Equations
(16) and (18), the dynamic observation errors of the observers can
be deduced that
. 3 .
6, =—a,|o,|" sign(o, )t o,
. T .
6, =—a,|o, —6,|" sign(c, - 6,)+0,
6, € —a,sign(c, —6,)+[-L,, L, | (19)
. 2 .
o, =-a, |0'4| sign(o,)to,
G, € —assign(o, — Oy )+[_L2 8 Lz]
where, Ly is the Lipschitz constant of D™ (k =12). The

theoretical analysis in reference [36] shows that the observer can
guarantee global finite-time stability, that is, there is a finite time
such that the dynamic observation error ¢:=0.
3.2 Controller design
The backstepping design methodP” is used to design the
controller. The error variables are defined as follows
Z1=X —Xud (20)
2y =21+ iz = X0 = Xaeg Xaeg = X1a —kizy 21

where, z1 represents the tracking error of the system, and k1 is the

positive feedback gain. Since z1(s) = G(s) z2(s), G(s)=1/(stk1) is a

stable transfer function, it can be seen from the linear system theory

that when z> tends to 0, z1 also tend to 0. From (16) and (21), the

derivative of z2 with respect to time is as follows

22 = xz - xzm . (22)

= g1 — 6, — 0, — 63,8 (x2) + Dy (x,1) — Yo

Based on the disturbance estimations observed by the disturbance
observers, the virtual control law a2 can be designed as follows

oy, =—k,z,

where, a2, is the model compensation term; azs is the linear
feedback term, and k2 is the set positive nonlinear gain. The
deviation between control function a2 and virtual control input x3 is
defined as zs=x3—a2, and by substituting Equation (23) into (22),
one obtains

2, = g1(23 + ) = 01, — 6, %, — 05,5; (x2) + Dy (x,8) — Xy (24)
=gz D —kz,
where the estimation error D, = D, — D, .

Combined with Equation (16), the derivative of z3 can be
obtained

Iy =X, —d, 25)
=0,,/3u—06s, [, =0, /s + Dy(x,0) -,
where,

a, =y + Ay,

Qe = oz + %xz %;Cz + 60f2 51 (26)
ot ox, 0x, oD,

. 50(2 ol : ~

Qy =——"X = [9171 + 85,8 (%) — Ky _k2:|D1

ox,

where, a,. is the calculable partial differential part and a,, is
the incalculable part.
Based on Equations (24) and (26), the feedback nonlinear
robust controller u is proposed as follows
u=(u, +u,)/ O, fa
tty =05, fro + O frs = Da(,0) + s, 27

u, =—kyzy

where k3>0 is the controller design parameter, ua is the model
compensation term, and us is the robust feedback term.
Substituting Equation (27) into (25), the dynamic equation of z3 can
be obtained that
2y ==Dy —kyzy = [0, + 65,8 (x2) — ki — k1D (28)

3.3 Performance analysis of controller

Theorem: Since di(x, #) and d2(x, f) are bounded, the
appropriate feedback parameters k1, k2, and ks are selected to ensure
that the matrix A defined below is a positive definite matrix

PR 0
2
1 1 g
A=|-—= k,—— -=L 29
7 3 ) (29)

_& %(2k3—|k1+k2—91 -0,

3n™f min
2

Then the designed controller (27) has the following

-1

conclusions:
(a) In actual engineering, the measured signals are all bounded.
In addition, define the Lyapunov function as
1 1 1
V ZEZIZ-I-EZZZ-I-EZ}Z (30)
Then, V satisfies the following inequality

V<er v+ 1-e* ] G1)
u
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where, #£=2Amin(A), Amin(A) is the smallest eigenvalue of the
positive definite matrix A, and ¢ is a non-negative coefficient.

(b) After a finite time fo, the system can obtain the accurate
disturbance estimations through the designed disturbance observers,
thatis, D=0, D=0, D,=0.

In addition to the conclusion (a), the proposed controller can
also guarantee the asymptotic tracking performance of the
electro-hydraulic servo system, that is, when the time tends to
infinity, the system error z can gradually converge to 0, that is,
when t—o0, z—0, where z=[z1, z2, z3]".

Proof of Theorem. Based on Equations (20)-(22), and (28),
the time derivative of V'is

V= 212y + 2225 + 2323
221(22: klzl)+22(glz.3 =D~ k;z.) _
+2z3[=D; — k3zs — (65,S; + O, — kl: k) D]
< —kz® + 212y — ko2’ + §12225 — 2,0, — 2y’

- ﬁzzs + |:k1 +ky— 6, — 03nsfmin:|f)lz3

. 1, (32)
<Hkz —2122+(k2—5)22 — 812223
#2182k [l o =B = B0 )2
1<, 1 . s
+=D" +—|ki + &k, — 6, — 6, S¢ min | D,
2 1 2| 1 2 1 3nf 1

The feedback gains ki1, k2, and 43 are designed to ensure that
the matrix A becomes a positive definite matrix

V<24 (A +e<—uV +e& (33)

where, £ =2Amin(A), Amin(A) is the minimum eigenvalue of positive

definite matrix, and

1

s=3 D+l k=0, 0S| DY GO

After performing the integral transformation at both ends of
Equation (33), we can get

V<e y(0)+S[1-e ] (35)
7]

Therefore, it is proved that the Lyapunov function V' is globally
bounded, assuming that the given motion trajectory is bounded, it
can be seen from Equation (16) that the system output signal is
bounded, that is, z1, z2, and z3 are bounded, and from Equation (27),
it can be seen that the control command u is also bounded. The
conclusion (a) is proved.

The following is proof of conclusion (b). When #>t, D =0,
[)1 =0, D, =0, then the derivation of the Lyapunov equation is

V =z2z +z,z, + 2,2,

= _k1212 +zz, — k2222 + 82,2, — k3232 (36)
<20, (A =W
where,
L
2
1 g
A=l-=— k -2
=l b -4 &)
0 —% k,

Since W is always non-negative, Wels, and W eLw, W is
uniformly continuous. Based on the Barbalet lemmal®®], when
t—oo, W—0 implies conclusion (b). From the above analysis, it
can be seen that the designed disturbance observers can process

matched interference and unmatched interference at the same time,

and can reach a bounded and stable state. In a limited time, the
disturbance observers can accurately estimate the disturbance and
eliminate the influence of the disturbance.

4 Comparative experiments

4.1 Experiment setup

To verify the effectiveness of the nonlinear robust feedback
control strategy based on disturbance compensation, an active
electro-hydraulic boom suspension experimental platform as shown
in Figure 3 is established. The platform is mainly composed of a
six-degree-of-freedom motion simulator, a boom, its pendulum
suspension, a hydraulic position system, a hydraulic station, and a
set of real-time measurement and control systems. The structural
parameters of pendulum suspension are listed in Table 1.

1. Console 2. Contactless ranging sensors 3. spray boom with pendulum
active suspension 4. Six-degree-of-freedom motion simulation platform
5. Measurement and control system.

Figure 3 Experimental platform of the active electro-hydraulic
boom suspension

Table 1 Structural parameters of boom suspension

Symbol Parameters Value
M, Total mass of boom/kg 970.6
I Moment of inertia of boom/kg-m? 32700

I Length of pendulum rod OP/m 0.980

Ipr The distance between the shaft P and the shaft R /m 0.570
Ipo The distance between the shaft P and the shaft O /m 0.615
ho Length of hydraulic cylinder in the initial state /m 0.460

In this study, the designed control algorithm was verified by
using the rapid control prototype technology. Specific
implementation steps: first, use the control algorithm development
software (Simulink, MathWorks Inc, Massachusetts, USA) to
conduct offline simulation of the controller, confirm the logic
correctness, and convert it into C code for compilation; Second, the
compiled control algorithm was imported into the real-time test and
simulation software (VeriStand, National Instruments, Texas,
USA), and the input and output signals in the control algorithm are
mapped to the channels on a multi-function I/O board (PXIE 6358,
National Instrument, Texas, USA). It enables the communication
between the controller running on the National Instruments PXI
embedded real-time processor and the sensors and hydraulic valves
on the active suspension system. Moreover, monitoring software
was developed with Veristand, which associates virtual instrument
controls to model parameters or hardware channels to realize
real-time monitoring and online interaction. During the test, we
need to start the control system, observe the movement of the boom,
and record the test data, the motion of the six-degree-of-freedom
motion simulation platform is used to simulate the disturbance
excitation of the sprayer chassis.

The electro-hydraulic system of the pendulum
suspension includes a single-rod asymmetric hydraulic cylinder,

S€Trvo
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whose inner diameter is 22 mm, piston diameter is 40 mm, the
effective stroke is 180 mm, and two contactless ranging sensors
mounted on the tip of the boom (LTF12UC2LDQ, Bonner,
Minnesota, USA), with an accuracy of £1 mm, used to measure
the distance between the two ends of the boom and the target, a
magneto strictive displacement sensor (RHM0200MD60, MTS,
Minnesota, USA) for measuring the position of the hydraulic
cylinder, with an accuracy of +2.5 um, an inertial measurement
sensor (Ellipse-D-G4A2-B1, SBG, France) for measuring the
swing angle of the bar OP, with a dynamic measurement accuracy
of 0.05°, two pressure sensors for measuring the pressure of the left
and right chambers of the hydraulic cylinder (US5300-200BG,
MEAS, Texas, USA), with an accuracy of 0.2 MPa, a servo valve
(G761-3003, Moog, New York, USA) that controls the motion of
the hydraulic cylinder, and 1 set of measurement and control
system hardware systems (PXIe-1078, National Instruments, Texas,
USA), whose function is to collect various sensor signals and
output control commands to the servo valve.

4.2 Comparative experimental results

To verify the effectiveness of the designed control strategy, the
proposed non-linear robust controller with disturbance
compensation (NRCDC) is compared with the other three
conventional controllers.  The differences between the four
controllers are as follows:

NRCDC controller integrates disturbance observers based on
nonlinear robust control based on model compensation.
Compared with the NRCDC controller proposed in this paper, the
FLC controller lacks the interference compensation term, the RFC
controller lacks model compensation and interference
compensation terms, and VFPI is a proportional-integral controller
with velocity feedforward, that is, based on the traditional PI
controller, a velocity feedforward term is added. This control
method is used by conventional spray bar controllers.

The introduction of each control strategy and the parameter
values are as follows

1) NRCDC: This is the proposed NRCDC controller designed
for the pendulum active suspension system, the oil source pressure
Ps=10 MPa, and the oil return pressure Pr=0.08 MPa during the

test. The total flow gain of the system k=k=1.21x10% m%/ (sV~\/g).

Choose the shape function of the frictional force as Si(x2)=
n-arctan(900x2)/2. The controller feedback gains are given by
k1=100, k=4, k3=2. The nominal values of unknown parameters
in the suspension system are obtained by direct measurement or
experimental identification, [@in, O2n, O3n, Oan, Osn, Osn]" = [22.26,
12.13, 0.22, 8.6x1073, 2.159x10%, 2.159x107, 1.1x1071°]T, the
parameters of the disturbance observers are given by a1=1000,
a>=200, a3=150, a4=1000, as=120.

2) FLC: This is a feedback linearization controller commonly
used in the hydraulic control system. It is obtained by using the
same control law as in NRCDC. The difference between FLC and
NRCDC is that the FLC controller does not use the disturbance
compensation, and the gains of the FLC controller are k&1=100, k>=4,
ls=2.

3) RFC: This is a direct robust feedback controller.
Compared with the control law of NRCDC, RFC only contains the
robust feedback part of NRCDC, it has no model compensation and
disturbance estimation, and also adopts the same feedback gains as
the NRCDC controller.

4) VFPIL: This is the velocity feed-forward proportional-
integral controller.  The controller gain is adjusted by the
experiment and error method, its proportional coefficient k=140,

integral coefficient ki=31.20, and feedforward coefficient kr=2.10.

The above control parameters are determined by repeated tests,
and increasing the parameters based on the determined control
parameters will introduce a lot of measurement noise or excite the
high-frequency dynamics of the boom suspension system, thus
making the system unstable. Therefore, the comparative
experiment of the four controllers is reasonable. To quantify the
performance of the above four controllers, the maximum absolute
value of the tracking error M., the average value of tracking error 4,
and the standard deviation of tracking error o are used as evaluation
indexes, and their definitions were given in Yao et al.[*%]

To test the tracking performance of the designed controller, the
target trajectory of the boom is set as x1a = 0.05sin(f) rad. Input
the amplitude and frequency of the target trajectory through the
user interface, and then start the real-time control system and
record all the state parameters during the algorithm execution.
The control error is shown in Figure 4a. In the beginning, the
boom tracking error is 0.62°. With the increase in experiment
time, the measured trajectory of the boom tends to be consistent
with the target trajectory, and the control system enters into a
steady state. The maximum absolute error in time is 0.084°,
which proves that the designed NRCDC control algorithm has
progressive tracking.

The trajectories of S, ¢, and 9 are shown in Figure 4. 4 is the
offset angle of pendulum rod OP under the action of chassis
shaking disturbance and reaction force of hydraulic cylinder, which
belongs to the uncertain disturbance in the control system. In the
case of uncertain disturbance, the designed NRCDC controller can
still reduce the error in a small range, ensuring the steady-state
tracking accuracy of the boom.
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Figure 4 Tracking errors of 4 controllers in the comparison

experiment

The other three control methods are tested in turn by using the
large boom electro-hydraulic active suspension experimental
platform. The tracking error comparison is shown in Figure 4.
After the control system enters the steady state, taking three cycles
of tracking error data to calculate the performance index of the
controller, as listed in Table 2.

Due to the effect of disturbance compensation and model
compensation, the proposed controller achieves the best control
performance, and its steady-state control error is 0.134°.

Compared with the tracking error of the NRCDC controller
and FLC controller (Figures 4a and 4b), the maximum absolute
error of the FLC controller is 0.219°. Since the FLC controller
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cannot handle the uncertainty disturbance and parameter
uncertainties of the suspension system, the control accuracy depends
on the model compensation control law and the nominal value
robust control law, so under the same feedback gain, the
performance index of the FLC controller It is worse than the
NRCDC controller. The comparison experiment shows that the
disturbance observers used in this paper can improve the control
accuracy of the system.

Table 2 Performance indexes in the last three cycles after the

system enters the stable state

Indexes M) w/(°) al(°)
NRCDC 0.134 0.573 0.036
FLC 0.219 0.138 0.061
RFC 0.328 0211 0.091
VEPI 0.286 0.108 0.072

Note: M., u, and o represent the maximum, average, and standard deviation of
the absolute value of the error, respectively.

Comparing the tracking error of the RFC controller and the
VFPI controller (Figure 4c and Figure 4d), the maximum absolute
error of the RFC controller is 0.328° and that of the VFPI controller
is 0.286°.  The performance indicators of RFC and VFPI
controllers are greater than those of the other two controllers. This
is because these two controllers do not use model compensation and
disturbance compensation, and only have certain robustness to the
uncertainty of the electro-hydraulic suspension system. The
advantages of designing the controller based on the pendulum
nonlinear model are proved.

The performance indicators of RFC are worse than that of
VFPI, mainly due to the use of feedback gains k1, k2, and k3 in RFC,
NRCDC, and FLC, which are smaller than the gains in the VFPI
controller. Nevertheless, under the effect of the model
compensation control law, the tracking error of the NRCDC
controller and the FLC controller is smaller than that of the VFPI
controller. This shows that the NRCDC controller can achieve
better tracking performance with smaller feedback gains, which can
avoid the problem of boom resonance caused by high-gain
feedback.

The disturbance estimation of NRCDC is shown in Figure 5.
As the experiment time increases, the disturbance estimate
gradually stabilizes, which proves that the designed finite time
disturbance observers are stable in a finite time. It can be seen
from Figure 5a that with the stability of the observation system, the
tracking performance of the system continues to improve, which
shows the effectiveness of the disturbance compensation control
law in dealing with uncertain disturbances.

3
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Figure 5 Disturbance estimation D1, D2 of the NRCDC controller

4.3 Implementation of a self-propelled boom sprayer

The active suspension system is implemented on a
self-propelled with a 12 m long boom (3WP-500, Essen
agricultural machinery Changzhou Co., Ltd, Jiangsu, China), the
original boom has no suspension, and the boom is directly mounted

to the chassis through the lifting mechanism, and the ground
excitation is transmitted directly to the boom, the comparison of the
improved active boom and the original un suspended boom is
shown Figure 6.

b. Active boom suspension system

a. Original unsuspended boom
Figure 6 Comparison of the designed active boom and the
original un-suspended boom

The designed active suspension consists of a self-developed
controller based on a DSP chip (28377D, Texas Instruments, USA),
a proportional valve (MA-QVKZO, VTOZ, China), a hydraulic
cylinder, and two ultrasonic sensors (U-GAGE U45Q, Banner,
USA) and other components, which is shown in Figure 7.
Ultrasonic sensors on both sides of the boom detect the height of
both ends of the boom and control the movement of the boom in
real-time through the actuator, aligning the boom with the
undulations of the ground.

c¢. Ultrasonic sensor

d. Paddy field test site
Implementation and field trials of active suspension

Figure 7
system

A comparative test of different control strategies was carried
out in a paddy field as shown in Figure 7d. The experimental
field is located in the modern agricultural industry demonstration
park in Wujiang District, Suzhou City, Jiangsu Province, China.
The test time was August 10, 2021. The self-propelled boom
sprayer was used to spray pesticides in the test area. The rut depth
was about 20 cm, the water depth was 10-15 cm, and the average
height of the rice was about 60 cm. The soil nature is paddy soil
formed by long-term rice-wheat rotation, the soil irrigation
conditions are good, the management level is the same, the soil
type is loamy clay, and the characteristics of high viscosity and
high water content. Soil compaction data were measured using a
soil compaction meter (FieldScout SC 900, Spectrum Technologies,
Inc.), In the soil layer between 0-10 cm, the overall soil
compactness remained at a low level and changed slowly, with
average soil compaction of 310.26 kPa. In the soil layer between
10-20 cm, the soil compaction degree gradually increased, and the
increase gradually increased, and the average soil compaction
degree was 482.11 kPa.
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The sprayer travels at a speed of 4 km/h, rolling angle of the
boom and chassis were measured by an inertial measurement
system (Ellipse-D-G4A2B1, SBG System, France), whose
accuracy of roll angle is 0.05°. Compare the boom angle with the
chassis angle as shown in Figure 8. Table 3 lists the comparison
of performance evaluation indexes of NRCDC and the other 3
controllers in the field test. The deformation of the soil will cause
the chassis of the sprayer to shake violently, and the maximum
rolling angle of the chassis is 5.36°. When using the NRCDC
controller, all the indexes used to evaluate the boom roll movement
are better than the other controllers, and the boom roll angle
fluctuates in a small range, with a maximum value of only 1.246°.
The test results show that the proposed NRCDC controller can
significantly improve the control accuracy of the boom movement
and suppress the disturbance caused by the chassis movement.
The vibration isolation performance of the pendulum active
suspension system designed in this paper also exceeds that of the
original unsuspended boom system.

Then the spray deposition distribution of the boom was tested
under field conditions. In the field, 6 pieces of water-sensitive
papers were arranged for each group of experiments to collect spray
deposits of the boom. The water-sensitive papers were placed both
on the left and right sides of the sprayer, 2 m, 3 m, and 4 m away
from the center of the boom, then the sprayer passed over the water
sensitive paper at a speed of 4 km/h.

Five sets of tests were carried out under paddy field conditions,
and the sprayed WSPs have been stored in individually marked
envelopes and processed in the laboratory by an image analysis

system using the image pixel method to obtain coverage on each
piece of water-sensitive paper, and then we calculate the coefficient
of variation of droplet coverage for five groups of tests, and the
comparison of the WSP sampling results (before and after the
installation of the active suspension) is listed in Table 4. Compared
with the original non-suspension boom, the results of five tests show
that the distribution uniformity of the boom is greatly improved after
the active suspension is installed.

----- NRCDC controller
—— VEFPI controller

3
2
<
0 16 32 48 64 80
Time/s
Figure 8 Comparison of the roll angle of boom and chassis in
field test

Table 3 Performance indexes of four controllers in field test

Indices M./(°) () al/(°)
NRCDC 1.246 0.397 0.293
VFPI 2.739 0.672 0.497
FLC 2.234 0.4884 0.378
RFC 3.933 0.758 0.613

Note: M., 1 and o represent the maximum, average and standard deviation of the
absolute value of the error, respectively.

Table 4 Comparison of the spray distribution of the original boom and the boom after active suspension installation

Spray distribution Left Boom Right boom
Distance/m 2.0[a 3.0 4.0 2.0 3.0 4.0
Original “I;Sy‘sgg‘ded boom Coverage ratio/% 17.26 2446 17.32 2551 36.02 46.97
CV/% 21.130) 4139 56.73 23.14 41.68 52.79
_ . Coverage ratio/% 25.82 3336 31.12 27.08 31.04 39.87
Active boom suspension system
CV/% 15.65 24.68 31.54 13.27 20.52 23.13

Note: [a] The transverse distance measured from the center of the boom.

5 Conclusions

A robust control strategy with disturbance compensation has
been proposed for the active pendulum boom suspension in this
paper, it integrates a robust controller and disturbance observers
through the backstepping method.

To verify the effectiveness of the proposed NRCDC controller,
an electro-hydraulic suspension experiment bench with a 28 m long
spray boom is established, and a six-degree freedom motion
Comparative
experiments with traditional controllers such as FLC, RFC, and
VFPI are presented, and the experimental results show that the

platform is used to generate external disturbance.

steady-state tracking error of the proposed NRCDC controller is
reduced by 38.81% compared with the FLC controller, reduced by
53.15% compared with the VFPI controller.
performance of the pendulum electro-hydraulic suspension system

The tracking

under disturbance is improved.

Finally, the proposed nonlinear robust control strategy for the
active boom system is implemented on a self-propelled sprayer
with a boom 12 m in length. The field test results show that all
the performance indicators of the NRCDC controller are better than
the commonly used controllers. Laboratory and field test results

show that the controller can significantly improve the tracking

[b] CV of five group test runs.

accuracy of the active boom suspension system and can suppress
external disturbances.

Nomenclature
Symbol/Unit Meaning
Xxz/m Displacement of the piston rod of the hydraulic cylinder
p(°) The angle between boom and target position
o The angle from which the pendulum rod OP deviates from

9/(°) L ..
the initial position

4Q) The angle between rod PQ and rod PR

I/kg'm? Moment of inertia of the spray boom

Ky/N-m-rad” thatlonal stiffness coefficient of the suspension around
point P

C/N-m-s-rad’! thatlonal damping coefficient of the suspension around
point P

A¢yN-m Amplitude of approximate Coulomb friction

fIN'm Sum of unmodeled dynamics and external disturbances

Ay, Ay/m? Effective areas of the two chambers of the hydraulic cylinder

Py, P,/Pa Oil pressure of two chambers

01, 0o/ Flow from the servo valve to the two chambers of the

122 hydraulic cylinder
q1, g/m’-s’! Lumped modeling errors in the dynamics
Bur, ferlPa The bulk modulus of the hydraulic oil in the left and right
els flez chambers of the hydraulic cylinder
Py, P/Pa Supply pressure and return pressure




January, 2023 Cui L F, etal. Design of a nonlinear robust controller based on the disturbance observer for the active spray boom suspension Vol. 16 No. 1 161

0 Set of unknown parameters in the suspension system

Di(x, 1) Mismatched concentrated disturbance and matched

Ds(x, 1) concentrated disturbance

u/V Control input voltage

NRCDC Non-linear robust controller with disturbance compensation

FLC Feedback linearization controller

RFC Direct robust feedback controller

VFPI Velocity feed-forward proportional-integral controller
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