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To improve the quality of fertiliser centrifugal spreading, several control devices have already been developed to manage some disruptions occurring on horizontal
fields. However, controls which manage disruptions on non-flat fields due to changes in tractor attitude (pitch and roll) have not been developed. In this study, the
design of a new control device is developed for a twin-disk spreader by considering two new degrees of freedom for each disk and controlling the longitudinal and
lateral tilts of each disk. These tilt corrections are derived from solving a constrained optimization problem. The cost function is the weighted sum of squared
differences between the travelled distances of the particles obtained in the considered topography and those that would have been obtained on a horizontal
surface. The weighting coefficients are provided by the experimental angular mass flow distribution. In order to reduce the computation time and expect the use of
the method for a real-time correction device, a simplified optimization problem is proposed. The method is assessed for three ground surface con-figurations:
longitudinal slope break, side slope break and combined slopes. The simulation demonstrates that using the new control device the application errors are lower
than 10% while they reach up to 40% without tilt correction. Moreover the study shows that the problem of optimization uniformity on non-flat fields can be
solved computing the travelled distance for only a very few number of particles of mean diameter. This helps in reducing the computational time required to

solve the optimization problem and in making possible the de-velopment of real-time control devices.

1. Introduction

In agriculture, centrifugal spreaders are widely used for fertilizer
application, with up to 90% of the market share in Europe (Van
Liedekerke et al., 2009). In the last decades, numerous sensors and
control mechanisms have been developed and marketed to improve
spreading accuracy and environmental compliance (Yule and Grafton,
2013). Various new technologies have been used such as on-board
weighing, variable rate application device, border management device,
variable width spreading device, headland management system, start
and stop control device, or self-calibration system. For instance, modern
centrifugal spreaders can adjust the fertilization rate using variable rate
technologies (VRT), based on field information provided by geo-
graphical information systems (GIS). Drop point and flow rate control
devices are also commonly used to adapt the shape of the spread pat-
tern deposition to the two-dimensional geometry of the field. Using
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simulations, Virin et al. (2006) already demonstrated that such control
systems improve the accuracy of the spreading, keeping the applied rate
in a range of +/—10% of the local targeted application for flat fields.
Nevertheless, when spreaders are used on non-horizontal surfaces, the
accuracy of the spreading may be called into question.

Few works addressed the effect of spreader level on the fertilizer
distribution uniformity. Parish (2003) studied the effect of the long-
itudinal tilt (front to rear angle) of the spreader and demonstrated that
small changes such as 5 degrees caused significant pattern distortion.
Yildirim (2008) studied the effect of the transverse tilt (side to side
angle) and demonstrated that the fertilizer distribution pattern was
skewed when the spreader was not horizontal. These studies high-
lighted that an automatic leveling system would be required to main-
tain an even fertilizer distribution when the ground surface was hor-
izontal but they did not consider the spreading distortions in the case of
non-flat fields. More recently, Grafton et al. (2015) pointed out the



negative effect of slope on the spreading quality because of a skewing of
the spread pattern. Horrocks et al. (2015) also demonstrated that
spreading fertilizer on humps and hollows affects the distribution pat-
terns and the uniformity of fertilizer application depending on the bout
width, and the driving position with respect to humps, slopes and
hollows.

Considering the proportion of the arable land located on slopes and
hilly regions, the proportion of field areas that could be affected by non-
uniform fertilizer application cannot be ignored. For example, in the
hilly region of Bend Subcarpathians, in Romania, Chendes et al. (2009)
analysed that 52% of arable lands are situated on low slope lands and
18% flat slow lands.

Thus, in order to improve the quality of the spreading, a new active
control device needs to be developed to ensure even fertilizer dis-
tribution on undulating fields regardless of their slope. To develop this
new technical solution, a traditional approach would lead to costly or
unrealistic experiments because of the diversity of slope situations and
the difficulty of in-field measurements. Thus, virtual experiments based
on numerical simulations were preferred to overcome the limits of in-
field experiments. The use of hybrid approaches (Reumers et al., 2003;
Villette et al., 2017) was of particular interest to combine some theo-
retical motion models with experimental data measured at some steps
of the spreading process. In order to obtain realistic results, Villette
et al. (2017) suggested the use of the Hybrid Centrifugal Spreading
Model which combined a mechanistic approach based on the use of
mechanical relationships and a stochastic approach based on the use of
statistical distribution input parameters (derived from actual experi-
ments). Nevertheless, the model described in Villette et al. (2017) was
developed for flat ground conditions and did not take into account any
disruptions due to the slope in the case of uneven or sloped ground (i.e.
non-flat fields).

In order to study the effect of the slope on the quality of fertilizer
spreading and design a correcting active control device, three main
steps were required.

First, a new model was developed (Abbou-ou-cherif et al., 2017b) to
simulate fertilizer spreading during the motion of a tractor on non-flat
fields simulated by a digital elevation model. The coordinate system,
the geometrical parametrization of tractor and spreader, and the bal-
listic flight model required for this study had been described by Abbou-
ou-cherif et al. (2017b). In this first step, various experimental mea-
surements were also carried out to provide the input data required by
the model for ammonium nitrate. The particle size distribution was
derived from a sieve analysis conducted in accordance with the stan-
dard ISO 8397 (1988). The horizontal outlet angle and vertical mass
flow distribution was deduced from previous measurements (Villette
et al., 2013). The horizontal angular mass flow distribution and the
particle drag coefficient were deduced from 2D spread patterns mea-
sured with a rotating test bench (Piron et al., 2010) for a concave disk
equipped with two radial vanes (radius: 395 mm). The model was then
assessed and validated by comparing simulated and measured 2D
spread patterns for three disk rotation speeds (600, 800 and 1000 rpm)
and three disk tilt angles (0°, 5°, 10°).

Second, the model was used (Abbou-ou-cherif et al., 2017a) to
compute the local application rate for various simulated 3D slope
configurations, to quantify the resulting over- and under-application,
and to understand the mechanisms of spread pattern distortions. The
use of the hybrid model ensured the study of application uniformity in
theoretical but realistic conditions. Various situations had been in-
vestigated such as regular longitudinal or side slope and irregular slope
with longitudinal or side slope break (i.e. change of slope). Application
rate maps were simulated and over- and under-application areas were
characterized by computing the mean longitudinal or transverse ap-
plication rates as follows:
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where i is the index of a virtual straight row of collecting trays of
1 X 1m (in the longitudinal or transverse direction), m; is the accu-
mulated mass of particles in the jth collecting tray of the ith row, N is
the constant number of collecting trays in every row, M is the total mass
of particles in the considered area, Ny is the total number of collecting
trays in the same area and Qyqn; is the mean application rate in the ith
row.

In the case of regular non-flat fields (with constant slope), regarding
the mean transverse application rates, Abbou-ou-cherif et al. (2017a)
computed application errors within = 10% even at steep slopes. How-
ever, in the case of a longitudinal change of slope (for 10° positive
slope) the deviation from the expected uniform rate reached a max-
imum of +45% and a minimum of —25% (deviation observed on the
mean longitudinal application rate). These deviations from the targeted
rate clearly demonstrated the need for correcting systems to keep the
application variation within an acceptable range. Considering the level
of the spreader, when working on a horizontal surface, Parish (2003)
and Yildirim (2008) already suggested the design of an automatic le-
velling system to ensure an even fertilizer distribution. In the case of
non-horizontal fields, the simulation results obtained by Abbou-ou-
cherif et al. (2017a) not only help in understanding why the spread
pattern is affected by the slope (in terms of tractor attitude and in terms
of intersection between the ground surface and particle trajectories) but
also provide help in designing appropriate correcting devices to prevent
application errors.

Third, the model is now used to design a new correction system.
Thus, the objective of this paper is to design an active control device for
dual-disk centrifugal spreader to dynamically adapt the disk tilt to the
site-specific slope and thus limit application errors when fertilizers are
spread onto non-flat fields, regardless of the tractor path and ground
slope configuration. The main contributions of the paper are: (1) the
design of an active system to control the longitudinal and the lateral tilt
of each spinning disk independently, (2) the design of a control strategy
derived from an optimization problem which is adapted to reduce the
computational time and consider the development of real-time control,
(3) the assessment of the control strategy using numerical simulations.

2. Formulation of the optimization problem

Abbou-ou-cherif et al. (2017a) demonstrated that fertilizer appli-
cation errors were particularly significant in the case of irregular non-
flat fields (i.e. with longitudinal or transverse change of slope). This is
due to the difference between the inclination of the tractor and the
ground surface that leads to important deviations in the lengths of the
particle ballistic flights. These deviations also take place on regular
fields with longitudinal or side slope but to a less extent. For a given
situation (e.g. a particular inclination of the tractor and of the ground
surface) the value of these deviations is not the same in all the direc-
tions and depends on the angular direction of the particle around the
disk (see Abbou-ou-cherif et al. (2017a) for details). These changes in
the lengths of the particle ballistic flights directly affect the shape of the
spread pattern deposition and, consequently, affect the application
uniformity. Thus, it appears that the control of the length of the ballistic
flights is required to achieve a return to a spread pattern deposition
close to the one that would be obtained on a horizontal surface and thus
to keep the application variation within an acceptable range. Therefore,
a method of correcting application errors on non-flat field surfaces is
developed in this paper by controlling the lengths of the ballistic flights
of the particles during the spreading process.
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Fig. 1. Kinematic diagram showing the new revolute joints providing two ad-
ditional degrees of freedom to each disk.

2.1. Optimal control strategy

Changing particle flight lengths with current marketed centrifugal
spreaders can be achieved through several means such as varying the
disk velocity, the disk cone angle or the length of vanes. However, these
parameters affect the flight lengths of all the particles in the whole
spread pattern, and is not adapted to expect a differentiated correction
depending on the angular direction of the particles around the spinning
disk. As a consequence, a new control system has been developed in this
study. It is based on the introduction of two new degrees of freedom for
each disk (Fig. 1) so that its orientation can be varied in a three-di-
mensional space and specified in a spherical coordinate system. Thus,
this orientation system can not only control the flight length of the
particles, but also target the areas of application errors (i.e. a particular
angular sector of spreading). Based on the system represented in Fig. 1,
two control variables have been derived for each disk at each new
position of the tractor on its trajectory: T (longitudinal tilt) and S (side
or lateral tilt). For this purpose, a control strategy was implemented
using the simulation model detailed in Abbou-ou-cherif et al. (2017a)
and Abbou-ou-cherif et al. (2017b). This model computes the fertilizer
rate applied on the field based on input data pertaining to the cen-
trifugal spreader parameters, the particle characteristics and the digital
elevation model (DEM) of the field. A classical control strategy would
consist of inverting this direct model in order to derive the values of the
control variables from the required application rate. However, this task
is difficult to achieve because the intersections of the particle ballistic
flights with the DEM can only be computed numerically. As a con-
sequence, the control strategy chosen in this study consists in deriving
the control variables by solving an optimization problem where the
objective of the cost function is to minimize the sum of squared de-
viations of particle travelled distances compared to distances that
would be obtained on a flat field. The control strategy developed in the
following for one disk is applied separately for both disks.

The purpose of a combined action of longitudinal and side (i.e lat-
eral) tilt is to correct the changes of the particle travelled distances due
to ground topography, with respect to the distances that would be
obtained on a horizontal surface. As illustrated in Fig. 2, the travelled
distance is defined by the curvilinear length that separates the disk
center from the landing position of a particle on the DEM (Abbou-ou-
cherif et al., 2017a). Considering a particle with a travelled distance py;
in a flat configuration, the same particle has a range p; on a non-flat
field such as there is a non-zero error defined by:

8 =p — by 2

Then, the goal of the optimisation problem is to minimize the
squared error &7 by controlling the disk longitudinal and side tilts on

non-flat fields.

Considering the results presented in Abbou-ou-cherif et al. (2017a)
and their analysis, it has been assumed that the application errors could
be reduced by keeping particle travelled distances equal to those ob-
tained on a flat field, regardless of the tractor orientation. This objective
can be mathematically expressed by a cost function which needs to be
minimized at each point of the tractor trajectory. The cost function is as
follows:

N
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where N is the number of particles ejected by the spinning disk at the
considered tractor location, ¢, is the angular direction of the kth par-
ticle measured with respect to the opposite of the travel direction, dy, Vi
and Qy are respectively the diameter, the outlet velocity and the vertical
outlet angle (with respect to the disk plane) and the of the kth particle.
The optimization output is a vector x* = (T*, S*)with the optimal va-
lues of T and S to be used for the disk inclination. In practice, the value
of ¢, is in the interval [ —120°, 120°] where a single spread pattern can
be located. These limits have been deduced from numerous experi-
mental measurements of single spread patterns captured with the ro-
tating test bench CEMIB (Piron and Miclet, 2005) used in Irstea (the
National Research Institute of Science and Technology for Environment
and Agriculture, France) to design and certify centrifugal spreaders.

2.2. Spreading configuration

Typical values have been chosen for the spreading parameters. The
simulations were computed for a tractor speed of 12 km/h, a working
width of 28 m and a flow rate of 130 kg/ha. The spinning disks were
equipped of radial vanes with a radius of 395 mm and a vertical angle of
13.25°. The disk rotation speed was 800rpm. Considering particle
characteristics, the density was 1750 kg m ~>, the drag coefficient was
0.54 and the mean diameter was 3.1 mm. The vertical and horizontal
angular distributions of the flow rate around the disk were derived from
experimental measurements (Abbou-ou-cherif et al., 2017b). These
distributions were measured when the disk axle was vertical. Thus, in
this work, it was assumed that these distributions (measured with re-
spect to the disk) are still the same irrespective of the tilt of the disk.

2.3. Spatial discretization step

The numerical resolution of the optimization problem requires
discretization in space along the tractor trajectory. With centrifugal
spreaders, the fertilizer particles are discontinuously thrown from the
disk. At each vane revolution, a set of particles is taken up by the vane,
then undergoes a centrifugal acceleration and finally is thrown into the
field when the particles reach the extremity of the vane. Thus, particles
are periodically ejected from the spinning disk at each vane revolution.
In order to take into account this discontinuous process, the coordinates
of the particle landing points are computed after each disk revolution,
at each position of the tractor along its trajectory. Considering the
distance L crossed by the tractor, the distance AL travelled by the
tractor during the time required for one revolution of the spinning disk
is as follows:

AL = 27

g @
where v, (expressed in ms™!) is the tractor velocity and wy is the ro-
tational speed of the disk (expressed in rad s7h.

Considering a tractor velocity of 12 km/h and a disk rotation speed
of 800 rpm, the distance AL travelled by the tractor during one disk
revolution is 0.25m. This value is used in this study to discretize the
tractor trajectory and thus define the trajectory points where the spread
pattern needs to be computed.
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Fig. 2. Comparison of two particle travelled distances in the case of a flat field (pp; and py2) and in the case of a non-flat field (p; and p,). (O,x,y,z) is a Cartesian

coordinate system.

2.4. Simplification of the cost function for real time computation

Deriving the optimal vector x for each disk has to be done in real
time at each point of the trajectory. However, the distance
stepAL = 0.25m is travelled in less than 0.075s which is a time span
significantly lower than the time necessary to simulate a single spread
pattern, with at least 1000 particles (considering the usual working
width, flow rate and velocity speed). As a consequence, the cost func-
tion in Eq. (3) needs to be simplified. Furthermore, to take into account
the mechanical and dynamic limits of the actuators, the optimization
problem has to be constrained.

The distortion of a single spread pattern can be represented by the
displacements between the landing positions of the particles when they
are spread on a horizontal surface and their landing positions on the
non-flat field. For example, these displacements are illustrated in Fig. 3
in the case of a side slope break. Considering this example, two ob-
servations can be made. First, the travelled distance variation depends
on the angular sector of spreading. In the case illustrated in Fig. 3a, the
magnitude of the displacement vectors is zero for the particles ejected
on the left side or at the rear of the tractor but the displacement can
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reach 4 m for the particles ejected on the right side. Moreover, the value
of the displacement magnitude changes very progressively as a function
of the angular direction (e.g. in Fig. 3, the displacement magnitude
increases from the rear to the right side). Second, similar displacement
fields are obtained whether by considering all the particles of the single
spread pattern (Fig. 3a), or considering only a selection of particles
(Fig. 3b) chosen with only one diameter (equals to the mean diameter:
3.1 mm) and thrown out with a constant outlet velocity (i.e. equals to
the mean value: 44.2ms™ ') and a constant vertical outlet angle with
respect to the disk plane (i.e. equals to the mean value: 8.7°).

Considering that the whole angular spread sector can be decom-
posed into a set of adjacent angular sectors of same angular widthAg,
the cost function described by Eq. (3) can be rewritten as follows:
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Fig. 3. Displacement fields of a single spread pattern in the case of side slope break. (a) Randomly sampled particles were used, (b) Mean diameter particles and
average ejection parameter values were used. (For interpretation of the reference to color in this figure legend, the reader is referred to the web version of this

article.)
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where n is the total number of angular sectors, N; is the number of
particles to be considered in the jth sector.

Considering that the angular directions of all the particles are in-
cluded in the interval [ — 120, 120°] (see Section 2.1), the value of Pik is
bounded as follows:

—120 + (j — 1) X Ap < @, < =120 +j X Ag %)

which can also be written:

P < Pk S B ®
with:
g =-120+ (-1 X Ap 9)

with j from 1 to n.

As previously analysed (Fig. 3), the displacement computed for the
whole range of particle characteristics can be estimated to the one
computed with the mean characteristics of the particle (i.e. mean dia-
meter and mean ejection parameters), the cost function can be simpli-
fied as follows:

n Nj
E&$=Z(Zy%imﬂﬂ$
j=1 \k=1 (10)

where d, 7 and Q are the mean values of the particle diameter, the
outlet velocity and the vertical outlet angle (with respect to the disk
plane) respectively.

Moreover, the previous analysis (Fig. 3) shows that the displace-
ments can be considered as constant within one angular sector. Thus
Eq. (10) yields:

E(T, S) = ), (Nj x 6*(¢;, d, 3, Q, T, S))
= an

In order to express the cost function with respect to the proportion
of fertiliser amount in each angular sector, a new expression of the cost
function is derived as follows:
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where x is the vector (T, S), 6_,-2(x) is computed for one particle con-
sidering the mean values of the particle diameter, the outlet velocity
and the vertical outlet angle:

6J-Z(x) = 52(q0jk, d,v,Q,T,S) (14)

and the weighted coefficient w; expresses the proportion of the fertilizer
rate in the jth angular sector:

N

“EN (15)

Thus, in Eq. (13), the squared error obtained for the jth angular
sector is weighted by w; according to the fertilizer rate in the jth angular
sector. Therefore, the weight of each angular sector in the single spread
pattern distortion is taken into account. Using the density function of
the horizontal angular distribution of particles around the disk, the
coefficient w; can be calculated as the probability for a particle having
an angular direction ¢ to be included in a given angular sector. Using
the notation defined in Eq. (9), w; is defined as follows:

wj =Py, < <@} = R(g,) - B
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where P({g; < ¢ < ¢;,,}) is the probability of having ¢ in the interval
1¢5@i+1], F, is the cumulative distribution function and f, the prob-
ability density function of the particle horizontal angle.

In practice, w; is directly derived from the experimental measure-
ment of the horizontal angular distribution which is used as input data
for the model.

Regarding the simplified cost function defined in Eq. (13), the
higher the number n of angular sectors is, the closer the optimal vector
x" becomes to the value that would be obtained using the cost function
defined in Eq. (3). However, as illustrated in Fig. 3b, the trend of the
displacements is a gradual and continuous change with respect to the
angular direction. As a consequence, the choice of a small number of
angular sectors and thus a small number of particles can be sufficient to
carry out the optimization at each point of the tractor trajectory. In
practice, the choice of 3 angular sectors is sufficient to provide good
results as shown in Section 3.

2.5. Optimization constraints

To take into account the mechanical and dynamic limits of the ac-
tuators, several constraints have to be expressed as lower and upper
bounds concerning the variables that have to be optimized (i.e. T and S)
and their time derivatives. The set A of constraints is defined as follows:

Ly < T< Un (c1)
Ly, < S < Uy, (€2)
Lys < & < Uy (€3)
Lys < 2 < Uy (c4)
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where Ly; and Uy are respectively the lower and upper boundary de-
fining the constraint Ci.

As the trajectory of the tractor is discretized at every distance step
AL (Eq. (4)), the constraints C3 and C4 are rewritten to be discretized
by taking into account the tractor velocity v.. For example, the con-
straint C3 is modified as follows:

Ly AT 1 _Us
v dt v Ve (18)
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where [ and ¢ are respectively the tractor displacement and the time in
the continuous domain.

Thus, in the discrete domain, the following relationships are es-
tablished:
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where k is the index of the tractor position, Ty.; and Ty are two suc-
cessive values of T regarding the spatial discretisation.

Similarly, considering the constraint C4, bounds are established for
the variable S at the location k as a function of its value found in the
previous position k-1. The final formulation of the constrained opti-
mization problem is given by:
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For numerical computation, the tilt angles of the actuators were
limited at = 30° (Lp; = Lpo = —30°, Up; = Ups = +30°) and the rota-
tional speeds were limited at &+ 4°/s (Lp3 = Lpg = —4°/s, Upz = Upy =
+4°/s).

2.6. Optimization problem solving and algorithm

The optimization problem was solved using the function fmincon of
the optimization toolbox of the software Matlab (2005). This function
allows finding a local optimum thanks to several evaluations of the cost
function using the simulation model of the ballistic flights. In order to
improve the computation time, an analytical expression of the cost
function is derived at each new position of the trajectory. For this
purpose, it is proposed to fit a third-order polynomial surface to a fixed
number of points of the 2D cost function at the trajectory index k. These
points are in the vicinity of the optimal solution x;_; at the previous
position of the trajectory. The polynomial surface coefficients are ob-
tained by the method of least squares to solve the following linear
system:

1S T S; T; SpTp SPT; Tij SS TS] = [Fy (Tp, Sp)]

R R C I LU B S TR I~ o)

(23)

where p is the pth point of fit (with p from 1 to n, the number of points
used to locally fit the polynomial surface). In this work, n, was set at 10
points.

In order to calculate the cost function necessary to derive x'k + 1),
the points required to fit the cost function were then translated to the
vicinity of the previously found solution x"(k). Once the analytical ex-
pression of the polynomial surface was known, its gradient and Hessian
matrix were computed and provided as additional arguments to the
function fmincon. This approach ensured finding systematically a solu-
tion for the optimization problem at each point of the tractor trajectory
and in a limited time frame. Moreover, the convexity of the cost func-
tion ensured that each solution was the optimal solution of the opti-
mization problem.

3. Results and discussions

To assess the effectiveness of the control strategy based on the disk
inclination, simulations were carried out for three ground surface
configurations (i.e. longitudinal slope break, side slope break and

undulating surface with combined slopes) using three discrete elevation
models. These are presented in Fig. 4 (upper row). The investigated
configurations are representative of the elevation changes of agri-
cultural fields regarding the longitudinal and transverse slope with
respect to the tractor travel direction. In each case, the fertilizer ap-
plication maps were computed with (Fig. 4, lower row) and without
(Fig. 4, middle row) the disk inclination control strategy. Considering
longitudinal and side slope breaks, the digital elevation models used a
horizontal surface and a 10° tilted surface, connected by a surface with
a radius of curvature of 100 m. The undulating elevation model (with
combined slopes) simulated undulating hills and valleys with slopes set
between — 6° and +6°. All these parameter values ensured the realistic
nature of the simulations as explained in Abbou-ou-cherif et al.
(2017a). When the control strategy is used, the application map pre-
sented in Fig. 4 (lower row) results from the use of only 3 angular
sectors (n = 3) in the optimization problem. For the three discrete
elevation models, comparing the middle and the lower row of Fig. 4
shows that, over-application and under-applications are much lower
when the disk inclination control system is used. Thus, the corrections
of the disk tilts significantly improve the uniformity of the fertilizer
application for the three topographic reliefs simulated.

Fig. 5 presents the longitudinal and transverse application rates
computed using Eq. (1) considering the areas delineated in Fig. 4 for the
three ground surface configurations. When the control strategy was
used, the mean application rates were computed considering various
number n of angular sectors for the optimization problem. In all cases,
Fig. 5 shows that the application error magnitudes are significantly
reduced since they are within the interval + 10% when the control
strategy is used. Furthermore, Fig. 5 shows that choosing n = 3 pro-
vides good results and no uniformity enhancement is obtained by in-
creasing the number of angular sectors above n = 6.

The analysis of the case of longitudinal slope break helps in un-
derstanding how the control strategy acts on the disk orientation. In this
case, the difference between the tractor and the ground surface in-
clination varies in only one direction. Fig. 6 shows the curves of the
optimal longitudinal (T) and side (S) tilt signals computed for each disk
along the tractor trajectory when 3 angular sectors are considered
(n = 3). In this slope situation, the longitudinal tilt signal is the most
significant with a maximum value up to 6°. The longitudinal tilt signal
is the same for both disks. The side tilt signals are limited to small
values less than 1°. This is due to the fact that in the case of a long-
itudinal slope break, compensation required to keep the particle tra-
velled distances unchanged are more important in the longitudinal di-
rection than in the transverse direction. Furthermore, the side tilt
correction curves of both disks are symmetrical because when the right
disk is tilted to the left, the left disk is tilted to the right. The long-
itudinal tilt signal has a bell shape adjusting the orientation of the disk
with regards to the inclination of the ground surface. This shape cor-
responds to the inverted profile of the mean travelled distance of the
particles presented in Abbou-ou-cherif et al. (2017a). In the area de-
limited by x < 5m, no control is active (T = 0 and S = 0) because the
field is a horizontal surface. In the area delimited by x = 30 m, the
tractor and the ground surface have the same inclination. Consequently,
the longitudinal tilt control is active but with an absolute value less
than 1°. The small negative value observed in this situation corresponds
to the reduction of the vertical orientation of the particle outlet velocity
required to reduce the travelled distances of the particles ejected at the
rear of the spreader.

The previous results show that the control strategy based on disks
inclination is effective in reducing the application errors under accep-
table limits in various slope situations. They provide an overall vali-
dation of the control method based on the correction of the particle
ballistic flight lengths and of the simplifying assumptions made to solve
the optimization problem and reduce the computational complexity. In
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particular, the study demonstrates that adequate solutions are obtained
by using the mean values of particle diameter and ejection parameters;
considering only a reduced number of angular sectors; and fitting the
2D cost function through a limited number of points. This is of parti-
cular interest to reduce the computation time and thus expect the de-
velopment of an actual control device working in real-time.
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Nevertheless, using the Matlab programming language and a 3.4 GHz
quad-core processor, the optimal orientation of the disks could only be
derived in less than 0.3s. This is approximately four times the com-
putation time required for real-time use considering a tractor speed of
12km/h and a trajectory sampling of 0.25m. The computation time
could be reduced by improving the hardware and using a low level
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Fig. 5. Mean application rates, with and without disk inclination control, calculated inside the rectangular areas shown on the application maps of Fig. 4 for the 10°
longitudinal change of slope (a), the 10° transverse change of slope (b) and an undulating surface with combined slopes set between — 6° and +6° (c). The mean
application rates were computed with various number n of angular sectors used in the optimization problem. (For interpretation of the reference to color in this figure

legend, the reader is referred to the web version of this article.)

programming language. In order to reduce computation time, the in-
crease of the sampling step of the tractor trajectory could also be con-
sidered for further studies.

In this study, the vertical and horizontal mass flow distribution of
fertilizer around the disk (and measured experimentally with respect to
the disk) was assumed to be unchanging irrespective of the tilt of the
disk. Further research is needed to measure potential changes in the
mass flow distribution around the disk due to potential changes of the
drop point position on the disk or over potential changes of fertilizer
motion in the vanes. If the mass flow distribution around the disk
changed depending on the disk tilt, then some relationships would be
established to describe these changes and introduced in the mechanical
model to take into account this behavior.

4. Conclusion

To sustain fertilizer application uniformity despite disruptions due
to the slope and its variations in agricultural field, a new concept of
active control of the disk attitude was developed. The control system
consisted in offsetting particle travelled distance deviations by chan-
ging the inclination of the spinning disk axle. Considering two new
degrees of freedom for the disk, the optimal longitudinal and side (i.e.
lateral) tilts were derived from a constrained optimization problem. The
objective was to minimize the quadratic sum of all the particle travelled
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o

X axis [m]
a)

distance deviations at each position of the tractor trajectory in the field
(i.e. minimizing the variance of the differences between the travelled
distances of the particles obtained in the considered topography and the
distances that would have been obtained on a horizontal surface). This
cost function was simplified by considering a reduced number of an-
gular sectors in the single spread patterns where the flight distance of
only one particle weighted by a coefficient can be taken into account.
This simplification reduced the computation time and paved the way
for the development of real-time control devices. Using a simulation
model, three cases of longitudinal, lateral and combined slopes were
investigated. Simulations showed that the tilt correcting control re-
duces effectively the magnitudes of fertilizer application errors, below
the acceptable limit of + 10%, while the application errors could reach
40% when the application maps were simulated without control
strategy. Furthermore, the study showed that the choice of a number of
angular sectors less than or equal to six is enough to reach relevant disk
tilt corrections. Accordingly, simulation results demonstrated the
overall performance of the method to achieve adequate uniformity on
undulating fields. In practice, the development of control devices could
benefit from the development of on-board sensors that are useful to
provide model parameters such as the outlet velocity or the mass flow
distribution around the disk, in order to reduce preliminary experi-
mental measurements or control these parameters with a closed loop
system.
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Fig. 6. Control signals (longitudinal tilt T in red and side tilt S in green) computed in the case of the longitudinal slope break of 10° (presented in Fig. 4.) (a) Right
disk, (b) Left disk. (For interpretation of the reference to color in this figure legend, the reader is referred to the web version of this article.)
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