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Abstract: Feeding cattle on livestock farms is a labor-intensive operation that requires considerable
capital investments to purchase equipment and cover labour costs. The global trends in developing
technological equipment for feeding cattle include the robotization of various processes. The op-
eration of feed pushing on the feeding table is an integral part of the feeding process, which has a
significant impact on livestock productivity. This study concentrates on the simulation modeling of a
feed pusher robot using Simulink tools in the Matlab environment to facilitate robot modernization
or optimize the final cost for artificial testing of typical system elements and reduce production costs.
Based on a simulation model, an experimental sample was designed with a controlled dispenser
of feed additives, which can significantly facilitate the feeding process and optimize the dosing of
concentrated additives.

Keywords: automated feeding; dairy cattle; modern farm cattle; wheeled mobile robot

1. Introduction

Domestic experience of the technical audit of livestock farms and a review of feeding
processes on cattle farms in Europe and the Republic of Belarus have shown that feeding
is a money-consuming technological operation. The reason is the high costs of electricity,
fuels and lubricants, including wages and other forms of remuneration [1].

The present research assessed the technological level of milk production on livestock
farms. The analysis showed that the cost of 1 L of milk in Russia is 67 rubles on average. It
varies from 56 to 81 rubles, depending on the fat content and the type of packaging used,
while the cost of 1 L of milk in the Netherlands, Germany, and other EU countries is about
1 Euro. Considering the exchange rate of the Central Bank of the Russian Federation, it
corresponds to 88 rubles. In turn, the average level of wages of farmworkers in Russia is
not higher than 37 thousand rubles. However, according to the Labor Code of the Russian
Federation, the employer pays a labor tax of about 43%. Thus, hiring one farmworker costs
about 53,000 rubles per month [2].

However, the level of costs associated with personnel recruitment in European coun-
tries has a significant difference, which radically affects the cost of farm production. For
example, farm wages in the Netherlands, Germany, and England are about 3000 euros on
average. For example, the taxable base in Germany includes:

- medical treatment insurance—15.5%, of which the employer contributes 7.3%;
- medical care insurance—1.7% of monthly wages;
- pension insurance—19.9% of monthly gross wages, of which the employer pays 10%;
- insurance against unemployment—2.8% of monthly gross wages.

Thus, in terms of the ruble equivalent, the cost of hiring one farmworker is 321,552 rubles
per month for an employer in Germany, including tax, which is six times more than in
the Russian Federation. This fact confirms the relevance of robotization of technological
processes [3–5].
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Ongoing research proves the effectiveness of using robotic tools. For example, milk-
ing robots can separate non-marketable milk into a separate tank, dispense concentrates
proportionally to the milk yield of each animal, perform cyclic operations at a specified
time and provide a protocol with a report on the work undertaken. All this minimizes the
share of manual labour.

After analyzing the study results of feeding processes on farms, the authors have
found that the feed distribution frequency equaling three or more times a day increases the
interest of animals and the number of approaches to the feed table for feed consumption.
This, in turn, increases the level of daily feed consumption of animals. However, the
distribution of the feed mixture several times a day is a costly operation [6].

Miller-Cushon E.K. and DeVries T.J. et al. stated that cattle tend to sort the components
of the feed mixture in favor of energetically valuable compound feeds with high palatability.
At the same time, animals tend to neglect bulky feeds, such as silage and hay, which are
the main source of fiber [7].

The present study is devoted to developing an inexpensive feed pusher robot with a
screw working body and a dispenser for recurrent application of energy-dense compound
feeds or mineral additives, while servicing the feed table [8–10].

The developed robot can serve as a tool for carrying out cyclic manipulations on
the feed table, providing an increase in animals’ interest in feed, and dosing of energy
compound feed or mineral supplements repeatedly during each feeding cycle, which will
prevent cases of increased feed consumption [11–18].

The installed dispenser of feed additives with an automatic performance control
system can provide individual feeding modes for each group of animals [19–24].

2. Materials and Methods
2.1. Technological Conditions for the Robot’s Travelling

The mobile base moves on a feeding table. Inductive sensors guide the robot along a
metal belt. If it is supposed that the robot moves off the metal belt during its operation,
then the telemetry of the signals from the inductive sensors detects the direction of its
deviation from the path. It generates a signal to the robot controller to return it to the
travel trajectory.

Since the feeding table area is often chaotically arranged (with feed heaps made by
milking animals), the inductive sensors may not detect the metal stripe when returning to
the feeding path, which affects the performance and energy efficiency of the robot. The
novelty feature of this solution is the intelligent algorithm. It performs a pre-semantic
segmentation of the image from the stereo-vision camera to detect feed and a frame of a
milking animals’ stall, which provides an additional orientation of the mobile base in case
of emergencies and prevents detection of the trajectory in case of contamination by the
metal strap.

Figure 1 shows a preliminary semantic segmentation, with recognition of sub-objects
such as feed on the feed table and milking cows’ stalls.

At the designing stage of the pusher robot control system, the expected trajectory of
the robot motion was modeled. For autonomous positioning of the designed robot, its
motion trajectory should be elementary; it moves in a straight line with minor deviations
depending on the amount of feed residue on the feed table (Figure 2).
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Figure 1. Preliminary semantic segmentation Images: 1-feed, 2- frame of milking cows’ stall.

Figure 2. Schematic diagram of the pusher robot travelling along the cattle farm. 1—pusher robot,
2—robot movement trajectory.

The robot starts travelling from the point (S) shown on the motion diagram (Figure 2); at
this spot, the robot battery is charged, and the dispenser hopper is filled with feed additives.

Section (A)—the robot is moving in a straight line. At this moment, the pusher-auger
and the dispenser drives are turned off; the drive of the right and left wheels operates at a
constant speed.

Section (B)—the robot moves in a straight line along the feed table with slight devi-
ations depending on the degree of spread of the feed by the animals. In the process of
moving along section (B), the pusher auger rotates at a speed of 80 to 120 rpm, and the feed
additives are dispensed from the dispenser hopper.

Section (C)—the robot turns to the left, so that the left wheel drive is fixed, and the
right wheel drive rotates at a constant speed until the robot reaches the angle of 90◦, while
the drive of the dispenser and the pusher auger are disconnected.
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Section (D)—the robot turns to the right so that the right wheel drive is fixed, and the
left wheel drive rotates at a constant speed until the robot reaches the angle of 90◦, while
the drive of the dispenser and the pusher auger are disconnected.

2.2. Features of Cattle Feeding, Feed Additives and Their Ratio in the Diet

The productive qualities of cattle are maintained and increased by feeding natural,
high-quality feed and adding other components of the diet. The energy value of the feed
mixture can be increased by including concentrated feed, but high productivity often
causes rapid deaths of animals. One of the most common opinions is that the increased
productivity of dairy cows leads to the leaching of minerals (Ca, K, Na, Mg) from the
animal’s body, and the farmer is often unable to identify the needs of animals in time [25].

If we consider the structure of the feeding ration, the mass fraction of Ca, K, Na,
Mg supplied in the form of premixes is less than 1%. Consequently, animals may often
receive less mineral supplements due to the technological features of machines that mix
feed mixture components.

The developed robot is a tool for carrying out cyclic manipulations on the feed
table, increasing animals’ interest in feed, and dosing energy compound feed or mineral
supplements repeatedly during each feeding cycle, taking into account livestock breeding
recommendations.

An installable feed additive dispenser with automatic performance control system,
can provide an individual feeding mode for each group of animals.

Depending on the stage of lactation—from 15 to 30% of calcium is in a “mobile” state;
it can pass from bone tissue into the blood and other tissues—it is essential to control this
indicator at the peak of lactation when a large amount of minerals is released with a large
volume of milk. It is also important to note that Phosphorus (P) is an antagonist of Calcium
(Ca) and their ratio must equal Ca/P = 1.5 − 2/1 [26–30].

Phosphorus ranks second after calcium in terms of the level of content in the body. It is
responsible for the formation of cell membranes and is necessary for rumen microorganisms’
regular activity. It also plays a vital role in the metabolism and transport of fats, proteins
and carbohydrates. Therefore, it is necessary for the normal absorption of calcium, an
active catalyst and stimulator of the effective use of feed.

Potassium (K) is a key element responsible for the reproduction of cows. Sodium (Na)
provides the acid-base balance of the body and the rumen of the animal. The consumption
rate is from 0.1 to 0.2% of dry matter of the daily ration Na/K = 1/2−4. When feeding cows
with green mass, silage, haylage and root crops, it is necessary to introduce an increased
amount of table salt into the rations than in case of the hay-concentrate feeding.

Large amounts of calcium and phosphorus in feed increase the animal’s need for
magnesium (Mg). An excess of magnesium in the diet leads to increased excretion of
calcium and phosphorus from the body. Its deficiency causes a slowdown in the growth of
animals and a violation of their nervous and muscular activity.

Sulfur(S) helps improve the utilization of non-protein nitrogen, the digestion of fiber
and starch in the rumen [30–33].

A controlled dispenser located in the robot body will provide for online manipulation
of the dosage of mineral supplements and optimize the value of the animal ration.

2.3. Computer and Physical Modeling

Computer modeling involved the use of MATLAB Simulink software. Its libraries of
configurable blocks, representing real-life components, such as electric motors, axis and
frames, allow for the designing of an accurate robot model. The present research modeled
a robot that uses two stepper motors with rigid linkage to the wheels through a reduction
gear to drive, allowing a precise positioning of the robot. Also, a designed intelligent
control system enabled the robot to follow the pre-configured path and react to unexpected
obstacles [34].
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The physical model was built on a scale of 1:1 using aluminum extrusions and
equipped with stepper motors, a control and communication system, and sets of sen-
sors for positioning. The model can provide feedback both through a wireless connection
and an installed display. Also, the research team tested a binocular vision system based
on an Nvidia Jetson platform. Figure 3 shows its double-camera configuration and a
control board.

Figure 3. Binocular vision system.

3. Results
3.1. Results of an Artificial Experiment (Kinematic Model and Dynamic Model of the Robot)

At the stage of selecting the element base of the pusher robot, kinematic and dynamic
analysis was carried out, taking into account the robot’s mass, the indicators of the acting
forces in the process of motion, according to the analysis scheme presented in Figure 4.

Figure 4. Design scheme describing the robot motion kinematics. 1, mobile platform; 2, drive wheel;
3, drive wheel; 4, support wheels; 5, pushing auger. A1—the fulcrum of the left driving wheel,
A2—the fulcrum of the right driving wheel, A3—the center of mass of the robot, A4—the point of
support of the driven wheel.

The robot is a mobile platform with two driving wheels and one driven one. The
driving wheels are located on the same axle. The center of each wheel is designated by the
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letter A1 and A2, respectively, with |A1 A3| = |A3 A2| = L. The robot moves on a surface
that is located in the Oxy plane.

The robot’s gravity center is presumably located at A3 point, belonging to the A3x1y1
coordinate system. Attachments are mounted on the robot body, which are designed to
push the distributed feed.

The A3x1 axis is rigidly fixed to the robot and is the vertical of the movable base. The
rotation angle of the base vertical line about the Ox axis is denoted by α, and the angular
velocity of the platform is

.
α.

The position of the mobile robot relative to the Oxy world reference system is indicated
by A3 point with coordinates (x, y).

The motion speed of a point along the Ox and Oy coordinates is described by
Equations (1) and (2), respectively:

.
x =

dx
dt

(1)

.
y =

dy
dt

(2)

The following equality holds true:
.
x· sin(α) =

.
y· cos(α).

The speed of A3 point is determined by Equation (3):

ν =
.
x· cos(α) +

.
y· sin(α) (3)

The rotation angles of the driving wheels (centered at points A1 and A2, respectively)
relative to the horizontal planes are β1, and β2, then the angular velocity will equal

.
β1 and

.
β2, respectively.

The motion speed of A3 point is determined by Equation (4)

ν = −L· .α + R·
.
β1 = L· .α + R·

.
β2 (4)

where R—the radius of the driving wheels.
The system of motion equations of the robotic installation will take the form:

.
x· sin(α) =

.
y· cos(α)

.
x· cos(α) +

.
y· sin(α) = −L· .α + R·

.
β1

.
x· sin(α) +

.
y· cos(α) = L· .α + R·

.
β2

(5)

Equations for solving inverse kinematics:{ .
β1 =

.
x· cos(α)+

.
y· sin(α)+L· .α
R.

β2 =
.
x· sin(α)+

.
y· cos(α)−L· .α
R

(6)

To describe the dynamics of a mobile robot, we use the Appel equation, which can be
presented in a matrix form as follows:(

∂S
∂

.
π

)T
= Π (7)

Here, the operation of differentiating the scalar Appel function S taking into account
the vector of pseudo-accelerations

.
π =

( ..
x

..
α
)

is performed; Π = (Πν Π ..
α) is the vector of

pseudo-generalized forces. In this case, the components of the vector of pseudo-generalized
forces are determined with the Equations:

Πν =
1
R
·(Mmot1 + Mmot2); Π ..

α =
1
R
·(Mmot1 −Mmot2) (8)

where Mmot1, Mmot2 are the moments developed by the stepper electric drives of the wheels.
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3.2. Control System Design

Figure 5 shows a mathematical model of a pusher robot, obtained using the Simulink
Matlab library.

Figure 5. Mathematical model of the feed pusher robot.

The central block of the mathematical model is the robot’s kinematic model, the input
of which receives the angular velocities of the driving wheels

.
β1 and

.
β2.

The aforementioned signals are also fed to the stepper motor controllers of the driving
wheels, which generate control actions to operate them. Within the framework of the
dynamic model, ready-made control blocks for stepper motors of the Simulink library
are used. The motor control logic contained in the Stepper Motor Driver 1–2 blocks is
a controller. The developed model makes it possible to change the geometric data of
the mobile platform of the robot and design the transient processes of the dynamic and
kinematic structural components.

Figure 6 shows a functional control diagram of the robot’s physical model described
mathematically.

Figure 6. Functional diagram of the pusher robot.
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The control circuit includes a microprocessor-based controller that processes and
analyzes input telemetry from inductive sensors and a binocular vision system. In turn,
the control is carried out by the output signals of the mobile robotic system. All elements
are battery-powered; visual control is carried out using the display on the remote control.

The system of automatic control of the robot’s motion implies determining the de-
viation from a given motion trajectory by signals from two inductive sensors and the
binocular vision unit, and analyzing control pulses based on fuzzy-rules logical inference.
The authors have established that stereo vision increases predictive properties of the sensor
system. The structural diagram of the automatic robot motion control system is shown in
Figure 7.

Figure 7. Structural diagram of the automatic robot’s motion control system.

3.3. Simulations (Modeling)

The overview part of this paper analyses the planned motion trajectory of the pusher
robot around a dairy farm. Figure 8 shows the scheduled motion trajectory. The mobile
robot made a U-turn during the motion starting since it was oriented in the opposite
direction. The different lines represent the trajectories of the other wheels of the platform.
The mobile platform’s algorithm is designed so that the system tends to position the robot’s
center of gravity at a given point.

Figure 8. The wheel trajectory of the mobile robot.
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The stepper motor shaft rotates, performing discrete movements. This is achieved
through a smart rotor shape and two/four windings. As a result, by alternating the voltage
direction in the windings, it is possible to make the rotor have alternatively fixed values
turns. The developed mathematical model makes it possible to track the engine operation
dynamics and the control action pattern.

Figure 9 shows the transient processes of the rotation angle of the stepper motor shaft
(a) and the control action received by the stepper motor controllers (b). Evident from the
characteristics, the control action turns the engine rotor rigidly fixed to its shaft, thereby
making it rotate. Nevertheless, the system has an inherent overshoot during positioning,
observed in the transient response (a).

Figure 9. Time charts, (a) transient process of the rotation angle of a stepper motor shaft, (b) transient
process of the control action on stepper motor controllers.

The way of implementing the control system for the pusher robot is shown in Figure 10.
The control unit consists of two boards, one of which is a driver for controlling the electric
motor; the second board processes incoming signals from the sensors of the positioning
system and the console to change the parameters of autonomous operation.

Figure 10. Time Elements of the control system of the pusher robot; 1, output to the left wheel drive;
2, output to the right wheel drive; 3, output to the pusher auger drive; 4, output to the dispenser drive;
5, control panel for changing the parameters of automatic operation; 6, input signal processing board.
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In most general industrial wheeled robots, GPS or Lidar systems are used for posi-
tioning. Still, the GPS inside the farm building does not always provide the necessary
travelling accuracy, so Lidar is an expensive tool and difficult to program.

Therefore, according to the results of analyzing the positioning systems, it is reasonable
to use inductive sensors installed in the robot’s base on both sides of a predetermined
trajectory. This can be implemented in the form of a metal strip or cable capable of reflecting
a signal mounted at the level of the feeding table surface, along which the robot moves.

The designed system can also position the robot according to the distance sensor
to the objects standing aside from the trajectory. The distance sensor also allows for the
determining of the necessary deviation from the trajectory, depending on the amount of
feed residues on the feed table.

The distance sensor is used in this system as additional feedback on the mobile base
position, serving as a verified element of the binocular vision system operation. The rigid
mounting of the binocular vision system is a must as its signal forms the robot’s trajectory.
In Figure 11, fodder 1 is segmented using an intelligent algorithm. Transition characteristic
3 shows the volume of feed distributed along its trajectory and detected while the robot is
travelling. Due to the rigid mounting of the distance sensor on the body and the rectilinear
motion of the robot, the trajectory of a fixation signal sent from the distance sensor also
takes a linear form (No.3 in the figure).

Figure 11. Feed detection and data verification system for the binocular vision system and distance
sensor; 1, feed detection zone, 2, trajectory signal fixation received from the distance sensor, 3, charac-
teristics of the feed volume after scanning the table in the direction of movement of the robot, 4, the
trajectory of movement set by the control signal of the distance sensor, 5, the trajectory of movement
set by the control signal of binary vision, 6, the area of data inconsistency.

Transient characteristics 4 and 5 are the signal from the distance sensor and the result
of the linear interpretation of the data from the binocular vision system, respectively.
The linear interpretation of the data in the intelligent algorithm is an array of points
that lie on the surveyed distance sensor path but are generated from the data acquired
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from the binocular vision system. The presence of short-term discrepancies (shown in
Figure 11, 6) indicates the milking animal’s activity during feeding at the moment of
feed dispensing. The data were obtained from the binocular vision system or a distance
sensor. If discrepancies are not short-term, the operator will receive a message to check the
attachment of the distance sensor and the binocular vision system.

Figure 12 shows the physical model of the pusher robot. Some parts of the robot
(the pusher auger, the feed additives dispenser) were made in the laboratory using 3-D
printing technology.

Figure 12. Physical analogue of a robot pusher; 1, outlet of the feed additives dispenser; 2, pusher
auger; 3, filler with a closer.

4. Discussion

The study examined how effectively the simulated and developed wheel drive system
and the automatic positioning system interact with each other. The criterion for evaluating
the effectiveness was the deviation of the robot’s center of mass from the given trajectory
of motion.

Figure 13 shows simulated trajectories of the x and y coordinates of the gravity center
of the mobile robot. The dashed lines represent the specified trajectories, the solid lines
represent the results of modeling the developed intelligent algorithm. It is apparent that the
maximum mismatch error between the set value and the result of modeling the positioning
of the mass center of the movable platform reaches σ ≈ 30 mm.

Figure 13. Trajectories of x and y coordinates of the mobile robot’s gravity center.

The main factor influencing this error is the accuracy of the feedback sensors and the
interaction quality of the kinematic pairs.

When conducting field tests, in one case, inductive sensors mounted in the inner part
of the robot body and connected to the control board were used as a feedback system.



Appl. Sci. 2021, 11, 10665 12 of 13

In turn, a metal strip mounted on the feed table surface was used to guide the motion
trajectory. An error has been minimized due to the reliability of the communication system.

When a binocular vision system served as a key tool for controlling the navigation
system, there was a positioning error of the robot of up to 100 mm, since the system is
sensitive to the movements of animals located at the fence of the feeding table. In this
regard, the distance sensor telemetry provides the primary feedback for disorienting the
robot on the plane (going off track).

Thus, when using stepper motors and rigidly articulated drive wheels with an electric
drive, it was possible to minimize the inaccuracy of the operation of kinematic pairs. In
turn, the positioning systems must be made reliable since the robot may be out of animals’
reach during feed dispensing, contributing to the inaccessibility of the distributed feed.

5. Conclusions

1. The considered mathematical model of the mobile feed pusher presents a sufficient
set of tools that can serve as the basis for designing and improving the robot in the
engineering analysis and the selection of actuators.

2. The use of the designed robot can significantly facilitate the farmer’s work by car-
rying out labor-intensive operations to push feed on the feed table without human
intervention.

3. When using inductive sensors and the metal strip contour, the minor positioning error
of the wheeled robot was compared with the binocular vision system. The animals
present at the feed table may cause interference in the binocular vision system and
destabilize the control algorithm.
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