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Preface

Agriculture robotics is an interdisciplinary scientific field that requires the involve-
ment of a wide range of professionals engaged in artificial intelligence, robotics
and agriculture. When digitalizing and robotizing agriculture in the open field crop
production, it is necessary to account for the territorial distribution, structural and
parametric variability of land plots that require the use of group usage of heteroge-
neous robotic systems, and support of their information, physical and energy interac-
tion should be accounted for. High variability of the physical and geometric proper-
ties of agricultural products significantly complicates the process of the configuration
design and selection for a robotic agricultural gripper to ensure reliable collection
and movement of vegetables and fruits without damage.

The book offers an introduction to intelligent control systems of heteroge-
neous agricultural robots. The book has resulted from activities of Laboratory of
AutonomousRoboticSystemsofSt. Petersburg Institute for Informatics andAutoma-
tion of the Russian Academy of Sciences (SPIIRAS) in the framework of agriculture
robotics projects during last 5 year. In July 2020, six research institutions, including
those of an agricultural profile, were included in SPIIRAS, and it was transformed
into St. Petersburg Federal Research Center of the Russian Academy of Sciences
(SPC RAS). Now agriculture robotics is one of the key research directions of SPC
RAS.

The book uncovers fundamental principles of heterogeneous robot interaction and
recent developments in agriculture robot design. The purpose of the book is to present
solutions to the problems of the joint application of heterogeneous ground and air
robotic means when performing agricultural technological tasks that require physical
interaction with agricultural products and the environment. The book considers the
model-algorithmic and software-hardware control of the power supply system for
unmanned aerial vehicles, a manipulator and a robotic gripper.

The proposed solutions for the exchange of energy and physical resources of
unmanned aerial vehicles on ground service platforms, automation of the process
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of collecting agricultural products and ensuring the stability of the air manipula-
tion system during physical interaction with a ground object are important for the
robotization of the transport and agricultural industry.
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About This Book

The book is aimed at solving the problems of the joint application of heterogeneous
ground and air robotic means while performing the agricultural technological tasks
that require physical interaction with agricultural products and the environment. The
book considers the model-algorithmic and software-hardware control of the power
supply system for unmanned aerial vehicles, a manipulator and a robotic gripper.

The tasks’ solutions for the exchange of energy and physical resources of
unmanned aerial vehicles on ground service platforms, automation of the process
of collecting agricultural products and ensuring the stability of the air manipulation
system at physical interactionwith a ground object that are important for the transport
and agricultural industry robotization are proposed.

The book addresses the researchers investigating interdisciplinary issues of agri-
cultural production robotization, problems of information, physical and energy inter-
action of ground and air robotic systems; it is recommended to postgraduates and
students studying “Mechatronics and robotics”, “Management in technical systems”
and “Technologies, mechanization and power equipment in agriculture, forestry and
fisheries”.

Important Advantages:

• fundamental principles of heterogeneous robot interaction and their use in
agriculture are offered;

• interdisciplinary knowledge and experience acquired at scientific collaboration in
robotics and agriculture domains are integrated;

• examples of ground and air robots performing agro-technological operations are
considered;

• recommendations concerning the design of agriculture robots’ hardware and
software are provided.
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Introduction

Part I of the book considers the issues of service and control automation of the
interaction between heterogeneous agricultural robotic complexes. Robotic means
with different levels of functioning autonomy are increasingly used in the agricul-
tural sector, including grain sowing, fertilizing, harvesting and pesticides spraying.
The joint use of heterogeneous ground and air vehicles extends the functional and
sensoric capabilities of robotic processing of agricultural land. In certain cases, for
instance, at servicing power supply systems and transporting air vehicles, arises a
problem of physical interaction between the autonomously functioning unmanned
aerial vehicle (UAV) and ground service robotic platform (GSRP). This problem-
solving complexity is associated with the tasks of landing, fixation and mechanized
processing of batteries and agricultural resources placed on the aerial vehicle on the
service platform, as well as with the problem of control of the UAV group order of
service.

In the above regard, the study ofmodels and algorithms for the interaction between
heterogeneous agricultural robotic complexes is a topical research area focused on
solving the problemof increasing theUAVs’ operating time at long-term autonomous
works in agricultural fields that ultimatelywill contribute to reducing the timeandcost
of agricultural object processing due to automation and robotic complex application.

A wide range of research and practical works of domestic and foreign scientists
(Chernousko F. L., Kalyaev I. A., Ermolov I. L., Vizilter Yu. V., Pshikhopov V. Kh.,
Meshcheryakov R. V., Kemper P. F., Suzuki K. A. O, Morrison J. R., Kim J. W., Jung
Y.D., LeeD. S., ShimD.H., Daly J.M.,MaY.,Waslander S. L. and others) dealswith
the problems of joint work of heterogeneous robotic means. Continuous improve-
ment of embedded computing and sensor module hardware allows for developing
more compact and energy-efficient solutions for a physical connection and exchange
of energy resources between autonomous robotic complexes operating in different
environments.

In Part I, solutions are proposed aiming at increasing the UAVs’ operating time
in long-term autonomous modes, as well as at reducing the time and cost of agri-
cultural object processing due to developing models and algorithms for control of
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x Introduction

the interaction between heterogeneous agricultural robotic complexes, particularly
described as follows:

1. A conceptual and structurally functional model of interaction between hetero-
geneous agricultural robotic complexes, distinguished by the use of closed
multichannel multiphase parallel queuing systems with heterogeneous nodes
for dispatching and controlling the exchange of energy and physical resources
of UAVs on GRSP.

2. A logical-algorithmicmodel of the interaction ofUAVs andGRSP, distinguished
by the assessment of internal energy, physical resources, the remainingworkload
for groups of heterogeneous robots and providing a reduction in time and energy
resources of UAVs for movement from the field, as well as takeoff and landing
operations.

3. Amethod for estimating the required composition and amount of equipment for
agricultural land processing, distinguished by amulti-criteria assessment using a
linear combination of three main criteria of the total processing time, consumed
energy, cost of the equipment involved and providing numerical modeling and
optimization of the volume of involved heterogeneous robotic systems.

4. Recommendation software system AgrobotModeling, distinguished by the use
of numerical and simulation modeling of UAVs and service platform amounts
and providing visualization of the functioning of the selected values of input
parameters, as well as the choice of the optimal composition and amount of
heterogeneous robots.

Part I of the book includes Chaps. 1–4.
Chapter 1 describes the problem of increasing the operating time of unmanned

aerial vehicles operating in autonomous agricultural missions. The approaches to
charging or replacing onboard batteries on accompanying robotic platforms are
analyzed. The existing prototypes of robotic service platforms are distinguished
by the complexity of the internal mechanisms, the speed of service, the algorithms
for the platform and the aircraft to work together during landing and battery main-
tenance. Based on the analysis results, a classification of existing service systems
installed on robotic platforms for servicing the batteries and built-in UAV containers
has been compiled.

Chapter 2 presents the formal statement of the task of interactions between hetero-
geneous agricultural robots. The developed model-algorithmic support for control-
ling the interaction between heterogeneous robots’ group at the UAV servicing in
agricultural tasks is described.

Chapter 3 describes the developed method and system to estimate and support
the decision-making on the composition and number of heterogeneous agricul-
tural complexes required to process the given land area, weather conditions and
other aspects affecting the work cost and speed. First, a method for multi-criteria
assessment of the amount and composition of heterogeneous equipment for agricul-
tural land processing is described, then a graph model for calculating the efficiency
of servicing UAV batteries is considered and a recommendation software system
AgrobotModeling is presented.
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Chapter 4 presents the results of numerical and simulationmodeling of the amount
of robotic technology for processing agricultural land. The experiments were carried
out in thedevelopedprogramAgrobotModeling,whichprovides the calculationof the
number of unmanned aerial vehicles and ground service mobile platforms involved
in the processing of agricultural land of a given area. The program also simulates
the functioning of a selected number of robotic equipment, as well as calculates a
multi-criteria assessment based on a linear combination of three main criteria: total
processing time, total consumed energy and full cost of the equipment involved.

Part II describes the task of multi-criteria synthesis of a robotic gripper configu-
ration for agricultural products’ manipulations. Conventional collection and primary
processing of agricultural products are the most resource-intensive tasks that require
a transition from tedious manual operations to the technological processes’ automa-
tion and robotization of manipulations with physical objects. At a robotic gripper
design, it is necessary to account for a variety of manipulated objects, the complexity
of their identification and pointing the manipulator in a complex natural environment
with obstacles. The task of synthesizing a robotic gripper mechanism is associated
with meeting a number of conflicting requirements to reliability, softness, accuracy,
speed and energy efficiency that form a complex space for solutions’ search.

So, the study of models and algorithms for optimizing the configuration and
control of a robotic gripper performing physical manipulations with agricultural
products is an actual scientific direction focusedon solving the problemof automation
and robotization of technological processes for agricultural product processing.

A wide range of scientific and practical studies made by domestic and foreign
scientists considers solving the problems of robotic manipulators’ design and control
(Zaborovsky V. S., Lokhin V. M., Makarov I. M., Manko S. V., Pavlovsky V. E.,
Poduraev Yu. V., Yushchenko A. S., Yatsun S. F., Liu J., Van Henten E. J., Feng Q.,
Bac C. W., Brown G. K., Lehnert C., Han K. S., Bontsema J., Hayashi S., De-An
Z. and others). Continuous improvement of control systems and kinematic schemes
has ensured a development of serial industrial manipulation robots.

Currently, interdisciplinary studies of robotic complex control are becoming rele-
vant, including those of agricultural grippers, subjected to increased requirements for
the accuracy of manipulations as caused by high variability of agricultural products’
properties.

In Part II, solutions are proposed aimed at automating the process of collecting
agricultural products due to the development ofmodels, algorithms andmulti-criteria
synthesis for the configuration of robotic gripper and control of its software and
hardware components at physical manipulations with agricultural products objects,
particularly described as follows:

1. Conceptual and algorithmic models for selecting the parameters of a robotic
manipulator and a control system for gripping agricultural products, distin-
guished by an automated multi-stage analysis of the geometric, mechanical
and physical properties of the manipulated object, environmental parameters
and potential risks of causing internal and external mechanical damage to
agricultural products and ensuring the robotic gripper configuring.
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2. Algorithms for multi-criteria synthesis of a robotic gripper configuration,
distinguished by a combined application of a posteriori optimization methods
and determining the configuration parameter values in the kinematic scheme
required at the design and control of the manipulator’s end-effector mechanism.

3. Agro-gripper configuration and the algorithm to control operations’ cycle of its
software and hardwaremodules for fruits’ removing, distinguished by a descrip-
tion of the main stages of physical manipulations of forming the high-level
control commands and their execution in low-level software modules imple-
menting interfaces to the hardware means involved in the configuration of a
four-fingered robotic gripper with a vacuum bellows.

4. AgroGripModeling software system for modeling the configuration of a robotic
gripper, distinguished by the use of three multi-criteria synthesis algorithms, an
ability to customize the existing kinematic schemes and parameters proposed in
the original classification of agricultural grippers and agro-technological tasks.

Part II of the book includes Chaps. 5–8. Chapter 5 provides an overview of control
tasks in regard to technological and robotic operations in agricultural production. The
relevance of studying the problems of robotization in agriculture is justified by the
good prospects for improving the quality of fresh vegetables and fruits, as well as
reducing the cost of production, the necessary labor force and other resources through
the development and implementation of agricultural robots. A classification has been
compiled for agricultural grippers installed on robotic agricultural equipment and
used, e.g., for weed control and harvesting. Also mentioned are the tasks of weeds’
directional spraying and/or various plant pruning, with manipulators involvement,
however, no targets are reached yet. Some examples of existing research agricultural
robots equipped by combined grippers matching the proposed classification and
related to various types are given as follows: vacuum gripper with a video camera
for grabbing tomatoes; a six-fingered pneumatic gripper with a video camera; a
two-fingered gripper with pressure and collision sensors for picking apples; a three-
fingered gripper with a video camera for citrus fruits; eggplant grippers and others.
The relevance of the joint interaction between a group of heterogeneous ground and
air robots at performing agricultural tasks in an autonomous mode is also noted.

Chapter 6 describes the conceptual and algorithmic models for selecting the
parameters of a robotic manipulator and a control system for agricultural product
gripping. The formal statement of the problem of multi-criteria synthesis of robotic
gripping with the definition of target functions and imposed constraints is presented.
To evaluate the performance of multi-criteria synthesis algorithms, it is proposed to
use indicators responsible for the calculations’ quality and speed.

In Chap. 7, a posteriori methods for solving multi-criteria synthesis problems are
analyzed and modified. Here is described an example of their use at modeling and
selecting values for parameters in the kinematic model of a four-fingered robotic
gripper for picking tomatoes. Comparison of simulation results using NSGA-II,
MOGWOandMOPSOmethods ismade.Versions of selecting the objective function,
weight coefficients and their influence upon the set of optimal grip sizes are discussed.
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Chapter 8 describes the structure of the developed software system AgroGrip-
Modeling, providing the modeling and multi-criteria optimization of the robotic
gripper configuration. The configuration of the developed robotic gripper for picking
tomatoes is described that comprises a four-fingered mechatronic system, a vacuum
suction nozzle and distinguishes from existing analogues by using a linear drive to
move the vacuum nozzle simultaneously with the four-fingered mechanism move-
ments. The results of modeling and optimizing the configuration of a robotic
gripper implementing a posteriori algorithms MOGWO, NSGA-II and MOPSO are
presented: a generalized algorithm to control the cycle of software and hardware
module operation for robotic gripping at a fetus removing; the results of testing a
robotic gripper with vacuum bellows for picking tomatoes are discussed.

Part III considers themotion control problem for anonboardmanipulator inmain-
taining stability of a multi-rotor UAV in hovering mode. UAV equipment with means
of physical interaction with ground objects is a new scientific trend in the robotics
field. Adding an onboard manipulation system to UAV significantly complicates
the operation’s algorithm design and leads to an increase in overall dimensions and
energy consumption. Physical interaction of the manipulator with objects compli-
cates the process of the UAV stabilizing, which, in turn, leads to difficulties in the
UAV positioning and reduces the accuracy of the end mechanism targeting, like the
gripper. Besides, the physical interaction of the manipulator with ground objects
requires the increased energy resources of UAV.

The development and application of unmanned aerial systems in agricultural
production is considered one of the most profitable markets for robotics. Along with
the increase of theUAVs’ energy efficiency, there appeared a possibility tomove from
monitoring tasks to more complex ones, requiring physical contact with surrounding
objects,manipulating agricultural products and others.Analysis of advanced research
in the air roboticmanipulation systems confirms the topicality of this study, as focused
on solving themovement control problems for the UAVmanipulator and its stabiliza-
tion, specifically used in agricultural technological processes. Scientific and practical
studies run by domestic and foreign scientists dwelt upon solving the problems of
robotic manipulator control, UAVs and their interaction with ground objects through
built-in manipulators (Bobtsov A. A., Voronova E. M., Koshkin R. P., Pavlovsky V.
E., Poduraev Yu. V., Filimonov N. B., Yushchenko A. S., BanaszkiewiczM., Heredia
G., Kun Xu, Suarez A., Xilun Ding, Yushu Yu, Zihao Wang and others). The studies
done were aimed at upgrading the manipulator structure, increasing the stability of
the air manipulation system, reducing the mass of the onboard load, minimizing
the size of the UAV and increasing the permissible weight and dimensions of the
payload.

In Part III, solutions are proposed aimed at ensuring the stability of the air robotic
manipulation system at gripping ground objects based on the development ofmodels,
algorithms for the manilulator’s movement control for an unmained aerial vehicle
(UAVM) and its stabilization, particularly described as follows:
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1. Conceptual and set-theoretical models of an air robotic manipulation system,
distinguished in the description of interrelated entities: UAV, a manipulator, a
ground object and environmental factors that provide the problem formulation
for developing a model-algorithmic support to control the UAVM movement
during physical interactionswith a ground object in an environmentwith various
disturbances and obstacles affecting the geometric patency.

2. Algorithm to determine the UAVM acceptable configuration, distinguished by
analyzing the typical trajectories of the end-effector mechanism and calculating
the range sets for angles between manipulator links, ensuring their movement
along the specified trajectorieswhilemaintaining the center ofmanipulatormass
on a vertical axis of the air manipulation system.

3. An algorithm for calculating the key points’ coordinates for all manipulator
links, depending on their joints’ angles, based on solving problems of forward
and inverse kinematics, distinguished by limiting the displacement of themanip-
ulator mass center, its links and the end-effector mechanism along horizontal
and vertical axes, and when the end mechanism moves along the calculated
trajectory, it provides the minimum horizontal displacement of the manipulator
mass center.

4. UAVM movement control and stabilization system, characterized by the use of
a fuzzy PID controller in combination with input calculated data based on poly-
nomial trajectory equations, which ensures the acceptable positioning accuracy
of the end mechanism on a given trajectory.

5. UAVManipulatorModeling software system, distinguished by the use of
modules calculating polynomial equations of manipulator link trajectories,
parameters of fuzzy PID controller, ensuring the modeling and visualization
for the influence of disturbing influences on the manipulator vibration occur-
rence and the ability of the air robotic manipulation system to maintain a stable
state byminimizing the horizontal displacement of themanipulator mass center.

Part III of the book includes Chaps. 9–12. Chapter 9 provides an analytical
review of existing approaches to solving the control problems for air robotic manip-
ulation systems and the physical interaction of unmanned aerial vehicles (UAV)
with ground objects, in particular, while solving problems of agricultural produc-
tion. The relevance of robotic system introduction to the agricultural production
is stipulated by socio-economic reasons and the reduction in the World’s fresh-
water resources. Among UAVs now actively used for land monitoring, land yields’
cartogram compiling and fertilization zone planning, multi-copters stand out and
their obvious advantage is a vertical takeoff and high sensors’ resolution. Multi-
copters can be equipped with onboard manipulators and sensor means, like video
cameras, thermal imager, thermometer, gas sensors, radars, wind speed sensors, pres-
sure sensors, infrared and other sensors. Current studies of UAVs carrying manip-
ulator aboard are professionally discussed and cover the problems of flight control,
avoidance of contact with the ground, interaction with the surrounding space, as well
as physical interactionwith ground objects. Adding the onboardmanipulation system
to UAV significantly complicates the algorithms of operation, design and leads to
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the increase in overall dimensions. The physical interaction between the manipulator
and objects complicates the process of the UAV stabilizing, what in turn leads to diffi-
culties in the UAV positioning and reduces the accuracy of the gripping pointing.
Besides, the physical interaction between the manipulator and objects requires the
UAV increased energy resources. The chapter presents an original classification of
the air robotic manipulation systems’ components, describing various options for
onboard facilities necessary for implementing a functional purpose of the UAV with
a manipulator.

Chapter 10 describes the conceptual model and general structure of the air robotic
manipulation system, new tasks formanipulators’ control concerning their base insta-
bility and interaction with ground objects. An analysis of the destabilizing factors’
impact on the deviation of the end working mechanism movement relative to a spec-
ified trajectory is performed. The main task of this study is formulated, as related to
the design of a control system for amanipulator installed onUAVandmaintaining the
center of mass on the vertical axis during movement while interacting with ground
objects. Then a number of developed algorithms are described that implement the
set task of motion control and stabilization of the air robotic manipulation system.

Chapter 11 proposes a solution to the problem of synthesizing the kinematic
and dynamic models of the UAV manipulator, describes the UAVManipulatorMod-
eling software system structure, which provides modeling of the UAV manipulator
control and motion as well as its stabilization under the influence of disturbances.
The output data are the motion graphs of the manipulator mass center, graphs of the
movement trajectory of each manipulator link, graphs of the link angular velocity
and angular acceleration. These graphs allow for estimating the manipulator stability
when working under the disturbance and without it. In design of a motion control
system for the UAV manipulator, it is necessary to calculate the dynamics of the
manipulator, determine the motion equations for each manipulator link and calculate
the parameters of the manipulator regulator.

Chapter 12 presents the results of the stability preservation modeling for an
unmanned aerial vehicle in the hover mode when the manipulator is moving.
Modelingwas exercised in the absenceof external disturbances and their impacts. The
experiments were made within the developed program UAVmanipulatorModeling,
supporting the calculation and visualization of the trajectories of the manipulator
mass center and its end working mechanism. In the study of the horizontal shift of
the manipulator mass center, its maximum value was also analyzed at the end of the
manipulator movement influenced by disturbing factors that cause instability of the
entire air robotic manipulation system.

The described models, algorithms and software are focused on the development
of robotic manipulation systems to be implemented in agricultural production and
at solving logistic problems of the transportation of the ground objects to difficult
accessible localities.
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