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Introduction 
“A robot is a machine—especially one programmable by 

a computer— capable of carrying out a complex series of actions 

automatically. Robots can be guided by an external control 

device or the control may be embedded within. Robots may be 

constructed on the lines of human form, but most robots are 

machines designed to perform a task with no regard to their 

aesthetics”. 

Wiki resource, article “Robot” [1].  

 

The idea of creating robots that are completely identical in functions to man has been 

attracting the minds of mankind for almost a hundred years. In a pragmatic understanding, robots 

are any relatively complex mechanisms controlled by computer technology that can perform 

operations that are more complex than those performed by conventional machines, mechanisms, 

and typical vehicles. 

In particular, mechanical manipulators that assemble complex products on a conveyor belt 

can be classified as robotics. It also includes unmanned vehicles that are able to independently 

navigate in space and on the ground, to determine and adjust the trajectory of movement depending 

on the situation and move to the desired goal, completing the tasks. 

Artificial intelligence is also often associated with robots. There are some disagreements 

among experts on this issue. Some experts believe that the term “artificial intelligence” is 

erroneously applied to computers that solve relatively complex problems, but still do not possess 

intelligence as such. Others believe that this term should be used as broadly as possible, including 

almost all relatively complex decision devices, and for human-like intelligence it is proposed to 

keep the term “artificial mind”.  

To exclude most unproductive discussions, it is advisable to agree on terminology and then 

strictly observe it. At various competitions for young people, mechanical devices that are not 

robots are often involved in robot competitions, while those devices that fully meet the concept of 

a robot are often not called that. 

This tutorial is the result of the fruitful and efficient work of the Novosibirsk State 

Technical University under the program "SMARTCITY: Innovative Approach Towards a Master 

Program on Smart Cities Technologies" (which lasted from 15 November 2018 to 14 November 

2021). Its goal is to create a new generation of interdisciplinary engineers of information and 

communication technologies in the field of Smart Cities. The project complies with the principles 

of the Bologna process and aims to develop the European Higher Education Area. The purpose of 

the publication is the formation of professional skills and competencies of future specialists in the 

field of robotics. 

Not every mechanical device, even if it looks like a person and is capable of performing 

actions with limbs, similar to human actions, is a robot. In order for a device to be called a robot, 

it is required that it be able to analyze at least some external signals that carry information about 

the environment and (or) the orientation or location of this device. It is also required that this 

device act according to the information received. If all the control functions, depending on the 

sensor signals, are carried out by a person (operator), then such a device, as a rule, is not called 

robots, but called manipulators. However, the relatively new direction associated with the 

development of exoskeletons, of course, relates to robotics. There is no contradiction here, since 

exoskeletons use force sensors or other sensors that take signals from the pilot’s body, these signals 

form control actions on electromechanical drives that drive the structure, and for more efficient 

and accurate operation, these devices almost always have actual position sensors individual 

structural elements whose signals are used for feedback, providing the required dynamic and static 

accuracy of motion control.  
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All kinds of toys or automatic machines that perform a sequence of movements according 

to a given program are absolutely not robots, regardless of position, orientation, or external 

situation. These are just groovy toys, even if they are made not only on the basis of purely 

mechanical devices, but also using computer technology. The microcontroller can generate control 

signals solely on the basis of internal clock signals. We specially make a reservation: time 

measurement is not a use of a sensor of surrounding reality, control by commands formed only on 

the basis of time is not control based on the result of measurements of surrounding reality. 

The development of a robot requires the following actions:  

a) development of a general idea of its functioning;  

b) the development of individual elements and the method of their compounds;  

c) development of a method for bringing all elements and mobile devices into motion;  

d) development of a set of sensors (sensors);  

e) development of rules for controlling moving parts based on signals from sensors;  

f) the implementation of these rules by creating control algorithms;  

g) the implementation of the control device by using digital technology (usually 

microprocessor technology, microcontrollers);  

h) the manufacture of all the structural elements and electronic equipment necessary in 

accordance with the received concept and their combination together;  

i) development of appropriate software and debugging of the entire device in a complex. 

We list the main most famous classes of robotic devices. 
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1. Introduction to Robotics 
 Keywords: robotics, androids, IoT, IIoT, MEMS.  
 
 This chapter gives introduction to robotics. 
 
 The chapter gives introduction information about kinds of modern robots and state of art 
in this field. 

1.1. Android Robots 
These robots are designed to accurately copy all the mechanical motor functions of a 

person. Ideally, it is assumed that such robots can also copy all the means of perceiving reality that 

a person possesses, i.e. all five senses, and also that in the future they will be able to possess similar 

intelligence, that is, they will be almost completely identical to humans. At the top of this idealistic 

conception is a creature that is outwardly indistinguishable from a person, which has some 

functions of perception and (or) control more advanced than a person. An example of such 

androids is the well-known terminator from the series of films directed by Cameron. 

This class also includes robots, in the manufacture of which the designers did not at all try 

to make them look like humans, but only tried to reproduce the functional identity of the 

movements. Fig. 1.1 – 1.4 gives illustration of main directions of robotics. 

 

 
 

Fig. 1.1. Android robot from the publication [2] 

Topic №1 
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Fig. 1.2. Android robot from the publication [3] 
 

 
 

Fig. 1.3. Android robot from the publication [4] 
 



 

11 
 

V.A. ZHMUD, V.G. TRUBIN 

 
 

Fig. 1.4. Android robot from the publication [5]  
 

1.2. Robots Identical to Other Living Things 
This group includes a variety of mechanical beings, moving like any other living creatures 

in living nature. Robots are known walking as tetrapods (horses, dogs, etc.), and as insects - six-

legged beetles, spiders, crabs, millipedes, etc. Robots are also known that borrow the way of 

movement from reptiles – lizards, snakes, frogs, etc. Robots are known to travel using the same 

principle that I use annelids flying due to flywheel lifting, similar to how birds or bats soaring like 

birds or soaring reptiles or mammals, etc. n. Also here are robots that simulate motions of 

underwater animals (fish, cuttlefish, squid, octopus, dolphins, etc.). Since the number of different 

types of living creatures is very large, not all methods of their movement are already embodied in 

the form of robotic devices. Some forms of movement are very promising. 
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Fig. 1.5. Kitten Robot from publication [6] 

 

 
 

Fig. 1.6. Spider robot from publication [7] 
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Fig. 1.7. Robot Horse from publication [8] 

 

 
 

Fig. 1.8. Beetle robot from publication [9] 
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Fig. 1.10. Butterfly robot from publication [10] 

1.3. Robots Using Technogenic Methods of 
Movement 

These include unmanned moving devices that use all the possible achievements of human 

creative thought. This includes unmanned aircraft, helicopters, drones (for example, special 

helicopters with more than two propellers, usually four or more, which gives them greater 

maneuverability). Vessels also include various underwater and air robots using propellers, wings 

(non-flywheel), jet thrust, ground devices with wheel and caterpillar traction, etc. 

This type of robot includes balancing robots moving on two wheels, on one wheel and even 

on a spherical support, the so-called "spherical robots". 

 

 
 

Fig. 1.10. Source Tracked Robot [11] 
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Fig. 1.11. Robot drone from publication [12] 

 

 
 

Fig. 1.12. Robot drone from publication [13] 

1.4. Exoskeletons 
This class of robots includes external structures worn on a person in order to strengthen the 

actions of his limbs. In some cases, exoskeletons can dramatically increase a person’s ability to 

perform specific operations, such as putting out a fire, carrying large loads, accurately 

manipulating heavy objects, etc. In other cases, exoskeletons help people with disabilities carry 

out such movements that a healthy person can carry out without their help. 
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Fig. 1.13. Exoskeleton from the source [14] 
 

1.5. Prostheses of Limbs and Other Organs 
This class of robotic devices aims to make up for lost functions for the disabled. It can be 

an artificial hand, or a whole hand, an artificial leg or even two legs, there are also robots that 

completely replace both arms or both legs. It is technically still not possible to make robots that 

replace human eyes, but simple glasses that do not belong to robotics products can significantly 

improve vision capabilities. Also do not include hearing aids to them. However, if "artificial skin" 

is made, it will probably be another achievement of robotics, as well as an "artificial eye." It is 

reported that this device can already completely replace the human eye: “Argus II is the latest 

development of the American company Second Sight Medical Products. This is nothing but the 

world's first artificial, bionic eye. It will help to "return" sight even to completely blind people. 

Most importantly, during the test period, 1 year, all subjects had only positive results. Work on 

Argus II, as its creators called it, took scientists one year of scientific research. The implant was 

released in the laboratory of the American company Second Sight Medical Products. But the 

invention has already won the approval of the Europeans. The device works as follows: 

photoreceptor cells convert light entering the eye into an impulse that enters the brain through the 

optical nerve. For this, 60 electrodes were built into the retina of the bio-eye. Clinical trials were 

conducted, in which 30 people aged 28 to 77 years participated, all of them were completely blind. 

The success of each was strictly individual, for some it helped to a greater extent, to someone less. 

But the main thing that the developers managed to find out is that the eye really works. Americans 

expect to make their invention publicly available. “This is the first bionic eye that can hit the global 

market. We already have happy patients, to whom the invention helped to at least partially restore 

vision. It's amazing, but some even read newspapers”, said the head of the manufacturing 

company, Brian Mek. Argus II, in particular, is designed to help people suffering from retinitis 

pigmentosa. This is a rare hereditary disease in which the condition of the retina of the eye slowly 

but progressively worsens, causing the development of blindness. In the USA alone, about 100 

thousand people suffer from this ailment”. “Mek also stated that Argus II is already available in 

several European countries at a price of € 73 thousand apiece. In the US, he said, it will most likely 
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cost more. The next step of the developers will be the creation of a more advanced version of the 

bionic eye, with a large number of micro-implants and, as a result, a higher resolution” [15]. 

 

 
 

Fig. 1.14. Artificial hand from the publication [16] 
 

 
 

Fig. 1.15. Artificial foot from the publication [17] 
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Fig. 1.16. Artificial eye from the publication [18] 

1.6. Robots that Functionally Exceed 
Human Capabilities 

Full duplication of human capabilities is not necessarily the best solution. It is known that 

man is not perfect in many of his physical abilities, even in comparison with other living beings. 

Praying mantis cancer has the best color sensation, an owl has better sensitivity, a spider with its 

eight eyes has a wider angle of view, a dragonfly or a fly seems to have a more complete circular 

view, a hammer fish has the best stereoscopic vision, and so on. 

A person sees only what is in a relatively small viewing angle, stereoscopic vision is 

achieved in an even smaller angle and depends on orientation. If you put a small vertical obstacle 

near the bridge of the nose, a person can look behind this obstacle due to the presence of two eyes, 

but if the obstacle is horizontal, this possibility is excluded. Two pairs of technogenic eyes, one 

above the other, would allow this effect to be obtained in the case of a horizontal obstacle, several 

similar pairs around the entire circumference of the head would allow to observe the full picture 

in all directions, the presence of such devices in the vertical direction (for example, on a special 

helmet) would allow observing the situation above and in case of danger to avoid it. 

Similar enhancements may appear to other sense organs. 

Here we can talk about two areas of development. Firstly, a person performing particularly 

complex or critical work could be provided with additional information that would be transmitted 

to him in a form in which it is easier for him to perceive. So, for example, the lack of eyes on the 

back of the head impedes the successful driving of vehicles, but this is made up for by the presence 

of rear-view mirrors, and in the latest versions these functions are even more successfully 

performed by rear-view cameras. Such additional cameras allow more successful parking, 

reversing in conditions of insufficiently large space for manipulation. Such devices can provide 

better functionality to a person outside the vehicle. An example is night vision goggles, mirrors or 

rear-view cameras on a helmet, etc. 

Another area of application of this approach is the supply of vehicles controlled without a 

pilot with additional sensors for a more complete perception of space, more complete than the pilot 

does. 

Such a perception of the spatial picture, which is excessive in comparison with human 

capabilities, allows developing unmanned vehicles that would not only compete in safety with 

manned vehicles, but would significantly exceed their capabilities, since they could anticipate the 
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dangers much more effectively than a human driver.  

This tutorial is intended to provide students with skills in some areas of creating robots. 

The proposed training course is aimed at the formation of the following professional 

competencies in a student. 

Research Activities: 

− the ability to formulate goals and objectives of scientific research in the field of 

automatic control, choose methods and means of solving problems; 

− the ability to apply modern theoretical and experimental methods for developing 

mathematical models of the studied objects and processes related to professional activities 

in the field of training; 

− the ability to apply modern methods of developing technical, informational and 

algorithmic support for automation and control systems; 

− the ability to organize and conduct experimental research and computer modeling 

using modern tools and methods. 

Design activity: 

− the ability to use modern software and hardware design tools for solving automation 

and control problems; 

− the ability to choose methods and develop algorithms for solving control problems 

in technical systems. 

1.7. Alternative Classification of Robots and 
its Criticism 

A common resource Wikipedia gives its classification of robots, which you can partially 

agree with, partially argue. 

In particular, this resource offers the following classification "by structure: a) Android 

(humanoid robot); b) Biorobot - a person or an animal with an implant (processor) instead of a 

brain, the rest of the body is organic”. The biorobot in this concept is currently a certain fact, taken 

from science fiction literature. This fact is not the subject of this book. Therefore, all other robots 

fall into the category of "Android", which is categorically incorrect. This contradicts the 

subsequent classification, and namely, according to its functional purpose. 

According to the functional purpose, Wikipedia offers the following classification: 

“Depending on the functional purpose, the following types of robots are distinguished: Industrial 

Robot, Transport Robot, Underwater Robot, Domestic Robot, Battle Robot, Zoobot, Animal 

Hunter, Flying Robot, Medical Robot, Pharmaceutical Robot, Micro Robot, Nanorobot, Personal 

robot, Promotional robot, Pediculator, Robot artist, Robot toy, Robot waiter, Robot program, 

Robot surgeon, Robot guide, Social robot, Sharobot, Sex robot ”[1]. This classification violates 

the standard principles of any classification, according to which each unit of the classified set must 

belong to only one subset. This classification involves both existing robots and those that exist 

only in imagination (for example, a personal robot that performs all the functions of a robot-servant 

like a personal computer that performs all the computing functions). The meaning of separating a 

pharmacy robot into a separate class is not clear, a wider class could be an automatic machine for 

trade, or an even wider class - an automatic machine for warehouse management and trade. Such 

an automaton may have signs of robotics, but in general it is a system of manipulators controlled 

from a stationary computer. 

The concept of a medical robot is apparently too general, in this concept it is advisable to 

single out separate species, for example, a robot that facilitates surgical operations, this is not at 

all the same as a robotic bed for resuscitation or for a seriously ill patient. 

The rest of this Wikipedia article gives some examples that are not included in this 

classification in some cases, for example, security robots, teacher robots, scientist robots.  
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Ordinary remote-controlled carts with video cameras are completely unjustifiably assigned 

to scientist robots on the sole ground that with their help some scientific discoveries were made in 

the field of the construction of the Cheops pyramid. In the same case, any technical means used in 

science, for example, an electron microscope or a bathyscaphe, can be attributed to this class with 

the same success. 

Separating sex robots into a separate class is ridiculous; this is clearly a subspecies of toy 

robots, which are also hardly appropriate to spread widely. A waiter’s robot is a special case of a 

personal robot, the concept of a zoobot includes the concept of a beast, regardless of what is meant, 

since the concept of a beast is included in the concept of a biological creature. The concept of a 

combat robot can include a flying robot, too, so if the classification distinguishes flying robots in 

a separate class, then in all other classes a flying robot should not be present. 

That is, if robots are subdivided according to movement methods, then two subclasses 

should be included in the flying class - flying in airless space and flying only in airspace, and in 

other classes there should be motionless, walking, wheeled, tracked, other ground (for example, 

traveling along snake method, etc.), digging, floating (subdivided into underwater and surface) 

and amphibians (i.e. moving on the surface of the soil and on the surface of the water), as well as, 

possibly, others combining two or more methods of moving. Flying in the airspace can also be 

divided into flying according to the principles of a traditional aircraft, jet aircraft, helicopters, 

gliders, planes, airships and just a balloon, as well as, possibly flying on other principles or 

combining several principles of movement. Submarines can also navigate according to the 

principles that copy the movement of a traditional screw submarine, either torpedoes, or fish (left-

right bends), or a marine mammal (up-down bends), or a sea snake (both types of bends), or a sea 

turtle (body with oars), etc. Digging robots can also move according to a variety of principles of 

action, for example, as an earthworm, or as a mole, or as a tunneling machine, and so on.   

1.8. Mechatronic Robot Solutions 
The first robots assembled ham radio from separate radio components that made up 

electronic components. These nodes are fully described using their electrical circuit diagram. 

Electrical schematic diagram - contains conditional images of only electronic elements and the 

connections between them. At the first stages, these were resistors, chokes, capacitors, 

transformers and various lamps, then the lamps replaced the semiconductor elements - diodes, 

triodes (transistors) and more complex elements. Then assemblies of several semiconductor 

elements appeared, then the industry began to produce microcircuits that contained entire 

assemblies that had a universal or specialized purpose. When in such microcircuits the number of 

elementary radio elements in them began to be counted not in tens or hundreds, but in thousands 

and tens of thousands, they began to call them ultra-large integrated assemblies - VLSI. Currently, 

a fully functional computer can be contained in a single chip, with the exception of those elements 

that should in principle be large-sized, for example, a screen, keyboard, etc. Electronic technology 

is constantly improving in this direction, but in parallel a new direction has emerged, called 

mechatronics. 

To develop the most primitive robots, their creators had to be not only an electronics 

specialist, but also a designer, since there were no ready-made mechanics for them. If the robot 

has to drive on its own, you had to look for wheels for it (or even make it yourself), also choose or 

make a gearbox, engine, as well as the frame on which the whole structure was mounted, and so 

on. Moreover, mechanical devices did not contain the electronic part, just as electronic devices did 

not contain the mechanical part. The alignment and coordination of the electrical and mechanical 

parts was carried out by the developers, for which they had to have the talent of a designer, and 

also required the creation of many joining parts. 

Micro-electromechanical systems, or MEMS, have eliminated this problem, in any case, 

for small-sized robotics. 

The term MEMS means a direction in new technological approaches and solutions that can 
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dramatically reduce the dimensions of mechanical structures, as well as connect electronic circuits 

with them. Thus, the mechanical and electrical devices that are compatible with them are 

connected together, which must work together. This integration became possible due to the fact 

that micromechanical structures, to a large extent, began to be manufactured using the same or 

similar technology. As a result, industry began to produce a variety of devices, which would be 

more precisely called “systems”, since in them mechanical components and electrical elements 

work together and solve common problems [19]. Thus, it can be argued that MEMS are 

microelectronic and at the same time micromechanical systems. 

Mechanical components and systems were previously considered less technological than 

electrical components. In MEMS, this drawback is completely eliminated, now not only the 

mechanical system has become commensurable from the point of view of manufacturability, but 

these two types of seemingly incompatible systems technology are now produced together using 

a single common technology, and their connection is an organic and functionally complete 

solution. The publication [19] mentions mechanical relays as a kind of prototype of such systems. 

This example is rather an example of the opposite, in which the functions of the device are 

exclusively electric (connecting and disconnecting the circuits), but these functions are provided 

due to the large number of mechanical parts. This situation makes the replication of such devices 

expensive, while they have a relatively large size, not reliable enough. In MEMS, everything is 

exactly the opposite: the functionality of these devices has expanded and includes mechanical 

actions – the sensors and actuators in them act on the principles of mechanical devices. At the 

same time, their production was simplified to the level of production of purely electronic devices, 

these are the etching, spraying technologies, etc. In these devices not only pure mechanical 

elements can be realized, but also optical, acoustic, and probably other, along with traditional 

electronic elements for this type of technology. For example, to measure accelerations, a load on 

spring suspensions can be used, when the acceleration of movement of the entire device changes, 

the load moves, and from this movement we can judge the magnitude of the acceleration. In the 

execution in the form of MEMS, both the load and the external structure are made of a single 

crystal, for example, by etching, the thin bridges of this crystal serve as a spring suspension. The 

position of the load can be measured using, for example, the Hall effect, for this purpose, the 

substance from which the sensor is executed is selected, and the corresponding measuring circuit 

is made as an integral part of this sensor.  

In [19], it is noted that most mechanical devices have very large dimensions in comparison 

with electronic devices. Even if the mechanical components are simpler and based on the most 

effective technical solution, it is most often desirable to replace them with electronic components 

wherever possible in order to save space on the circuit board and minimize overall dimensions. 

In MEMS devices, everything that cannot be replaced with purely electrical devices is 

manufactured in such a modified form that allows such assemblies to be made using extremely 

close manufacturing technology, which ensures not only smaller dimensions and lower cost, but 

also greater manufacturing accuracy, better characteristics and their better reproducibility. Since 

the mechanical components are modified in such a way that they become not only miniature, but 

also fully comparable with the production process of microcircuits, a new type of devices is 

obtained that combines the advantages of both technologies. Fig. 1.17 shows an example of a chain 

and gear transmission implemented using such technologies. In this case, the chain is made not 

from spatial units, but from almost flat identical elements providing the same connection properties 

as an ordinary chain, but it is not made from individual units, but immediately by the entire method 

of spraying and etching, i. e. individual links do not exist and are not manufactured, there is no 

process of assembling the chain and gears, this whole structure is produced immediately in a 

finished and assembled form.  
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Fig. 1.17. MEMS gear and chain transmission from publication [19] 

 

Thus, the miniature MEMS structure is produced by the method of physical modification 

of the substrate material (silicon or substance). Then, such structures are combined with a 

microcircuit, and the entire electromechanical system is placed in a housing that protects it from 

the external environment and from mechanical damage. This single product is a functionally 

complete electromechanical assembly. 

In this technology, micro-machine structures, micro-sensors, microelectronic circuits, 

micro actuators and other devices can be implemented. All of them are most often integrated on a 

single chip. Sensors will allow devices to measure thermal, mechanical, magnetic, 

electromagnetic, or chemical quantities that can be converted by a circuit into a specific signal, 

and actuators provide physical changes, including very small and very accurate ones. 

Consider several examples of MEMS devices from the publication [19]. Fig. 1.18 shows 

the physical structure of the lever switch. Four keys are shown here, each of which has five contacts 

and a trip key for voltage supply. The use of multiple contacts can reduce the channel resistance 

in the open state. 
 

 
 

Fig. 1.18. Physical structure of the lever switch from the publication [19] 
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Fig. 1.19 shows the MEMS key (right) and the control driver (left) placed in a QFN 

package. The driver circuitry allows a standard digital device, such as a microcontroller, to 

effectively control the key, since it provides the generation of a high voltage response signal. 

 

 
 

Fig. 1.19. MEMS key (right) and control driver (left), placed in the QFN package [19] 

 

MEMS technology can be applied in the production of a wide variety of electronic 

components. This gives ease of implementation or high performance, availability and low cost, 

small dimensions and weight, high reliability. Today MEMS components are found in four product 

groups: audio components, sensors, keys and signal generators. In the field of audio applications, 

MEMS microphones and MEMS speakers are used. Sensors are the main area for the 

implementation of MEMS technology. Today, MEMS gyroscopes, inclinometers, accelerometers, 

flow, gas, pressure and magnetic field sensors are on the market. 

The application of MEMS technology in electrically controlled keys is particularly 

promising. For example, keys of the ADGM1004 type are easily controlled, operate with signals 

from 0 to 10 GHz, have a leakage current of less than 1 nA inoperative and provide a number of 

trips from 1 billion times. 

Combining a MEMS resonator with an excitation circuit creates a MEMS oscillator. In the 

diagram Fig. 1.20 shows the MEMS diagram of a SiT2024B SiTime generator. 

 
Fig. 1.20. MEMS diagram of SiT2024B generator [19] 
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Such components may be the best solution for applications with high performance 

requirements. For example, SiT2024B can significantly exceed the parameters of a crystal 

oscillator. 

Report content 

1. Android robots 

2. Robots identical to other living things 

3. Robots using technogenic methods of movement 

4. Exoskeletons 

5. Prostheses of limbs and other organs 

6. Robots that functionally exceed human capabilities 

7. Alternative classification of robots and its criticism 

8. Mechatronic robot solutions  

1.9. Control questions 

 

 What is android? 

 What is IoT? 

 What are exoskeletons? 

 Give classification of robots. 

 Give criticism to classification according Wiki resource. 
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2. Unmanned Ground 
Transportation 

 Keywords: unmanned vehicles, dynamic accuracy, static accuracy, feedback control.  
 
 This chapter talks about unmanned vehicles. 
 
  Unmanned vehicles are gaining popularity and relevance, as they allow you to solve many 
different problems. This chapter talks about a typical generalized structure of any robotic 
device using the example of an unmanned vehicle. When controlling such a robot, as in 
solving any robotics task, there are macro tasks (strategic for the device as a whole) and 
micro tasks (tactical for each joint separately). Separation of these tasks and their solution 
using various means of technical intelligence is currently the most effective approach to 
this task as a whole. 

2.1. The Task of Creating Unmanned 
Vehicles 

One of the most relevant areas of robotics is unmanned transport actuators, such as loaders, 

rock cleaners in mines, as well as snow removal machines. Unmanned vehicles can be controlled 

remotely or may not have external control. In the second case, after setting the task, such a robot 

acts until it has completely solved it, after which it returns to its original state or a new prescribed 

point, or freezes in the state that occurs after the last part of the task has been completed. In some 

special cases, the action of the robot after the task may not be asked at all, since only the task is 

sufficient. In this case, we can say that the residual value of the robot after depreciation is zero, or 

equated to zero, since after that nothing is required from the robot, it is deducted from the register. 

An example of such a situation is a demolition robot designed, for example, to undermine a 

dangerous accumulation of soil and stones in order to clear rubble, or, for example, to quickly 

create an effective obstacle to a mudflow, or to collapse an avalanche. Such robots can also be 

attributed to the Lunokhod made in the USSR with the aim of collecting certain information about 

the lunar surface, including the collection of soil samples. After completing these tasks, controlling 

the robot is impossible or inappropriate, it is believed that the functions that the robot performed 

once fully pay for its creation. Along with such disposable robots, there can also be reusable robots 

in which the task of preserving its functional capabilities may be higher than the task of performing 

one-time functions or comparable to it. This determines the conditions for him to perform these 

tasks. 

If, for example, the robot is designed for snow removal, it is most likely far from a one-

time robot. If the robot is designed to undermine the detected explosive device at a special training 

ground in order to eliminate it (including the safest possible transportation of them there), then the 

robot may well be disposable, the importance of this task is determined by the importance of 

protecting the population and important objects from this device the victim is fully justified, and 

any measures to preserve it are unnecessary and unjustifiably expensive due to the incomparable 

rise in price and low efficiency of these measures. 

Topic №2 
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The study of robot’s development skills can be carried out on the example of any types of 

robots. The simplest robots in this class are robots for collecting rocks or for cleaning the territory 

from snow, debris and other objects. 

The principle of using reusable robots of cleaners or loaders involves the independent 

fulfillment of the entire task of loading and moving substances or objects from a given site and 

transporting its cargo to a given place. 

When creating devices such as creating any robots, it is necessary to solve the following 

tasks: 

• Creation of the hardware of the robot (actuators, control devices, sensors); 

• Development of control algorithms; 

• Creation of software (for processing data collected by sensors, for calculating control 

signals); 

• Debugging the whole system. 

Consider the possible algorithms for the action of cleaners in solving these problems. 

2.2. Driving Unmanned Vehicles 
The tasks of driving an unmanned vehicle (UMV) can be divided into a tree of subtasks. 

The highest task is to develop algorithms for the action of the UMV group. This problem can be 

solved by the central control device, or by a human operator, or by several operators, or 

decentralized, by each UMV individually without a single management. The last option means that 

the central control device or operator only forms the task as a whole, for example, to tear down the 

mountain and fill the hole with the resulting rock. Each UMV independently chooses the current 

goal - the collection of a certain part of the cargo and its transfer to the destination area, without 

interfering with the actions of the other UMV. Such algorithms are close to the action of swarm 

insects (bees, ants, termites, some species of spiders, etc.) or, for example, colonies of bacteria. 

The corresponding algorithms are called the indicated groups of animals, i.e. they are called - ant 

algorithms, bee algorithms, etc. In the case of centralized management, each UMV is assigned a 

specific task to take the soil from a specific place and transfer it to a precisely specified location. 

Such control requires a lot of effort from the central control device; therefore, colony algorithms 

are more stable and reliable, work effectively even in the absence of centralized control and when 

some part performing UMV tasks is eliminated. Theoretically, if at least one BPS is left, the task 

will continue to be carried out until it is fully completed, which, of course, gives significant 

advantages. Therefore, these control algorithms for UMV, drones or other robotic devices are 

extremely popular recently and are intensively developed by various scientific teams. 

The next level of management is the decision-making on the operation of this UMV in 

terms that describe the task in a more detailed, but detailed way - where to go, which cargo to take 

and how to grab it, where to go next, how to lay out the cargo and so on, how to avoid collisions 

with other UMV and other participants in the movement. This is similar to what the mind does, for 

example, the driver of an excavator, tractor, car or pilot of another vehicle, when it sets itself the 

goal of further movement. 

The next level is the transformation of this task to a set of commands for each executive 

device responsible for the movement of the UMV. This is similar to the separate control actions on 

the control levers - pressing the brake, gas, clutch pedals, shifting the handles, steering wheel 

rotation. In a robotic vehicle, there can be significantly more traffic control methods than in a 

traditional vehicle, there can be so many of them that an ordinary pilot would probably not be able 

to manage, and a coordinated action of several people would be required, as is the case with the 

control a tank in which the crew traditionally consists of three people, but with a modern tract, this 

task would be sufficient for a single computing device. 

From this control level, each node receives a command regarding the movement that should 

be carried out directly using this node. For example, each wheel receives a command relative to 

its own speed of rotation, each means of turning the wheel also receives its own command, and so 
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on. All these control algorithms should be implemented in a feedback loop, since only such an 

approach allows for sufficient accuracy. 

2.3. Static and Dynamic Task 
This task can be divided into two main classes: controlling the action of a single machine 

and controlling the action of several machines. 

In the case of a single machine, depending on whether the task is static or dynamic, 

fundamentally different algorithms can be applied, in the case of several machines, the task is 

always actually dynamic. 

In a static problem, the initial amount of work can change over time only under the 

influence of the controlled machine itself. Therefore, the problem can be solved in two stages: 

a) examination of the front of work (study of material deposits, free approaches and 

driveways, places of shipment of material); 

b) compilation of a program of optimal material collection (for example, by numerical 

optimization method); 

c) the implementation of the program (possibly with a small correction in the feedback loop 

to suppress the influence of random processes and interference, distorting the course of action of 

the robot cleaner). 

In a dynamic problem, the situation after each cleaner approach changes due to the arrival 

of a new batch of the breed, due to the actions of other cleaners, or as a result of the sum of the 

actions of these factors. 

2.4. The main approaches to solving the 
problem 

The proposed sequence of actions in solving the problem consists of the following steps. 

1. Development of a verbal description of what is required to be obtained from controlled 

machines. 

2. Iterative refinement of the problem through literary and patent searches, interviews with 

various specialists, modeling, etc., with the aim of developing a formal algorithm in strict terms. 

3. Iterative development and refinement of the object model by taking an inventory of all 

regulatory bodies, all kinds of state sensors, and constructing a functional diagram. 

4. Construction of structural schemes, which, in contrast to functional schemes, contain 

mathematical models of individual elements. 

5. Modeling the operation of the device as a whole - first in manual control mode, then in 

automatic control mode. 

Fig. 2.1 shows a generalized functional diagram of the developed snow blower control 

system. 

Decomposition of the task into the simplest sub-tasks allows us to break the functioning 

algorithm into the simplest subroutine algorithms, which can be tested and debugged separately 

on the models. 

The very first step is to divide the task into subtasks: 

a) the task of managing the position of the cleaner; 

b) the task of controlling the bucket and other tools of the cleaner. 

The task of controlling the position of the cleaner coincides with the task of controlling any 

transport device. It consists of: a) the identification of the position, orientation, speed and 

acceleration of the vehicle in place, b) the formation of the desired path in terms of the required 

increment of these generalized coordinates, c) the calculation of the required position of the organs 

regulation and control of these regulation bodies. 

The task of controlling instrumentation drives requires the formation of control signals that 
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make the bucket move. This problem can also be solved by involving feedback based on the 

position sensors of the instrumentation. The second of these tasks is strictly tied to a specific type 

of cleaner, so in this section it is not solved. The first problem can be solved on the simplest models 

in terms of “moving”, “cargo capture”, “cargo unloading”. 

 

 
 

Fig. 2.1. Simplified functional diagram of a controlled snow blower: “state sensors” include 
sensors for speed, displacement, acceleration, steering wheel rotation and all other parameters 

measured by the state of governing bodies (speedometers, etc.); external sensors include all sensors, 
except video cameras, for example, acoustic or optical sensors of distance to the object; drives are 

engines and other physical devices providing movement 
 

2.5. Features of the Static Task 
 The solution to the static problem can be represented as a solution to a chess sketch: a set 

of “figures” is given – the place of the initial placement of the raw materials, the place of its 

required movement, transport routes. When solving this problem, numerical methods for 

optimizing the trajectory can be used to reduce the path of the cleaner. The indicated task can be 

illustrated graphically by a flat illustration similar to a chessboard, where, for example, the size of 

one cell corresponds to the amount of raw material that is captured by the cleaning bucket at a 

time, empty cells correspond to the area free of rocks, circles indicate occupied cells breed, arrow 

indicates cleaner (the sharp end marks the front of the cleaner with a bucket). The figure of the 

cleaner can make moves like a chess queen, that is, along the diagonals, verticals and horizontals, 

but first a corresponding turn should be carried out in the direction of further movement. You 

should also identify the location of the proposed storage of raw materials. An example of such a 

task is shown in Fig. 2.2. It can be solved by means that are much simpler than solving a chess 

problem, since there is no “opponent”, all subsequent steps can be calculated in advance. The goal 

of solving the problem is to find the minimum number of steps for moving all the raw materials to 

the required region (see Fig. 2.3). 
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Alternatively, the destination of the raw material may be provided with a means of further 

transport, for example, trucks, wagons of a transport platform or conveyor belt. In this case, the 

storage zone can be indicated by a small number of cells, in the limit of one cell of infinite capacity, 

that is, all chips can and should be stored on it. 

The final position of the cleaner may not be part of the task, but may be part (for example, 

parking in a garage), which does not significantly change the complexity of this task. 

 

 
Fig. 2.2. Resource cleaner task in terms of 

a chess sketch: blue circles – resource, arrow – 
cleaner, green and white cells – area requiring 

clearing, red and yellow cells – storage area 

Fig. 2.3. Resolved resource cleaner task 
(program goal) 

 

2.6. Features of the Dynamic Problem 
The solution of a dynamic problem requires constant examination of the situation, since it 

is constantly changing. 

The task presented in the form of an analogue of a chess sketch in Fig. 2.5, can be solved 

in the same ways as the static problem is solved, with the difference that there are more figures of 

cleaners, and with each move each of the cleaners takes one step - a turn or a step by one square. 

Each step is controlled by a centralized control device, so the trip of two different cleaners 

for the same load of raw materials is excluded. In this case, a device conflict is fundamentally 

eliminated. Fig. 2.6 shows the result of the first move, Fig. 2.7 shows the result of the fifth move. 

To eliminate or mitigate the conflict, the expectations of the conveyor, the paths and moves of 

each loader are optimized for the entire task as a whole. In the interests of an optimal solution to 

the problem, sometimes it is advisable to send some cleaners to more distant cells than to direct 

them to closer targets, followed by waiting at the conveyor. 

Another method for solving the task of managing a group of cleaners is to use individual 

programs optimized for teamwork. Such algorithms are built by analogy with the actions of 

collective insects and, by analogy, are called the algorithms of ant colonies, bee swarms, termite 

colonies, etc. [21–29]. 

In this case, each cleaner individually selects a goal and successively solves a series of 

small subtasks, and the result of their joint action is the solution of the whole problem as a whole. 

The action algorithm of one cleaner is based on the simplest principles: 

1. Determine the distance to the nearest dose of raw materials. 

2. Approach the nearest dose. 

3. Grab the dose you are approaching. 

4. Determine the location of the conveyor-receiver. 
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5. Approach the conveyor. 

6. Unload a dose of raw materials. 

7. Repeat from the first command. 

Determining the location of the conveyor can be performed by continuously determining 

their own position on the ground, using a map of the area stored in memory previously or removed 

on the ground before starting work. 

The specified algorithm does not exclude conflicts during the trip, during the capture of 

goods and during their unloading. Therefore, conflict resolution is required so that the cleaners do 

not try to occupy the same cage, do not try to load the same dose of raw materials and do not try 

to unload the goods at the same place on the conveyor at the same time. The first problem is solved 

in a standard way on the basis of traffic rules. Therefore, two other tasks can also be solved by a 

similar principle. For example, with an equal distance to a portion of cargo, priority is given to the 

cleaner on the right; while approaching the conveyor, the cleaner on the right is unloaded first, and 

so on. There may be exceptions to these general rules, which are also part of the rules of the 

algorithm for the actions of an individual cleaner.  
 

 
 

Fig. 2.4. The task with multiple cleaners 
and a conveyor warehouse 

 

 
Fig. 2.5. The first move of the task 

 

 
 

Fig. 2.6. The second move of the task (blue 
arrow – loaded cleaner) 

 
Fig. 2.7. The fifth move of the problem 

 

For example, if two cleaners are simultaneously approaching the same dose of raw 

materials, priority may be given to that cleaner who is further from another (free) dose of raw 

materials. For example, Fig. 2.8 shows a situation where priority should be given to the cleaner 
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shown by the red arrow, since it is farther from a different dose of raw materials than the cleaner 

indicated by the yellow arrow. In Fig. 2.9 the task is slightly changed, each of the cleaners is in 

the same proximity to alternative doses of raw materials (which are shown in black). Therefore, 

the conflict dose should be assigned to another cleaner (which is marked in red). In order to save 

time, cleaners can exchange information on the choice of cargo doses, and if this dose must be 

assigned to another cleaner, a cleaner with lower priority rights can save time and fuel by refusing 

to approach this dose and immediately heading to another dose. 

Fig. 2.10 shows the conflict of the cleaners during unloading. The cleaner, marked in red, 

is further away from the alternative unloading point, so it should receive the highest priority for 

using the disputed unloading place. In the absence of alternative discharge sites or with equal 

opportunities to use alternatives, other criteria can and should be used, for example, relative 

position, or distance to the next available doses. For example, the unloading priority should be 

given to the cleaner who has great potential for further actions due to his more favorable position 

in relation to the remaining cargo. 

 

 

 
Fig. 2.8. Priority task 

 
Fig. 2.9. Priority task 

 
For example, in the task shown in Fig. 2.11, the loader, marked in red, has a better position 

for further actions, so it can get the highest priority. 

If this cleaner is unloaded earlier and goes to the next dose of cargo, then the second cleaner 

after unloading can go to the loads without hindrance. If the blue cleaner is unloaded earlier, then 

to continue working he will have to bypass the red cleaner, which will increase the total time of 

work. 
 

 
 

Fig. 2.10. The fifth move of the problem 
 

Fig. 2.11. The fifth move of the problem 
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The proposed principles of programming can be used to develop detailed algorithms for 

controlling robots – harvesting machines. Such machines will find their application as unmanned 

robots for snow removal, clearing debris from natural disasters, in agricultural and land 

reclamation works, in the mining industry, and also when performing work in a dangerous and 

aggressive environment, for example, when fighting a fire. In many such tasks, the principle of 

operation is similar. 

For example, the task of extinguishing a fire is inverse to the task of collecting raw materials, 

since this is the problem of dispersing water or foam over a given area on a plane. Here, a single 

place of dumping of cargo (conveyor) is converted into a single place of refueling, and a place of 

dispersal of raw materials is converted into a dispersion of objects that should be extinguished, for 

example, a forest. 

An important advantage of the solution by the method of ant (or other) colonies is its versatility, 

which provides decisive advantages for implementation. Indeed, in the case of a well-tuned 

algorithm, the further successful solution of any problems is possible with an arbitrary number of 

cleaners, from one cleaner to any, up to an uncontrolled number of them. The solution will also be 

successful with any initial amount of raw materials and regardless of the class of the problem - 

static or dynamic. 

Also, in the case of a solution using the ant colony method, it is easier to ensure the movement 

of cleaning robots in an area containing obstacles in the form of walls, ravines, impassability and 

other stationary or moving objects. 

2.7. The Simplest UMV Model 
At the Department of Automation NSTU, the first experiments with UMV models were carried 

out, aimed at working out the problems of movement in a limited space in the presence of obstacles 

and breaks. UMV models are assembled on the basis of the LEGO designer, using ultrasonic 

obstacle sensors that also detect the edge of the surface (on the model - the edge of the table), 

which allows you to timely adjust the route and avoid falling. The robot shown in Fig. 2.12, is 

equipped with a caterpillar traction for movement and an appropriate control device. 

The equipment of the current version of the model includes a downward-oriented ultrasonic 

sensor located on a forward rod that allows you to scan the surface at an angle of 180º along the 

model. In case of detecting the edge of the table, the robot stops the direct movement and rotates, 

choosing a new direction of movement in accordance with the general task. Also, the robot is 

equipped with a color sensor to determine the location of the cargo storage and grippers for taking 

the goods. The model of the load in this case was wooden cubes. 

In the transition to a real device that solves practical problems, the individual elements of 

the device will be executed in the corresponding hardware version and with the replacement of the 

corresponding routines for managing them. The macro-control algorithm will inherit part of the 

solutions tested on the model. Namely: the method of finding the target (cargo, rock, snow, etc.), 

the method of forming teams to change the route, the search for the place of unloading according 

to specified signs or marks, the method of deciding to unload. 

 Proven algorithms are designed to detect small wooden cubes placed on a table and 

simulating a load. Assembling them in a bucket and unloading them in a specially designated place 

is the goal of the robot. 

After the blocks are detected using an ultrasonic sensor, the robot stops, approaches the 

load (for which it corrects the direction of its movement). If the location of the load corresponds 

to the position for the application of the capture, the capture is turned on, the robot captures the 

load. If the block is located with a large deviation from the course, the robot adjusts its position in 

relation to the load. As a result, cargo capture is always successfully ensured. 

After capturing the block, the robot moves in the direction of the storage location, looking 

for the label of this location. The storage location is marked with a white rectangle with a black 

perimeter, as shown in Fig. 2.12. This mark is searched for by the color sensor. 
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After the received signals from the color sensor guarantee that the cargo is in the place of 

unloading, the robot unloads this cargo. Arrangements of cargo and unloading places were 

randomly changed for practical research of the success and efficiency of the developed algorithms. 

The actions of the robot according to the algorithm are close to the actions of insects forming 

colonies during the search and collection of prey. Subsequently, it is planned to equip robots with 

a global positioning system on the table using a webcam mounted on top, color markers, and image 

processing algorithms. This will allow you to remove a surface map and plot the planned path in 

order to more efficiently collect cargo. The internal structure of this robot is shown in Fig. 2.13.  

 

 
 

Fig. 2.12. A robot model based on the LEGO NXT constructor with an ultrasonic sensor and a 
colour sensor; cargo unit (left) and storage location (above) 

 

 
 

Fig. 2.13. The internal structure of the robot model 
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2.8. Balancing Robot 
One of the interesting areas of robotics is the creation of devices that ensure the equilibrium 

of such systems that would not support this equilibrium in any way without feedback. The most 

common device of this when seeing is a balancing robot, otherwise called also an inverted 

pendulum or Segway. The appearance of such a device, developed at the Department of 

Automation at NSTU, is shown in Fig. 2.14. 

 

 
 

Fig. 2.14. Balancing robot, operating model, development of the Department of Automation NSTU 
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Fig. 2.15. Block diagram of the robot 

 

This device is a platform on which boards with control and power electronics are located. 

Stators of DC motors are rigidly attached to the platform. The shaft of each engine is connected to 

its wheel. The main objective of the stabilization system of this device is to maintain the vertical 

position of the robot by rotating the wheels. 

The block diagram of this robot is shown in Fig. 2.15. The actuators of the device are two 

Lego NXT servomotors. These devices are DC motors with built-in gearbox and quadrature 

encoder. Encoders have a resolution of 180 pulses per revolution, which allows you to evaluate 

the relative angle of rotation of the motor shaft with an accuracy of at least two degrees. Each 

servo motor is controlled by a bridge circuit based on four field effect transistors and transistor 

driver microcircuits. This scheme allows you to control the rotation of the engine with the 

possibility of reverse. 

To estimate the angle of deviation of the robot from the vertical, the MPU6050 measuring 

module is used, which contains two three-axis MEMS sensors - an accelerometer and a gyroscope. 

In practice, only a gyroscope is currently used in the robot stabilization system. The core of the 

device is the STM32F205VET6 microcontroller from STMicroelectronics. The control program 

of the microcontroller collects data from the sensors of the system and calculates the control effect 

of the stabilization system. In addition to the described blocks, the device also includes blocks of 

wired and wireless data transmission. The device is powered by two Li-Ion batteries with a total 

voltage of 8.4 V. Fig. 2.16 shows the structural diagram of the control system of this robot. 
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Fig. 2.16. Control system block diagram 

Report content 

1. Purpose of work. 
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3. Driving unmanned vehicles 

4. Static and dynamic task 

5. The main approaches to solving the problem 

6. Features of the static task 

7. Features of the dynamic problem 

8. The simplest UMV model 

9. Balancing robot 

2.9. Control questions 

 

 How is balance maintained in a balancing robot? 

 What are the main elements of the block diagram of the balancing robot? 

 How is the balance state measured? 

 Which element drives the movement of the balancing robot? 

 How does a robot always move in such a way as to remain in a state of equilibrium? 
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3.The Main Components of the 
Robot 

 Keywords: feedback control, structure of system, regulator, controller, stability, optimization.  
 
 This chapter describes the basic approach to the design of automatic control systems. Such 
systems operate on the principle of negative feedback. The general structure of the system with 
negative feedback is described, the problem of calculating the design of the controller is 
formulated, the task of designing the controller for such a system is explained, the statement of 
this problem is given, and the main ways to solve it are indicated. 
 Automatic control provides the most accurate control, since the task and the actual output value 
at the output of the controlled object are compared in the negative feedback loop. This chapter 
gives the basics of automatic control theory. 

3.1. The List of the Main Components of the 
Robot 

Any robot usually contains the following components: 

1. Mechanical: 

a. Body 

b. Means of transportation (wheels, caterpillar traction, propellers or other “propulsion”) 

c. Work tools (grippers, buckets, brushes, cutting tools, welding tools and other manipulators) 

2. Sensors 

a. Camcorders, lidars, optocouplers and other optical sensors 

b. Ultrasonic sensors 

c. Balance sensors 

d. Sensors of speed and (or) rotation angles of own drives 

e. Temperature, pressure, electromagnetic field and other sensors 

3. Electronic control part 

a. Sensor Amplifiers 

b. Signal Conversion Tools (Analog) 

c. Means of converting analog signals to digital 

d. Digital Signal Processing Tools 

e. Means of converting digital signals to analog 

f. Signal amplifiers (drivers) for controlling mechanical devices. 

All these components are developed by various manufacturers, regardless of robot developers, as 

well as on the instructions of such developers. Therefore, when developing new robots, it is advisable to 

get acquainted with the most modern and efficient components for each node being developed, and only in 

the absence of a ready-made solution is it advisable to develop and manufacture your own elements. 

In the early stages, the simplest parts were wheels, DC and AC motors, stepper motors, gears 

(gearboxes, worm gears), and the like, for the formation and transformation of mechanical movements. 

Relatively clumsy mechanisms that were already called robots were built from these elements, since the 

creators' enthusiasm always outstripped their actual technical potential. 

Topic №3 



 
 

38 
 

ROBOTICS 

If you recall the film "Terminator", which shows the internal structure of the artificial arm of an 

android robot from a fantastic future, then all the joints in it are made on the basis of bearings, since the 

creators of the film imagined the future technical capabilities in that way. It is also as primitive as the 

presentation of early science-fiction writers who believed that future robots would be made on radio tubes. 

Radio tubes have gone into the distant past (with the exception of a few exotic areas of their application), 

and intelligent robots have not yet been created. The closer the technology comes to the actual creation of 

the most efficient robots, the clearer it becomes the advantage of existing solutions in wildlife over the 

primitive mechanisms created in the twentieth century using gears and simple engines. 

Currently, the most urgent tasks are the creation of artificial muscles, artificial tentacles, suction 

cups, and other similar technical devices that borrow the principles of movement formation from the best 

representatives of wildlife. The time for wondering the abilities of various living beings has already passed; 

the time has come to create technical means using these abilities. Closer attention to the seeds of burdock 

gave rise to a velcro fastener, which radically transformed many types of clothing and equipment for 

tourists, military, firemen, climbers, etc. The study of the paws of insects and amphibians that can move 

along vertical walls and even on the ceiling made it possible to create similar gloves that can be attached to 

a vertical wall, although their distribution leaves much to be desired. One should take a closer look at the 

most efficient means of transportation, no matter how unconventional they may seem, and no matter how 

superficial they seem to be replicated, a more detailed study may contain the potential for new, more 

efficient technical solutions. Of particular interest are the tentacles of an octopus, the body of an earthworm 

and a snake, the sole of a snail, paws of a spider, ant, millipedes, flies, gecko, grasshopper, kangaroo, crab, 

dragonfly wings, butterflies, eagles, owls, bat, etc. 

On this basis, we can say that the artificial arm, which has fastenings in the joints based on traditional 

hinges, has receded into the distant past. Human joints demonstrate a structure that better meets the tasks 

of the types of movements for which they are intended. If earlier simplification meant cheaper, because the 

manufacture of excessively complex parts caused a sharp rise in the cost of the technical device, then with 

the development of a variety of production technologies, including three-dimensional printing, when the 

required parts can be designed on a computer and simply printed on a 3D printer, any arbitrarily complex 

articulations are already ceased to be complex and unjustified. On the contrary, excessive simplification is 

no longer justified. Human joints provide freedom of movement in the directions in which it is required, 

and restriction of these movements in those directions where this restriction is required, which is much 

more effective than traditional bearings. Therefore, if the authors of the film “Terminator” used the modern 

idea of the directions of development of robotics, an artificial arm would be more like a real one not only 

externally (in its artificial shell), but also in its internal structure, that is, its skeleton would be almost 

completely identical to the skeleton human hand (although that would probably be less spectacular). 

The directions of development of mechanical means of robotics go in parallel along two paths, this 

is both complication and simplification. 

On the one hand, the development of manipulators more and more similar to the human hand and 

even exceeding it in capabilities remains relevant, on the other hand, if, for example, the manipulator only 

needs to unscrew the burned out bulbs and screw new ones, then it does not have to have the likeness of a 

human hand, and it is enough to have three inflatable tentacles, which tend to clasp an object with increasing 

pressure, and releasing this object with a decrease in pressure. This simultaneously solves the problem of 

limiting the pressure on the captured object and contributes to its safety; such a manipulator will not crush 

a glass bulb, unlike an iron mechanical arm with insufficient quality of pressure control. 

The combination of the principles of telescopic limbs, which make it easy to extend and shorten 

with the principles of hydraulics, gives relatively great prospects for the development of a robotic arm in 

comparison with a human arm. Such a hand can calmly lengthen or shorten several times, which, of course, 

is inaccessible to humans. This example, as well as the example of increasing the viewing angle and the 

spectrum of perception of optical images, shows that when creating an android robot, it is not at all 

necessary to copy human capabilities where they can easily be surpassed. But at the same time, there are 

still parameters that technology can not only surpass the capabilities of man (or more broadly - the 

capabilities of biological sensors), but cannot even come close to them. So, technology does not yet allow 

the creation of such effective odor analyzers, such as, for example, moth sensors or the smell of some 
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mammals. In this area, development is possible by combining the capabilities of biological beings with 

mechanical devices, although few scientific works are known in this direction. Apparently, the experiments 

of Galvani, who used a frog foot to detect weak electric currents, can be attributed to the first such work, 

since mechanical devices with such high sensitivity did not exist in his time. It does not yet follow that it is 

possible to use, for example, the moth tendrils in order to distinguish various odors, that is, to detect the 

smallest impurities of substances in the atmosphere, but such possibilities should not be completely 

excluded, it cannot be excluded that this approach contains so far not yet explored opportunities.  

The inverse approach, consisting in the fact that living beings (usually humans), are equipped with 

technical tools that expand the capabilities of sensory (perception of reality) and kinematics (interaction 

with reality) is already developing in full swing. People get limb prostheses, hearing aids, night vision 

devices, we are already talking about artificial vision and so on. There are a number of bio stimulants that 

can provide a full life to people who, without these stimulants, would be deprived of many functions at 

best, and simply could not live at worst. 

Some animals in the service of man may also be equipped with additional technical means. There 

have been reports of the supply of marine mammals with means to combat enemy submarines, there are 

dog collars that allow the hunter to determine the place of the dog and even give commands to it, and there 

are tools to track the migration of rare animals - mammals, birds and fish. Video cameras are installed on 

pets and on wild animals to track their activities, etc. One of the most important features of this approach 

is the possibility of long-term power supply for these devices, which is determined, firstly, by the relatively 

low current consumption of these devices, and secondly, by progress in the field of battery power sources.    

3.2. A Systematic Approach to Solving Robotic 
Problems 

All elements of the robot must work with high accuracy, otherwise the robot will not be able to 

solve the tasks. Ensuring control accuracy is solved by automatic control methods, which are studied by 

the theory of automatic control (TAC), which is also called cybernetics. This theory solves only control 

problems in the circuit with negative feedback (NF), since only the use of such a circuit allows us to provide 

the required accuracy of movements even when various external disturbing factors act on the moving object, 

which contributes to the efforts that are responsible for further movement of the robot parts. 

The robot can be imagined as a large system of individual manipulators, joints and other mobile 

devices, each of which must be moved strictly in accordance with the program laid down in them, and this 

program can change in real time quite quickly. 

In each of these subsystems there is a prescription, which is formed by the central processor (an 

analog of the robot’s electronic brain). If this requirement directly affects the drive that carries out the 

movement of a given element (joint), then the movement will almost always be different from what is 

required. Even when using stepper motors, the actual rotation of the axis may differ from the prescribed 

due to the action of external factors, and when using other means of influence, the actual movement can 

differ significantly from the prescribed. Therefore, even in stepper motors with high precision requirements, 

the measurement of the actual rotation of the axis is used, for example, using an interferometric laser 

measuring system. This actual axis position is used to adjust the true position by such a value that the actual 

and true axis positions coincide. Such an adjustment is the essence of negative feedback. 

Consider a hypothetical arbitrary robot assembly as an automatic control system in which the entire 

mechanical part is the control object, the task is to change the position of the moving part of this assembly, 

the regulator is the entire electronic part, which generates power signals supplied to the executive part of 

the electromechanical assembly (for example, to the motor winding). 

Combining an object and a regulator of such a node into a system requires an analysis of their 

mathematical models and the relationships between them. On this basis, the calculation (synthesis) of the 

regulator and its implementation are carried out. 

It is necessary to distinguish the closed systems described above from the connection of elements 

in a circuit. A closed system is distinguished by the introduction of feedback, which generates loops in the 
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signal path. Signals in circuits without loops can be calculated sequentially from input to output. Connecting 

subsequent elements does not change previous signals. Signals in circuits with loops cannot be calculated 

in this way. The entire circuit should be analyzed as a whole. 

The most important necessary property of a closed system (which must be ensured) is stability, i.e., 

the property of being in or near equilibrium in the absence of changes in external influences. If a third-party 

effect takes such a system out of balance, it, under the action of internal forces formed by a closed circuit, 

returns to its original equilibrium state. An open circuit is stable if all its elements are stable, and the 

presence of at least one unstable element makes it unstable. In closed loops there is no such pattern. A 

system of unstable elements may turn out to be stable, and a system of stable elements may turn out to be 

unstable, but everything may turn out to be wrong, there is no direct dependence of the stability of the 

system as a whole on the stability of its constituent elements. An example of a stable system of unstable 

elements is a system with an integral regulator. An example of an unstable system of stable elements can 

be a high-order system (for example, a sixth-order filter) with a large gain.   

In automatic control systems (ACS), the principle of negative feedback is implemented, i.e., any 

deviation of the controlled quantity from the desired value is reduced to zero due to the fact that it is 

amplified with a negative sign and is sent to the place of occurrence. The transfer coefficient of a loop 

mentally broken at an arbitrary point should be a large negative dimensionless quantity. This principle is 

sometimes called the large coefficient principle. 

Specially introduced regulators in the system provide stability and the required speed and accuracy 

of the systems. TAC is engaged in the methods of analysis of such systems and the design of regulators. 

These tasks always arise when combining elements into a system. 

For each linear system, one equilibrium state can be determined, i.e., the state that the system accepts 

in the absence of external influences (signals). A measure of stability is the ability of the system to return 

to this state after it is removed from it by an external disturbing effect. If the deviation arising in the system 

causes the system to move toward an increase in this deviation (i.e., there is a positive feedback), it can be 

expected that such a system is not able to maintain an equilibrium state, since small disturbing effects cause 

significant system movements. If a deviation from equilibrium gives rise to influences that return the system 

to its original state (i.e., there is a negative OS), the system stably stays in it even in the presence of 

significant external disturbances.  

3.3. Typical Circuits of Locked Systems 
A generalized diagram of any node operating on the principle of negative feedback (NF) is shown 

in Fig. 3.1.  

 

 
 

Fig. 3.1. Generalized functional diagram of a robotic node with feedback control 
 

A control object (or simply an object) is any device, mechanism, or other physical structure in which 
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there are output quantities (hereinafter referred to as output signals) and methods for changing them by 

applying any effects on the object (hereinafter referred to as input signals). Uncontrolled influences called 

disturbances also act on the object. 

When measuring the output signals, errors (static and dynamic) and noise (high-frequency) 

measurements are inevitably included in the result, hereinafter referred to as measurement noise for brevity. 

The object is influenced by many factors affecting its output state, as shown in Fig. 3.2, since changes in 

the parameter of interest depend on many unknown factors, for example, temperature, supply voltage, etc. 

Along with them, the control signal u(t) also affects the object, which also affects the output signal. It 

provides the ability to control a given parameter. In the most general case, the output signal y(t) depends 

on the control u(t) and perturbations hi nonlinearly: 

)}(),...(),(),({)( 21 thththtuFty k= .        (3.1) 

 

For a linear object, this equation can be simplified to the following form: 

 

)}({)},...({)}({)}({)( 22110 thFthFthFtuFty kk+++=    (3.2) 

 

or )()}({)( 0 thtuFty += ,       (3.3) 

 

where )}({)},...({)}({)( 2211 thFthFthFth kk++= .    (3.4) 

 

For a linear object, a block diagram can be represented as shown in Fig. 3.3, where all disturbances 

are reduced to an equivalent aggregate value. The negative feedback system has the form shown in Fig. 3.4.  

 
 

Fig. 3.2. The object and the signals acting on it: u(t) – input signal (control), y(t) – output signal, hi(t) – 
uncontrolled disturbance 

 

 
 

Fig. 3.3. Linear object and its signals: h(t) – the result of all uncontrolled disturbances 
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Fig. 3.4. Negative Feedback System 
 

The output value y(t) is never known exactly, it is only possible to estimate it with the help of some 

sensor that brings its measurement noise n(t), which is noted in the structural diagram. If only stabilization 

of the output parameter is required, then the task v(t) is equal to zero, the two components of the controller 

can be combined into a single controller, as shown in Fig. 3.5. The noise of measurements in some cases 

can be ignored, since it is assumed by default that it is much lower than the measured value, otherwise the 

creation of a stabilization system is impossible. If the feedback loop is unstable, then the regulator should 

be changed to provide the required static and dynamic properties of the closed system. If an object changes 

its parameters during its operation, then a one-time calculation of the controller is not sufficient, in this case 

adaptive systems are used that have an additional control loop for regulator coefficients, as shown in 

Fig. 3.6. The most convenient for analysis (and the most complete) is the structure shown in Fig. 3.5, which 

is converted to the design structure shown in Fig. 3.7. This structure is distinguished by the fact that 

elements are distinguished in it not according to their functional purpose, but according to their 

mathematical model (and transfer functions are not written inside the elements). 
 

 
 

Fig. 3.5. Simplified structural diagram of Feedback System 
 

Moreover, instead of signals that are functions of time, for example, x(t), Laplace transforms are 

used, for example, X(s), where s is the argument of the Laplace function, which is a complex number with 

a negative real component. 

The argument of the Laplace function is written as s = – c + jω. In this case, the imaginary part is 

completely equivalent to the concept of frequency in the Fourier transform, and the real part is a small 

positive number, which provides the attenuation of any function at infinity, but practically does not affect 

any finite interval. Such a transition from the Fourier transform to the Laplace transform is convenient 

because the integrals of harmonic functions according to Laplace converge, but according to Fourier do not 

converge. Therefore, the Laplace transform is simply the more universal equivalent of the Fourier 

transform, which is used to analyze closed-loop automatic control systems. 
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Fig. 3.6. Optimizing loop system 
 

 
 

Fig. 3.7. Design block diagram of a system with environmental protection (robot assembly) 
 

The block diagram shown in Fig. 3.7, it turns out not by simple replacement of the names of 

elements in the functional diagram according to Fig. 3.3 their transfer functions; in this case, also signals 

in the time domain should be replaced by Laplace transforms and the notation of intermediate signals should 

be introduced. Structure Fig. 3.7 is a graphical representation of a system of equations: 

 

E(s) = V(s) – Q(s),  U(s) = W1(s) E(s),  X(s) = W2(s) U(s),  (3.5) 

Y(s) = X(s) + H(s),  Z(s) = Y(s) + N(s),  Q(s) = W3(s) Z(s).    (3.6) 

The system of equations (3.5)–(3.6) can be solved with respect to the sought quantity Y(s). 
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The denominator of all the transfer functions included in this equation is the same. 

If the transfer function of the inverse branch W3(s) is equal to one, and the product of the transfer 

functions of the object and the regulator is large 121 = PWWW , then we obtain 
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)()()( sNsVsY + .     (3.9) 

From (3.9) we see that under the indicated condition and in the absence of measurement noise, the 

output signal repeats the input signal and is independent of the perturbation. The action of all control 

systems in the circuit with negative feedback is based on this principle. 
 

3.4. Ensuring the Stability of Robot Control 
Systems 

Equation (3.8), relating the input and output quantities in a locked dynamical system, contains a 

function of the argument s in the denominator, i.e., it depends on the frequency ω (since s = – c + jω, 

c → 0). The relationship between the transfer function of the closed-loop system WЗ and the transfer 

function of the open-loop system WР is given by 
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The purpose of the control is to ensure that this quantity is equal to unity in the maximum possible 

frequency range. This goal is achieved by increasing WР. 

The reason for the instability is the transformation of negative feedback into a positive feedback at 

some frequencies (with increasing frequency), since the delay by half a period is equivalent to reversing 

the sign of the harmonic function. 

One can reason differently, coming to the same conclusion. If, for some value of s, the denominator 

of the right-hand side of (3.10) vanishes, then function (3.10) and the output quantity tend to infinity. This 

means that even with very small disturbances in the circuit at this frequency, the output signal is infinitely 

large. This system does not remain in equilibrium even with an almost complete absence of external 

influences (because there is no complete absence of such influences). If the denominator changes sign, this 

also leads to a violation of stability, since at these frequencies the negative OS becomes positive. In this 

case, the deviation of the state of the system from the equilibrium arising in the circuit generates forces that 

tend to increase this deviation. If WЗ| < 1, a positive feedback does not violate the stability of a closed 

system. If |WЗ| > 1, a system with a positive feedback is unstable.  

Stability analysis of a closed system by the denominator of an open transfer function. The 

denominator of the transfer function of the closed-loop system WЗ is 1 + WР. For the stability of the system, 

it is sufficient that the open loop transfer function WР for any frequency values is not less than or equal to 

– 1. In case of equality, the transfer function becomes infinite, and if WР < – 1, negative feedback is 

converted to positive. Since the amplitude-frequency function (AFC) of the circuit is described by a 

complex quantity, this requirement means that when the transfer function module is greater than unity, its 

phase characteristic should not be less then − . Since WР describes real links, it attenuates to arbitrarily 

small values with increasing frequencies. If this were not the case, it would be sufficient to ensure WР >> 1 

in the entire frequency range, from which WЗ ≈ 1 would follow. Since this is impossible, it remains only to 

ensure the following correspondence: 
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The modulus of the transfer function is greater than unity there and only where the phase shift is 

greater than − . Since the phase shift is negative, in absolute value it should be less then  . 

Writing the left side of the condition in a logarithmic form gives 
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Therefore, in order for the system to be stable in closed form, its phase characteristic should not be 

lower than the value in the region where its logarithmic frequency response (LFR) L(ω) is positive. 

Fig. 3.8 shows an example of the LFR and phase-frequency characteristic (PFR) of a stable system. 

A separate phase of the phase response curve goes beyond the boundary line and returns, this does not 

destroy stability. In the area where LFR crosses the abscissa axis, the phase response lies in the desired 

range (above the line). Fig. 3.9 shows an example of the LFR and phase response of an unstable system. 
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Fig. 3.8. An example of a LFR and phase 

response of a stable system 
Fig. 3.9. An example of the LFR and phase 

response of an unstable system 

 

There is a large class of objects in which the phase response is uniquely associated with frequency 

response. This class is called minimum-phase objects, that is, objects without links of pure delay, to which 

most objects belong. Typical exceptions: phase-shifting filter, long communication line, etc. In minimal-

phase objects, the phase response can be judged by the slope of the LFR. Namely: when the slope is negative 

and equal to 20 N dB / dec, the phase response is close to 2/N . Here N is an integer, including zero, the 

sign of the slope coincides with the sign of the phase shift. For stability of the minimum-phase system, it is 

sufficient that the slope of the logarithmic frequency response near the zero value be less than the second 

order, that is, less than –40 dB / dec. The slope can be non-multiple; strict multiplicity is achieved only in 

asymptotic LFRs, either short-term or in areas far removed from any inflection points. Any real 

characteristics can take a slope of any value. In special structures, an intermediate slope over an extended 

section can be obtained. 

Examples of alternative links, that is, non-minimal phase, are the phase-shifting filter and links of 

pure delay. In such links, lag is associated not only with a change in LFR, but may be of a different nature. 

If such links are contained in the circuit, then stability analysis requires the construction of not only the 

logarithmic frequency response, but also the phase response in the same frequency axes.  

To ensure the stability of the system, it is necessary to change the open-loop frequency response so 

that it meets the marked criterion (3.11) or (3.12). For graph changes, it is useful to remember simple rules 

for logarithmic relationships. Since the logarithm of the product is equal to the sum of the logarithms of the 

factors, to plot the function, equal to the product of the two initial transfer functions, their graphs should be 

graphically added. Multiplying by a coefficient greater than one raises the entire graph upward by an 

amount equal to twenty logarithms of this coefficient. Multiplication by a coefficient less than one lowers 

the graph. 

The successive inclusion of a link in the circuit means that the transfer functions of the source and 

input link should be multiplied, and the graphics should be added up. The parallel inclusion of two links in 

a graph can be approximated by the envelope of these graphs, since if the two terms are significantly 

different, the smaller term can be neglected.  
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Fig. 3.10. Ensuring the stability of an object of the second order: a - differentiation; b - integration; 

WOB(ω) – LFR of object; WR(ω) – LFR of controller; WS(ω) – LFR of systems with a regulator 

 

For the synthesis of the regulator, the necessary corrections are made to the open-loop LFR curve, 

so that it corresponds to the required form. The LFR of the controller is determined by subtracting the 

original LFR from the required LFR. Since the high-frequency part of the LFR, where WР << 1, is not 

essential, for the closed loop to work, the form of the required LFR in this area should be selected based on 

the simplest controller. The mid-frequency part of the frequency response in the region where WР ≈ 1 should 

cross the L = 0 axis at an angle of – 20 dB / dec. The low-frequency part should take on the greatest possible 

value, since the system error is inversely proportional to WР. 

If the LFR crosses the axis at a double tilt, the controller can provide a smaller tilt in two ways. The 

first way is to maintain a differentiating link (Fig. 3.10, a), the second - to maintain an integrating link 

(Fig. 3.10, b).  

 Report content 

1. The list of the main components of the robot 

2. A systematic approach to solving robotic problems 

3. Typical circuits of locked systems 

4. Ensuring the stability of robot control systems 

3.5. Control questions 

 

 Why is it possible to accurately control robotics objects without feedback? 

 What provides high accuracy control in feedback systems? 

 What are the elements of a negative feedback system? 

 What is the cause of instability of feedback systems? 

 How can an unstable system be made stable? 

 Why do we need to calculate the mathematical model of the regulator? 

 How can feedback be calculated using logarithmic amplitude characteristics? 
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5.  

4. Measurement of the Distance 
to the Object 

 
 Keywords: sensors, distant, ultrasonic sensors, auto parking. 

 
 This chapter talks about using various sensors to measure the distance to objects. The most 
promising measuring systems based on ultrasonic sensors. 
   Ultrasonic sensors are effective for automatic parking systems. These sensors do not distort the 
measurement results in conditions of electromagnetic fields or poor optical visibility, therefore 
they are most effective and reliable for small distances. 

4.1. The Problem of Measuring Distances 
Measuring the distance to objects is extremely important for robots. An unmanned vehicle must 

very accurately determine the distances to all obstacles in the direction of travel, in addition, even a forecast 

of their location in some future is required if they are not already in the way of movement, but can quickly 

be there, just at the time when it is supposed to be there this is a vehicle. Therefore, it is also important to 

determine the speed and direction of movement of these objects. 

The most common methods for determining distances are based on optical and location methods, 

including also optical location. The usual optical method requires observing an object with at least two 

cameras spaced apart in space. The difference in the location of the object against the background of the 

general scene allows us to determine the distance to it in the same way as it happens in the human brain 

when using two eyes. The location method involves sending the probe signal to the object, receiving the 

reflected signal and measuring the time it takes for the probe signal to pass through the medium in both 

directions together. Knowing the speed of signal propagation in the medium, you can determine the distance 

to the object. The sounding signal may be an electromagnetic pulse, in which case the device is called a 

radar. If the signal is an optical beam, the device is called a lidar. If the signal is a sound pulse, the device 

is called a sonar. In wildlife, dolphins, bats, and possibly other animals possess sonars. Some fish may have 

some semblance of radar (electric eel, for example). Analogs of lidar in wildlife is not known. 

Also, this sensing method allows you to determine the speed of the object. If the probe signal has a 

certain frequency, and if the received signal has a frequency shift relative to the original, then the nature of 

this shift is associated with the movement of the object. If an object approaches, the frequency of the signal 

reflected or scattered by it will be higher than the frequency of the sent signal, if it is removed, then the 

frequency of the received signal will be less. The magnitude of the frequency shift is directly proportional 

to the speed of the object. Smart signal processing allows you to separate motionless objects from moving 

ones and, for example, analyze them separately. If the robot moves at a certain speed, this means that 

stationary objects along its path will be perceived as objects approaching it at a speed equal to the speed of 

this robot, and the frequency shift of moving objects will change by an appropriate amount to plus or minus. 

Without a frequency shift, only those objects that move in the same direction at the same speed will be 

perceived. In a normal traffic stream, these are vehicles that also move, and their movement may not be 

taken into account (or almost not taken into account) during normal traffic, but taken into account only 

when this robot maneuvers or if they intend to maneuver. Objects moving away faster than a given robot 

move have almost no effect on decisions to control this robot, since they will not be an obstacle to its 

movement (except in cases of emergency stop). Thus, by analyzing the speed of movement of objects, it is 
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possible to identify the most important objects, the movement of which must be taken into account, first of 

all, and the least dangerous objects, the movement of which, most likely, will not affect the movement of 

this robot in the near future.  

Rangefinders are also important when performing maneuvers, for example, when parking, when 

turning in a narrow place, etc. Such rangefinders must warn the driver of the danger of a collision in order 

to avoid it. If the vehicle is controlled by a robot, these rangefinders should not only completely exclude 

any collision of the vehicle with any obstacle, but theoretically can contribute to extremely precise control, 

for example, two vehicles can move apart precisely in a situation where drivers do not dare to pass, because 

they are not accurate enough control all movements. What is now probably perceived as “dashing”, with 

extremely reliable control of all vehicles, is likely to be perceived as a routine optimization of movement 

by them as a whole, while the distances between them at certain points can be quite small, but still safe. A 

similar situation already exists in automated production, where the movement of each manipulator is so 

precisely calibrated that they can work together in relative proximity, without interfering with each other. 

The discussed types of sensors are available in a compact design, they can be used as a single device, the 

developer does not have to design and manufacture them.  

 

4.2. Ultrasonic Sensors for Car Parking 
This section was written from the source [30]. For years, ultrasonic sensors have been used in a 

wide range of applications including fish finders, parking sensors in cars and burglar alarms (Fig. 4.1). In 

paper [30], the author describes the characteristics of ultrasound and the use of ultrasonic sensors, using 

parking sensors as an example. 
 

 
 

Fig. 4.1. Ultrasonic sensors for parking - layout and use 
 

Ultrasound is an acoustic wave with a very high frequency, beyond human hearing. Since the 

audible frequency range is said to be between 20 Hz and 20 kHz, ultrasound generally means acoustic waves 
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above 20 kHz. Bats, with their echo-location (biological ultrasonic radar), can hear sounds up to 200 kHz, 

way beyond the capabilities of the human ear. Ultrasound has several characteristics which make it so useful 

and that have led to its use in many electronics applications. Firstly, it is inaudible to humans and therefore 

undetectable by the user. Secondly, ultrasound waves can be produced with high directivity. Thirdly, they 

are a compressional vibration of matter (usually air). Finally, they have a lower propagation speed than 

light or radio waves. The fact that ultrasound is inaudible to human ears is an important factor in ultrasound 

applications. For example, a car parking sensor system generates sound pressure of more than 100 dB to 

ensure clear reception. This is the equivalent of the audible sound pressure experienced when standing close 

to a jet engine. Ultrasound's high frequency (short wavelength) enables narrow directivity, similar to its 

radio wave equivalent, microwaves. This characteristic is used in kidney stone treatments, where ultrasound 

emitted from outside the body is focused on the stone to break it down. Since the energy level is low, it 

does not harm the body. Because ultrasound is a vibration of matter, it can also be used to examine the 

characteristics of that matter. Ultrasonic diagnosis uses this feature to detect and visualize the variance in 

reflectance and transmittance corresponding to the water content and density of the matter in the medium, 

for example an organ in your body. 

Ultrasound travels in the air at around 340m/s like other sounds. The time it takes for an ultrasound 

wave to travel 10cm is approximately 3ms, as opposed to 3.3ns for light and radio waves. This allows 

measurement using low speed signal processing. 

Let's look at parking sensors as an example. Parking sensors use a type of sonar. The term sonar is 

an acronym for sound navigation and radar; it's used for calculating the distance and/or direction of an 

object from the time it takes for a sound wave to travel to the target and back. An ultrasonic sensor is a 

speaker or microphone that emits or receives ultrasound. There is also a type that can handle both emission 

and reception. Vehicle parking sensors are equipped with this type of sensor. 

Ultrasound sensors initially found use in vehicles for detecting obstacles when parking (Fig. 4.2) 

but it is now evolving into an automatic parking system. 

 

 

Рис. 4.2. Examples of parking sensor systems in vehicles 
 

This system controls steering, acceleration and braking automatically, based on the parking zone 

and location information gained from the ultrasonic sensor, to achieve parallel parking and garage parking. 

In the case of the rear sonar, two to four ultrasonic sensors are mounted on the rear bumper to detect 

an obstacle up to 2 to 2.5 m away. The distance is communicated to the driver in real time using varying 

buzzer sounds. Even a wire fence can be detected if it is close enough. 

The main characteristics of ultrasonic sensors for rear sonar are directivity, ringing time, sensitivity 

and sound pressure. 

Directivity of an ultrasonic sensor corresponds to the size and shape of the vibrating surface (that is 

emitting the ultrasound) and the frequency at which it vibrates. Fig. 4.3 indicates directivity of a disc type 

transducer. 
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Fug. 4.3. Emitting surface diameter and directivity (calculated value) for disc type transducer 
 

Narrower directivity can be achieved at higher frequency when the size remains the same, or at 

larger size when the frequency remains the same. Difference in detection distance with varying frequency 

at the same size is indicated in Fig. 4.4. 

 

Fig. 4.4. Frequency (directivity) and influence of the ground 
 

By using higher frequency and selecting an appropriate amplifier (gain), we can increase the 

influence of ground objects, such as wheel stoppers. While narrower vertical directivity improves sensor 

usability, wider horizontal directivity can provide wider coverage with fewer sensors. 'Asymmetric' 

ultrasonic sensors (Fig. 4.5) are used in such situations. 
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Fig. 4.5. Directivity type for ultrasonic sensors 
 

Since rear sonar ultrasonic sensors handle both sending and receiving of ultrasound, unless the 

emitting sound wave dissipates without ringing quickly, it cannot start receiving its reflection. The shorter 

the ringing time, the closer the detection range can be. The casing for Murata's ultrasound sensor, which 

also acts as an ultrasound emitter, is precision made to resonate with the driving frequency. This is the 

reason for its high sensitivity and sound pressure. Fig. 4.6 shows ultrasonic sensor MA40MF14-5B, most 

frequently used for vehicle sonar, and its directivity. 

 

 

Fig. 4.6. MA40MF14-5B and its directivity 
 

It is characterized by asymmetric directivity (110o x 50o), short ringing time and high sound 

pressure, sensitivity and reliability. In addition to a 40 kHz nominal frequency model, its line-up also 

includes 48kHz, 58 kHz and 68kHz models. 

Ultrasonic sensors are driven by intermittent waves called burst waves. Burst waves normally have 
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20 cycles of repeating waves with the same frequency as the nominal frequency of the sensor. Furthermore, 

the interval between bursts must be sufficiently longer than the time it takes for the wave to reflect back 

from the target. 

Figure 4.7 is an example of the sensor circuit for a typical parking sensor system. 

 

 

Fig. 4.7. Example of a sensing circuit 
 

Since these sensors must be waterproof, they are less sensitive than sensors for indoor use. For this 

reason, the sensor's driving voltage must be increased to 70 to 100V using a transformer to emit a stronger 

ultrasound. 

The transformer inductance on the sensor side acts as a component of an LC parallel resonant circuit 

to reduce ringing at reception. Inductance of the transformer is derived from 1/[(2wf)2C] where f is the 

resonant frequency. The transformer can be designed easily since the step-up ratio and the number of turns 

is determined by driving voltage and inductance, respectively. 

However, sensor capacitance fluctuates greatly as the temperature changes due to temperature 

characteristics of the piezoelectric material and the difference in thermal expansion coefficients between 

the piezoelectric element and the casing. Murata has minimized this temperature dependent capacitance 

fluctuation by connecting a capacitor with the opposite temperature characteristics (a temperature 

compensating capacitor) in parallel with the piezoelectric element. 

This enables short, stable ringing characteristics over a wide temperature range. This technology is 

essential for a system capable of detecting an object at short distance of approximately 10cm. 

Lastly, the evolution of ultrasonic sensors for vehicle parking applications is shown in Fig. 4.8. 

Nearly half the new vehicles in Europe and Asia have rear parking sensors. This technology is 

expected to gain popularity in North America as well. We hope to help improve the safety and comfort of 

vehicles through the use of ultrasonic sensors. 
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Fig. 4.8. Evolution of ultrasonic sensors for rear sonar 
 

4.3. The use of an ultrasonic rangefinder in 
room conditions 

In prototypes of robots operating in room conditions, it is possible to use simpler sensors that do not 

provide sealing and are not designed for climatic conditions, such as are taken into account when designing 

cars. For example, consider the HC-SR04 ultrasonic rangefinder. This sensor is also designed to determine 

the distance from it to an object that reflects sound waves. The measurement principle is based on an 

ultrasonic location. The sensor consists of a transmitter that generates ultrasonic waves, a receiver that 

receives the reflected signal, and matching electronic circuits for the normal operation of the module. 

The ultrasonic rangefinder HC-SR04 is shown in Fig. 4.9, where the transmitter and receiver are 

indicated by T and R, respectively. 

 

 
 

Fig. 4.9. Ultrasonic Rangefinder HC-SR04 
 

Simplified, the principle of operation of this sensor can be represented in the following form. The 

range finder generates ultrasonic vibrations of the transmitting membrane at a frequency of 40 kHz, 

generating waves in the air. After these waves are reflected from the object and returned to the receiving 

membrane, the sensor generates a signal containing information about the time spent on the passage of 

sound from the sensor to the object and back. Schematically, this process can be represented by the structure 

shown in Fig. 4.10. 
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Fig. 4.10. The movement of the ultrasonic signal from the transmitter to the receiver 
 

The ultrasonic signal is propagated by a wide directional wave at an angle of 30°. The direction of 

propagation of the ultrasonic signal from the transmitter is shown in Fig. 4.11. This diagram is given in the 

technical documentation and is often cited, for example, in [31]. Its ruggedness, apparently, is partly the 

result of a single removal (with multiple averaging it would be smoother), this is partially determined by 

the geometry of the emitter and receiver. The most effective measurement angle is approximately set to 15° 

on both sides of the axis. Foreign objects falling under this angle of measurement affect the measurement 

result, since the receiving part of the sensor will perceive all the reflected signals in the aggregate. 

 
Fig. 4.11. Ultrasonic Wave Pattern 

 

Range measurement results using ultrasonic rangefinders are independent of illumination or the 

color of objects, unlike all types of optical sensors. An ultrasonic wave reflects from a variety of surfaces, 

but it may be difficult to determine the distance to fluffy or small objects. Also, the angle of incidence of 

the wave affects the readings, as can be seen from Fig. 4.12. 
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Fig. 4.12. The movement of the ultrasonic signal from the transmitter to the receiver at an angle 
 

If the sensor is directed perpendicular to the object, then the measurements will be most accurate. 

And if the angle of incidence is too large, then the wave, reflected from the object, will not fall into the 

receiver, which will lead to an incorrect measurement. From the radiation pattern it follows that there is an 

angle at which the object will not be perceived by this type of sensor at all. 

Let's move on to calculating the distance from the sensor to the object. The sensor gives a pulse of a 

certain duration. All calculations must be performed using the microcontroller. The calculation of the 

distance should be carried out on the basis of the time obtained in the following ratio: 

 ,            (4.1) 

where, υ is the speed of sound (≈ 340 m / s); 

t is the time of the wave from the sensor to the object. 

T is the time the wave travels from the sensor to the object and vice versa. 

Division by two is required because the signal travels the distance to the object and vice versa, while 

only the distance to the object should be measured. You can use a timer to measure the duration of the 

signal. The timer is set so that 1 bit is 0.000001 s. Therefore, the formula will look like this: 

,                (4.2) 

where Tim is the number of timer samples in microseconds. 

The final ratio is: 

,                (4.3) 

In order to represent this distance in centimeters, we multiply by 100.  

,       (4.4) 

As a result, the distance to the object in centimeters is determined by the following relation. 

.                    (4.5) 

Since multiplication by an integer in the microcontroller is implemented much easier than division, 

we recommend the approximate ratio obtained from relation (4.4): 

.            (4.6) 

Relation (4.6) can be found in the documentation, but with rounding to 58, which is less accurate. 

The above ratios are sufficient for the correct measurement of the distance, however, if it is necessary to 

improve the accuracy of the measurement, a number of factors must be taken into account. 

First of all, it is desirable to take into account the temperature of the environment in which 

measurements are made. This is because the speed of sound in gases increases with increasing temperature. 

With an increase in air temperature of 1°C, the speed of sound in it increases by 0.6 m / s. The temperature 

dependence of the speed of sound is shown in Fig. 4.13, and Table 4.1 shows some values. 
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Fig. 4.13. Sound velocity versus temperature 

 

It is advisable to add a temperature sensor to the measurement system and use its readings to correct 

the calculation of the distance from the measurement results. Some rangefinders have temperature sensors. 

 

Table 4.1 

The speed of sound at a certain temperature 

t, °С -20 -10 0 10 20 30 

υ, м/с 318.8 325.1 331.5 337.3 343.1 348.9 

 

It is also advisable to take into account the signal propagation path. From a geometric point of view, 

finding the distance from the sensor to the measurement object is to find the height of the isosceles triangle 

"h", Fig.4.14. However, it is worth noting that the length "a" is calculated by the formula (4.5) or (4.6). To 

find the height "h" we turn to the Pythagorean theorem: 

 

 ,                               (4.7) 

where, h is the distance from the sensor to the object (the height of an isosceles triangle); 

a is the distance traveled by the sound wave from the transmitter to the object or from the object to 

the receiver (side); 

b - distance from the transmitter to the receiver (base), for HC-SR04 b = 3 cm. 
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Fig. 4.14. Geometric representation of sound wave propagation 
 

Because the base "b" is quite small, it will have a significant effect at small values of "a", in other 

words, when measuring small distances. For an example we will take for "h" the minimum and maximum 

possible measurement distances of the sensor, these are 2 cm and 400 cm. 

For h = 2 cm: 

 

At h = 400 cm: 

 

Based on the calculations, we have the following: when measuring real 2 cm to the object, the sensor 

will show 2.5 cm (25% error), and when measuring 400 cm, the error will be only 0.00075%. To compensate 

for this error, the distance found by formula (6) must be converted to real: 

 

 

A plot of the corrections on the measurement result is shown in Fig. 4.15. When measuring a 

distance of more than 10 cm, this correction is less than 1 mm, the working range of the sensor is indicated 

from 2 cm to 4 m, the publication [46] says that in reality the sensor works reliably at a distance to the 

object of more than 4 cm. Therefore, when using it for measurements, more 4 cm, this correction is 

practically insignificant, and at smaller distances the sensor is not recommended. 

This type of sensor is not suitable for operation in a humid environment, if climatic requirements 

go beyond the scope of indoor use, it is recommended to use a different type of sensor, for example, JSN-

SR04T. If the actual directional pattern of the sensor is estimated to be too wide, it can be artificially 

narrowed, for example, using the corresponding bell. 
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Fig. 4.15. The dependence of the negative correction to the measurement result from the measurement 
result 

 

To use the sensor, it is necessary to follow the reference data, which indicate the supply voltage, 

current consumption and other important characteristics. The type of sensor under discussion is powered 

by +5 V, consumes a current of 2 mA in silent mode and 15 mA in operating mode. In addition to the 

terminals for power supply and the common bus, the sensor has an input for starting the sensor, indicated 

by Trig, and a signal output, indicated by Echo. 

The operation of the sensor is as follows. Initially, the pins “Echo” and “Trig” are set to “0”. In 

order to start the measurement process, it is necessary to apply to the output “Trig”, a single pulse with a 

duration of 10 μs. Repeated measurement can be done no earlier than after 50 ms. After that, eight short 

pulses are transmitted to the transmitter to generate an ultrasonic wave. After that (at the end of generating 

a series of sound waves), the output “Echo” is set to position “1”. After a series of waves is reflected from 

the object and returned to the receiver, the “Echo” output is set to “0”. As a result, an impulse is formed, 

the duration of which is equal to the time spent on passing sound from the sensor to the object and back. 

The duration of this pulse lies in the range from 118 μs to 24 ms. Knowing this time, you can calculate the 

distance. Fig. 4.16 shows a timing diagram of the rangefinder signals. 

In addition to HC-SR04, there are other ultrasonic sensors. However, their differences are 

insignificant. Each, equipped with a transmitter and receiver, have the same measuring principle, the 

physical dimensions of the devices are almost the same. Various are such parameters as: the maximum 

possible measuring distance, accuracy. Some sensors support specialized interfaces for pairing. 
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Fig. 4.15. Timing chart of rangefinder signals 
 

Let's consider some of them. 

HY-SRF05 ultrasonic sensor, more expensive advanced model compared to HC-SR04. The main 

difference, according to the manufacturer, is the maximum possible measurement distance of -450 cm. In 

addition, another “OUT” pin is added to the board, however, the functionality of this “output” could not be 

established.   

 

  

 

Fig. 4.16. Ultrasonic Rangefinder HY-SRF05 
 

The US-015 ultrasonic sensor, as stated by the manufacturer, performs measurements with greater 

accuracy than the HC-SR04. In addition, the price of this device is slightly higher. Due to the small 

prevalence of the module, it is difficult to establish the true characteristics of the device. For example, 

accuracy in various sources is indicated as 0.1 mm or 0.3 mm. The pinouts are exactly the same as the HC-

SR04. The similarity of the sensors makes them interchangeable. 

 

 

Fig. 4.17. Ultrasonic Rangefinder US-015 
 

The following sensor does offer connectivity over a range of interfaces: Serial or PWM, TTL or 

RS232. There are also different modes of operation: determining the distance on request or continuous 

scanning. In addition, a temperature sensor is installed on the board, which is used to correct the readings 

of the rangefinder, as mentioned earlier, the speed of sound at different ambient temperatures is different.  
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Fig. 4.18. Ultrasonic Rangefinder URM37 

 

In addition to the sensors considered, there are specialized modules that, working together with an 

ultrasonic range finder, expand the system's functionality. For example, the RCW 0012 module shown in 

Fig. 4.19, independently performs all the necessary calculations, thereby eliminating the need to connect a 

microcontroller. And the three-digit seven-segment indicator built into the module allows you to 

immediately display the distance to the object in centimeters. The base of the board is the microcontroller 

STC 11 f-04e. There is a 4-pin connector on the board, in which an ultrasound module is installed. 

Another module that can perform these tasks is the DYP-ME008. In parallel, the developers released 

their own ultrasonic sensor DYP-ME007, suggesting their joint work. A bunch of these two devices is 

shown in Fig. 4.20. 

 

 

 
Fig. 4.19. RCW0012 module  Fig. 4.20. DYP-ME008 module and ultrasonic 

rangefinder DYP-ME007  

 

A comparison of the characteristics of these ultrasonic sensors and some others is shown in 

Table 4.2. 

The Octasonic 8xHC-SR04 Ultrasonic Breakout Board, a privately owned to “Super Awesome 

Robots!” Module, allows you to use multiple ultrasound sensors at the same time (meaning in one system). 

The developer suggests using his device as an unusual synthesizer. 
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Fig. 4.21. Octasonic 8xHC-SR04 module on Ultrasonic Breakout Board 

 

Table 4.2 

Comparative table of characteristics of ultrasonic sensors 
 

 HC-

SR04 

HY-

SRF05 

US-

015 

US-

100 

URM3

7 

GH-

311 

DYP-

ME007 
Supply voltage, V +5 +5 +5 +5 +5 +5 +5 
Silence 

consumption, mA 2 2 2,2 2 ? ? ? 

Consumption at 

work, mA 15 15 20 15 20 ? 15 

Measuring range, 

cm 2 - 400 2 - 450 2 - 400 2 - 450 4-500 2 - 300 2 - 500 

Effective angle of 

measurement, 

grades 
15 15 15 15 15 15 15 

The frequency of 

ultrasound, kHz 40 40 40 40 40 40 40 

Accuracy mm 0,3 0,3 
0,1 

+1% 
0,1 1 ? 0,3 

Dimensions, mm 45х20

х15 

44х20

х14 

45х20

х12 

44х26

х14 
51х22 

46х20

х18 

45х20х

15 
The average price, 

rubles ≈ 50 ≈ 70 ≈ 80 ≈ 155 ≈ 1000 ≈ 520 ≈ 240 

Notes: 

* Some characteristics of sensors from different open sources may vary;  

**? - unknown parameters; 

*** Prices are excluding delivery of goods to Russia. 
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Fig. 4.22. Eight HC-SR04 sensors connected to the Octasonic 8xHC-SR04 Ultrasonic Breakout Board module 

mounted in a wooden case 
 

Since the ultrasonic range finder is often used as elements of the technical vision of robots, the issue 

of mounting the module on the object is important. Specialized enclosures are available for these purposes. 

And to enable rotation of the ultrasonic module, there are mounts for connecting to the servo drive, Fig. 

4.23. 

          

 
Fig. 4.23. Mounts for the ultrasound module 

 

Thus, the following conclusions can be drawn in this chapter. 

• The HC-SR04 ultrasonic rangefinder is a good and cheap module for measuring distance compared 

to its counterparts. 

• The measurement process is quite simple and straightforward, and pairing the sensor and the 

microcontroller does not require specialized interfaces. 

• The accuracy of measurements is influenced by many factors that need to be considered. This is 

the ambient temperature, the path of the signal, the angle of incidence of the wave, the shape and size of 

the object. However, even taking into account all the errors, it is not possible to confirm the accuracy 

indicators declared by the manufacturer. 

• If the most accurate measurements are necessary, use laser rangefinders. Ultrasonic rangefinders 

are better suited, for example, as motion sensors at short distances or as elements of the robot’s technical 

vision, to find nearby objects. 

• There are modules that are designed specifically for ultrasonic sensors. Using these modules allows 

you to work with sensors without connecting to a microcontroller, because they can independently calculate 

and display the results. 
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For a better understanding of this section, it is recommended that you read the literature on the topic 

[30–41]. 

Report content 

1. The problem of measuring distances 

2. Ultrasonic sensors for car parking 

3. The use of an ultrasonic rangefinder in room conditions 

4.4. Control questions 

 

 For what reasons are ultrasonic sensors preferred for auto parking systems? 

  Do you think that ultrasonic sensors are the best means of determining the distance to objects 

in all cases? 

  Why in autonomous unmanned vehicles the main methods of measuring the distance to 

objects are not ultrasonic sensors, but video cameras? 

  For what distances are ultrasonic sensors most preferred? 

  At what distances do ultrasonic sensors show the highest accuracy? 
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5. Using the MPU 6050 Measuring 
System to Determine Angular 
Velocities and Linear 
Accelerations 

 
 Keywords: MEMS, Gyroscopes, accelerometer, video camera, distance measuring. 

 
 This chapter talks about methods for measuring position, speed, distance to objects that are not 
based on the use of ultrasonic sensors. 
 

   Gyroscopes allow you to determine the orientation of robots in space and accelerate movement. 
Accelerometers measure acceleration. Video cameras with appropriate image processing allow 
you to recognize objects and determine the distance to them. This chapter introduces the basic 
principles of using such measuring devices. 

5.1. MEM-Gyroscopes 
Currently, MEMS is widely used (see section 1.8). This was made possible thanks to their miniature 

size, great functionality, high reliability, low power consumption and low cost. 

Typical examples of MEMS are accelerometers and gyroscopes, which are in every smartphone, 

tablet, etc. The formers are used to measure linear accelerations, while the latter are used to measure angular 

velocities. The joint use of the accelerometer and gyroscope allows you to determine the movement of the 

body in three-dimensional space. 

This chapter discusses the features of the MEMS gyroscope, which is part of the MPU6050, and 

receiving data from the sensors of this measuring system. 

MEMS devices are made on a silicon substrate similarly to the production technology of single-chip 

integrated circuits, so their sizes vary from several tens of microns to several millimeters. 

There are several types of MEMS gyroscopes that differ in their internal structure, but all of them 

are united by the fact that their work is based on the use of the Coriolis force. In each of them there is a 

working fluid that makes reciprocating movements. If you rotate the substrate on which this body is located, 

then the Coriolis force begins to act on it, directed perpendicular to the axis of rotation and the direction of 

motion of the body. Fig. 5.1 presents the mechanism of this force. 
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Fig. 5.1. The mechanism of operation of the Coriolis force: �⃗⃗⃗�   is the angular velocity vector, �⃗⃗�  is the linear 

velocity vector, 𝑭𝒄⃗⃗ ⃗⃗    is the Coriolis force 

 

Knowing the linear velocity and the Coriolis force, one can determine the angular velocity. One of 

the possible implementations of the gyroscope has the following structure: a frame fixed on flexible 

pendants, inside which a certain mass performs translational oscillatory movements [42]. The structure of 

such a sensor is shown in Fig. 5.2. 
 

 
 

Fig. 5.2. The internal structure of the gyroscope: 1 – mass mount, 2 – working mass, 3 – internal frame mount, 4 
– internal frame displacement sensors, 5 – internal frame, 6 – substrate 

 

Oscillations of the working mass occur along the X axis and are generated electrostatically, and the 

oscillations of the inner frame are possible only along the Y axis. Between the inner frame and the substrate 

there are plates of flat capacitors (displacement sensors), thus, by measuring their capacitance, the 

movement of the frame relative to the substrate can be detected. Figure 5.3 shows the structure of the 

gyroscope during its rotation in the XY plane clockwise. 
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Fig. 5.3. The gyroscope structure during rotation: �⃗⃗⃗�  – is the angular velocity vector, �⃗⃗�  – is the linear velocity 

vector, 𝑭𝒄⃗⃗ ⃗⃗   – is the Coriolis force 

 

But vibrations of the inner frame can be caused not only by the Coriolis force, but also by linear 

accelerations that act along the Y axis. The problem is solved by placing two frames on one substrate, each 

of which contains the working mass. Both masses oscillate in antiphase, therefore, at a particular moment 

in time, the Coriolis force acting on the first mass is directed opposite to the force acting on the second. 

The signals generated by the Coriolis force will be added, and the in-phase component generated by linear 

acceleration will be subtracted. Below are the technical specifications of the MPU6050 and the built-in 

gyroscope [43]. 

Specifications of MPU6050 

• 3-axis gyroscope; 

• 3-axis accelerometer; 

• Thermal sensor; 

• Supply voltage 2,375 V - 3.46 V; 

• 1024-byte FIFO buffer 

• User-programmable digital filters for gyroscope, accelerometer and temperature 

sensor; 

• I2C interface for writing and reading device registers, operating at a frequency of up 

to 400 kHz. 

Gyro specifications 

• User-programmable measurement range: ± 250, ± 500, ± 1000, and ± 2000°/s; 

• Built-in 16-bit ADC; 

• Digital programmable low-pass filter; 

• Current in operation mode - 3.6 mA; 

• Standby current 5 μA. 

5.2. Acquisition of measured data 
The MPU6050 was connected to the I2C module of the STM32F100RBT6B microcontroller to send 

commands and read the necessary data from the registers. After sending the command to the module about 

the start of measurements, the readings are continuously digitized from all axes of the gyroscope, 

accelerometer and temperature sensor. It remains only to read bytes from the necessary registers. The 

frequency of writing new data to these registers with an analog-to-digital converter depends on the 

sensitivity of the sensor chosen by the user and, therefore, the measurement range. 

The sensor is connected to the microcontroller via the I2C interface. This interface has several 
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features: it has a master-slave architecture, that is, one device (master) makes a request to read or write 

slaves. In our case, the slave is the MPU6050, and the master I2C module, located on the microcontroller. 

Two bi-directional lines are used for communication: clock and data. The slave device has its own address, 

which on this line must be unique (in our case it is 0xD0). The lines should be pulled up to the level of the 

logical unit. As a rule, devices are connected to the lines through open collector (drain) terminals. In fact, 

the devices are connected according to the “mounting AND” scheme. The advantage is the ability to connect 

a large number of slaves, as well as a relatively high data transmission range. But with increasing range, 

the actual data rate decreases. This is due to the fact that the fronts are smoothed out due to an increase in 

the capacitance of the wires. 

 

 
 

Fig. 5.4. Accelerometer reading 

 
Fig. 5.5. Indications on the axes of the gyroscope 

 

Reading data from the sensor registers can be done, for example, with a frequency of 10 times per 

second. Gyroscope readings can be integrated by a microcontroller to determine angular velocities with 

respect to all three axes. The results of such an experiment are presented in Fig. 5.4 – Fig. 5.6. Figure 5.6 

shows how integration of errors can occur, called zero drift: the sensor is stationary, and the angle increases 
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at the same speed. If the accelerometer readings are noisy with high-frequency noise, as shown in Fig. 5.5, 

this does not necessarily impair control, although it will lead to the appearance of dynamic errors in 

calculating deviation angles by using inverse trigonometric functions. The fact is that the managed object 

itself is a low-pass filter. Therefore, one should not always strive to clear such a signal from interference 

by using an intermediate low-pass filter, in some cases this is directly contraindicated, since such a filter 

worsens the possibility of expanding the control band, this leads to an oscillatory mode and (or) an increase 

in overshoot. 
 

 
 

Fig. 5.6. Angle data obtained by integrating gyro readings 

 

Thus, the MPU6050 sensor is a functional measuring system, which includes a gyroscope and an 

accelerometer, which allow you to track the motion of a body in space: to determine the angular velocity 

and linear accelerations. The determination of the angle by integrating the angular velocity is inaccurate 

due to the accumulation of error (low frequency noise). The accelerometer introduces high frequency 

interference. One of the possible technical solutions is to use the measurement results from both sensors 

simultaneously and process them, for example, with an alpha-beta filter or Kalman filter. It is assumed that 

the disadvantages of both the accelerometer and the gyroscope can be eliminated. 

However, this is not necessary. Firstly, as indicated above, high-frequency interference does not 

necessarily impair the operation of the robot. Secondly, the alpha-beta filter is also not necessary, since 

there is a method of separation of movements, which consists in the fact that stabilization (control) at 

different frequencies is carried out by signals from different sensors, and there is no need to combine their 

sensitivity with high accuracy. Thirdly, detailed studies of the balancing robot showed that a single sensor, 

namely a gyroscope, may be quite enough to stabilize the equilibrium. 

5.2. Determining Distances Using Camcorders 
The determination of distances can be carried out by applying the simplest geometry. Consider a 

point object located within the vision of two cameras, as shown in Fig. 5.7. To simplify, let us imagine the 

field of view of cameras not in three-dimensional space, but in two-dimensional space, which is not 

significant for the subsequent reasoning. The field of view of each of the cameras in this case is 

schematically shown as a trapezoid ABCD and EFGK, respectively. In this case, the lower bases of the 

trapezoid are camera screens, the upper bases are the image that is perceived to be in the plane of the object 

under study, X is the location of this object. This object generates an image in the camera planes 
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(represented by lines) in the form of points on the small bases of the trapeziums, Y and Z, respectively. 

Thus, the distance between the points Y and Z is known, and two angles are known for this well-known 

base of the triangle XYZ. It is required to calculate the height of this triangle, which is the simplest geometric 

problem. The angle at vertex X can be calculated by subtracting the other two angles of this triangle from 

180 degrees. According to the sine theorem, sin (YXZ) / YZ = sin (XYZ) / XZ, from which any side can be 

found, and the height is equal to the product of this side by the sine of this angle [44]. In reality, the object 

is not a point, but the image obtained with the camera, not a line, but a plane, but the extension of the above 

reasoning to a more complex case can be carried out quite simply. If the object falls only in the field of 

view of only one camera, the distance to it in this way cannot be determined. Therefore, a sufficient overlap 

of all surveillance zones with a sufficient number of cameras is required. Placing cameras at two or more 

levels in height creates additional opportunities for determining the range and for expanding the field of 

observation. In addition, to determine the distance from the video image, you should use algorithms based 

on the analysis of image changes due to vehicle movement.  

 

 
 

Fig. 5.7. Geometric interpretation of the task of measuring distances using two cameras 
 

So, for example, if the object is located on the side, up to two successive images in a sense are 

identical to two images obtained from cameras located at some distance from each other. This, theoretically, 

can also be used to determine the distances to objects located on the side of the car. However, this approach 

is fraught with danger, since an object traveling in a parallel course at the same speed with this approach 

can be defined as an object located at an infinite distance. With regard to objects located on the sides of the 

vehicle, it is most important to determine the distance to them with high accuracy, as well as separately 

determine their speed. Therefore, separate and sufficiently reliable recognition methods are required, which 

implies the need for at least two cameras on each side of an unmanned vehicle, and to eliminate blind spots, 

apparently, the number of these cameras should be further increased.  

If there are several images, more than two, then for each pair of images you can determine the 

distance to the object, and if there is sufficient computing resource, you can determine this distance for each 

pair of images, which improves the reliability of this measurement. 

If the camera is the only one, but is in motion, then you can get a picture of the same objects from 

different points. Using the same reasoning, you can build a similar geometric pattern for determining 

distances to various objects. In particular, the geometric dimensions of an object are measured as they 

approach them, the closer the object, the faster these dimensions are measured. If the object is on the side, 

then the geometry of the problem is the same as the geometry when measuring the distance from two 
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cameras located at a known distance from each other. Determining the distances to objects that are not right 

on the course, but somewhat from the side, is important in order to avoid collisions with those objects 

(vehicles, pedestrians, animals) that currently do not obstruct traffic, but may be in the way at the time of 

approach this vehicle to the meeting point. This is crucial in order to avoid an accident. Most accidents 

occur not because the vehicle crashes into an obstacle that was in its path, but precisely because the vehicle 

crashes into an obstacle that was not in its path, but which appeared on the path due to the continuation of 

its movement, which It was not taken into account by the driver. 

Therefore, it is extremely important to correctly determine the future position of all road users who 

can reach the meeting point with this vehicle. 

Therefore, if there are several moving cameras, then the distance to the objects can be determined, 

firstly, for each pair of cameras, and secondly, by changing the size of the object as it approaches them. 

This double control allows you to dramatically increase security, to reach a level that is unattainable when 

managing a person. 

Also, to determine the speed of approaching an object, you can use the Doppler shift effect, although 

it is usually not used when processing signals from a video camera, but theoretically this possibility remains. 

However, this method is implemented in a special optical device called lidar. This device acts like a regular 

radar, but it uses not electromagnetic waves of the radio frequency range, but light radiation, most often in 

the invisible range. 

 

Report content 
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5.3. Control questions 

 

 On what physical principles is the action of the gyroscope based? 

  What physical quantity does the gyroscope measure? 

  On what physical principles is the action of the accelerometer based? 

  What physical quantity does the accelerometer measure? 

  How can different objects be recognized from an image? 

  If there are several images of the same object from different cameras, how to determine the 

distance to it, if the distance between the cameras is known? 

  If the camera is in motion, how can you determine the distance to various objects? 

  If the distance to objects is determined by several moving cameras, how can you improve the 

reliability of determining the distance to objects? 
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6. Radar and Radar Solutions for 
Drones 

 Keywords: drones, radar, demo board, robots. 
 

 This chapter talks about the training demo kit for creating a do-it-yourself drone. This device can 
be used for training in practice all aspects of creating robots.  
 With the development of robotics there will be more such training demonstration models; it is 
important to understand the principle of using such sets in the educational process. However, it is 
also important to get out of the way of repeating what has been done by other people for the 
purpose of learning, it is necessary to begin creative development. Therefore, such training kits 
are a good help at the start of learning robotics, but they should not be the only occupation of the 
student. 

6.1. General Information 
The use of radar is limited, since the widespread use of this method would create an excessively 

large load of ether on the radio waves in the radio frequency range, which would impede the work of the 

traditional communication technology - radio, television, cellular, satellite, wireless Internet. Nevertheless, 

there is information about the use of radar solutions for drones (multicopter, i.e. helicopters with a large 

number of propellers, in particular, for example, there are four such propellers in quadrocopters). This 

section is based on publication [45]. 

The combined use of Infineon's Distance2Go radar sensor and the LARIX demo board allows 

developers to quickly and easily implement radar functions (24 GHz) in multicopters that require accurate 

measurement of speed, distance and direction of movement. Cleanflight software, used for flight 

management, easily adapts to each specific project. The ability to quickly create prototypes or implement 

additional functions, such as radar, helps quickly bring projects to the market. 

At the dawn of its existence, the multicopter and drones’ market was represented only by toys with 

modest capabilities and not rich functionality. Now, after only a few years, multicopters are present in 

almost all areas of our lives and are used in a variety of fields. In particular, they are used as flying platforms 

for video cameras, as well as tools for inspecting hard-to-reach objects. Some companies use multicopter 

to deliver packages, to perform live video broadcasts of various events, and even for agricultural needs. At 

the same time, the range of applications for these products is growing every day. 

The rapid growth in the variety of commercial applications leads to the need to create more advanced 

flight control systems that meet new requirements. For example, radar is one of the most important elements 

for a modern multicopter. Infineon’s Distance2Go hardware platform, combined with open source 

Cleanflight software, provides developers with an easy and quick way to implement an efficient radar 

function for multicopters that require accurate measurement of speed, distance and direction of travel. 

Radar is an object detection system that measures the distances, angles and velocities of bodies, 

using their ability to reflect radio waves. Radars are widely used to monitor and control commercial flights, 

in military equipment, as well as to track weather events. They are also used in automotive systems, for 

example, parking sensors, in collision protection systems for flying objects, in machine vision systems of 

robots and other applications. 

Radar sensors have a number of advantages over other types of sensors, such as laser rangefinders, 

optical or acoustic sensors. Unlike optical sensors, radars are insensitive to sunlight, smoke, fog, dust and 

Topic №6 



 

73 
 

INTRUSION DETECTION AND PREVENTION SYSTEMS (IDS/IPS) 

other factors that interfere with the propagation of optical waves. In terms of directivity and range, radars 

are superior to acoustic sensors, and they also work without problems with a high level of external acoustic 

noise. In addition, a single radar sensor can simultaneously detect multiple objects, while speaker 

recognition capabilities are limited to one object. Radars are the core of aviation navigation systems, and 

have recently become the core part of new automotive technologies that use radar features for applications 

such as adaptive cruise control and even car autopilot. Currently, no type of sensor has the same set of 

functionalities that radar sensors provide. 

6.2. LARIX Patch Board 
Fig. 6.1 shows the LARIX development board developed by Infineon. This board is designed for 

direct multicopter flight control. It uses the 32-bit Infineon XMC4500 industrial microcontroller with the 

ARM®Cortex®-M4 processor core. On board, LARIX has low-voltage MOS transistors, a DPS310 pressure 

sensor, and an InvenSense 9-axis inertial MEMS module MPU9250. This combination of electronic units 

provides a wide range of functions, including power system control, engine management and sensor 

readings control. 

Various engine controllers can be used in conjunction with the LARIX demo platform. In this case, 

Infineon uses PINUS cards (Fig. 6.2). They host the XMC1302 speed controller and dual low-voltage 

MOSFETs BSC0925NDI, controlled by IR2301S drivers. 

 

 
 

Fig. 6.1. LARIX Multicopter Demonstration Board 
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 Fig. 6.2. PINUS Motor Control Board 

 

6.3. Distance2Go Radar Demo Board 
Distance2Go is a 24 GHz radar demo board. Its appearance is shown in Fig. 6.3. Distance2Go gives 

the developer everything necessary for the implementation and testing of various radar applications 

operating in the ISM 24 GHz band. The board provides radar measurement of the distance to objects using 

continuous radiation with frequency modulation FMCW (Frequency Modulated Continuous Wave), 

determining the direction of movement based on the Doppler effect and speed measurement. 

The Radar Distance2Go uses the high frequency microwave monolithic integrated circuit 

BGT24MTR11 (MMIC) operating at 24 GHz, and the 32-bit industrial microcontroller XMC4200 with an 

ARM®Cortex®-M4 processor core that performs radar signal processing. The Distance2Go module is 

capable of detecting objects at distances of 0.5 ... 30 m with an accuracy of 20 cm. The radar has a viewing 

angle of 20° horizontally and 42° vertically. 

 
Fig. 6.3. Distance2Go radar demo board 
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6.4. Cleanflight Software Platform 
Cleanflight is a 32-bit open source software platform used to control the flight of flying machines. 

The platform was developed by Dominic Clifton. Cleanflight currently has an open source GNU GPL v3.0 

license. 

Cleanflight is a cross-platform system and can be downloaded through the Google Play web store 

(Fig. 6.4). Detailed software information, including source code, documentation, and a license, can be 

found on the Cleanflight website [47]. 

The Cleanflight platform is able to work with a wide range of flying devices. It has two main 

components: built-in firmware running on a control board, and an application program with a graphical 

interface used to set parameters, flight modes and sensor calibration. 

Cleanflight simplifies the quadcopter setup process. The embedded software is characterized by a 

detailed description and good accompanying documentation, which makes it easy to adapt the program for 

a wide range of microcontrollers, boards, and sensor combinations on the market. 

 

 
 

Fig. 6.4. Cleanflight User Interface 
 

6.5. Integration of Distance2Go into the 
Cleanflight Platform 

Before you begin, you must connect the Distance2Go radar card to the LARIX control card. 

Cleanflight software must be configured and modified to interact with Distance2Go, since by default 

Cleanflight does not support radar sensors. 

The Distance2Go board must be connected to the P4.0 pin of the LARIX control board, as shown in 

Figure 6.5. This pin refers to the first channel of the USIC serial interface of the XMC4500 microcontroller. 

The UART protocol is used to communicate between the radar sensor and the LARIX board. In Cleanflight 

software, this communication interface is defined as SERIAL_PORT_USART3. 
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Fig. 6.5. Connecting a Distance2Go Card to a LARIX Card 

 

Note: The UART protocol implies the use of one Distance2Go card, but can be adapted to support 

two or more Distance2Go cards connected in series. 

6.6. Adapting and Customizing Cleanflight of 
Software 

The embedded part of the Cleanflight software running the LARIX control board must be adapted 

and configured to work with the Distance2Go board. The UML diagram shown in Figure 6.6, illustrates 

parts of the program that need to be finalized. The program code can be divided into two segments. The 

first includes the UART configuration during initialization of the control board, and the second includes the 

functions of receiving and processing data received from the radar. The easiest way to check the availability 

of radar data is to use interrupts from the USIC module to populate the receive buffer of a given length. 

Radar data can be displayed in the GUI of the Cleanflight configurator. 

Note. Infineon engineers used the DAVE 4 software environment to integrate Distance2Go into 

existing Cleanflight platform code. This Eclipse IDE for Infineon XMC microcontrollers combines standard 

C-coding with graphical utilities (DAVE APPs). 

Radar data — distance and speed — can be used to add new features to Cleanflight, such as collision 

avoidance (radar forward) or height measurement (radar down). 
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Fig. 6.6. UML diagram of UART interface data setting 

6.7. UART Protocol Specifications 
The Distance2Go radar measures the distance to obstacles and speed with a frequency of 

approximately 35 Hz and transmits data via the UART interface to the LARIX board. The UART 

communication protocol used is shown in Table 6.1. A checksum (CRC) is needed to detect transmission 

errors and validate data. Calculation of CRC-8 is performed using the Flexible CRC Engine (FCE), which 

is part of the XMC4500 microcontroller. 

A multicopter can simultaneously use several radar sensors, for example, one sensor to prevent 

collisions, the other to control altitude. In such cases, the Distance2Go cards should be connected in series, 

as shown in Fig. 6.7. In this case, the UART protocol must be expanded and supplemented with the data of 

the second sensor. The Cleanflight parameters and firmware of the central control board should also be 

improved. 



 
 

78 
 

ROBOTICS 

Table 6.1 

UART Protocol for Distance2Go 

 

Byte Number Description Note 

0 Start byte 0xAA 

1 Distance - High Byte 

Distance in centimeters (16-bit integer) 

2 Distance - low byte 

3 Speed - low byte 

Speed in cm / s (16-bit integer) 

4 Speed - low byte 

5 CRC CRC-8 Checksum 

6 Stop byte 0xBB 

 
 

 
 

Fig. 6.7. Distance2Go circuit pack 
 

The combined use of Infineon's Distance2Go radar sensor and the LARIX demo board allows 

developers to quickly and easily implement radar functions (24 GHz) in multicopters that require accurate 

measurement of speed, distance and direction of movement. Cleanflight software, used for flight 

management, easily adapts to each specific project. The ability to quickly create prototypes or implement 

additional functions, such as radar, helps quickly bring projects to the market. 
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6.8. Control questions 

 

 Are the instructions laid out clearly enough to assemble your own drog? 

   Have you ever wanted to make a drone yourself? 

   What technical solutions did you like? 

   What technical solutions do you consider outdated or not optimal? Can you offer more 

efficient or simpler solutions for the same purpose? 

   Are you ready to independently develop a drone on your own project? 
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7. Overview of Universal Robots 
 Keywords: Universal Robots, 3D moving. 

 
 This chapter talks about serial technical solutions for industrial automation using robotics 
methods. In this case, this is the product of the company Universal Robots. 
   Universal Robots products allow you to quickly and efficiently organize high-tech production and 
solve many other problems. This technical solution is not the only one, it is given only as an 
example, which is fairly well described and presented on the Internet.  

7.1. General Information 
The Danish company Universal Robots produces collaborative robotic manipulators for automating 

cyclic production processes. In this article, we consider areas of application. The company's products are 

represented by a line of three lightweight industrial handling devices with an open kinematic chain: UR3, 

UR5, UR10 (see Fig. 7.1). 

 

 
Fig. 7.1. Main nodes UR3, UR5, UR10 

 

All models have 6 degrees of mobility: 3 portable and 3 orienting. Universal Robots devices only 

produce angular movements. 

Manipulating robots are divided into classes, depending on the maximum permissible payload. 

Other differences are the radius of the working area, the weight and diameter of the base. 

All UR manipulators are equipped with absolute precision position sensors that simplify integration 
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with external devices and equipment. Due to their compact design, UR manipulators do not take up much 

space and can be installed in work sections or on production lines where ordinary robots cannot fit (see Fig. 

7.2). 

 

 
 

Fig. 7.2. Degrees of freedom of the main nodes UR3, UR5, UR10 

 

Their extremely attractive feature is the ease of programming. A specially developed and patented 

programming technology allows operators who do not have special skills to quickly configure and manage 

UR robotic arms using intuitive 3D visualization technology. Programming occurs by a series of simple 

movements of the manipulator's working body to the necessary positions, or by clicking the arrows in a 

special program on the tablet. 

Another advantage: quick setup. The initial start-up operator will need less than an hour to unpack, 

install and program the first simple operation. 

Collaboration and safety of manipulators is as follows. UR manipulators are capable of replacing 

operators performing routine tasks in hazardous and contaminated environments. The control system keeps 

track of external disturbances exerted on the robotic arm during operation. Due to this, the UR handling 

systems can be operated without protective guards, close to the workplaces of personnel. Robot safety 

systems are approved and certified by TÜV, the German Technical Supervisory Union. 

The variety of working bodies gives sufficient flexibility when using them to create conveyor lines. 

At the end of the UR industrial manipulators, a standardized mount is provided for the installation of special 

tools. Between the working body and the final link of the manipulator, additional modules of torque sensors 

or cameras can be installed (see. Fig. 7.3, Fig. 7.4). 
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Fig. 7.3. Areas of achievement for sensors installed at the ends of the main nodes 

 

 
 

Fig. 7.4. Putting the core components into practice 
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Fig. 7.5. Laboratory equipped with robotic manipulators 

 

 
 

Fig. 7.6. Programming robots through training movements 

 

Possibilities of application are determined by their wide functionality. UR industrial robotic 

manipulators open up the possibility of automating almost all cyclic routine processes. Universal Robots 

devices have proven themselves in a variety of applications. 

 

7.2. UR Robot Application Examples 
The installation of UR manipulators in the transfer and packaging areas can increase accuracy and 

reduce shrinkage. Most relocation operations can be carried out without supervision (see Fig. 7.7). 
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Fig. 7.7. Precise positioning and relocation of products using robots 

 

  Polishing, buffering, grinding 

An integrated sensor system allows you to control the accuracy and uniformity of the applied force 

on curved and uneven surfaces (see Fig. 7.7). 

 

 
 

Fig. 7.8. Robot polishing 

 

The shell protection class provides the ability to install handling systems for working together with 

CNC machines (see Fig. 7.9). 
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Fig. 7.9. Maintenance of CNC machines using robots 
 

Traditional automation technologies are bulky and expensive. Easily customizable UR robots are 

able to work without protective screens next to employees or without them 24 hours a day, providing high 

accuracy and performance (see Fig. 7.10). 

 

 
 

Fig. 7.10. Robot Warehousing and Retrieval 

 

The robotic manipulator with video cameras is suitable for three-dimensional measurements, which 

is an additional guarantee of the quality of the products (see Fig. 7.11). 
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Fig. 7.11. The robot is used for precise manipulations 

 

A simple fastening device for the working body allows equipping UR robots with suitable auxiliary 

mechanisms necessary for assembling parts from wood, plastic, metal and other materials (see Fig. 7.12). 

 

 
 

Fig. 7.12. The robot is used to control product quality 

 

The control system allows you to control the moment developed in order to avoid over-tightening 

and ensuring the required tension (see Fig. 7.13 – Fig. 7.16). 
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Fig. 7.13. The robot is used for precision work 

 

 
 

Fig. 7.14. The robot is used for screwing up product elements 
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Fig. 7.15. High-tech production using robots 

 

 
Fig. 7.16. Various manipulators for use in robotic technological devices and lines 

 

High precision positioning of the working body allows you to reduce the amount of waste during 

the operations of gluing or applying substances. UR industrial robotic manipulators can perform various 

types of welding: arc, spot, ultrasonic and plasma. High accuracy of repetitive movements allows the use 

of UR robots for the tasks of polymer processing and injection molding. 
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7.3. Section Conclusions 
Universal robots’ industrial manipulators are compact, lightweight, easy to learn and handle [48]. 

UR robots are a flexible solution for a wide range of tasks. Manipulators can be programmed for any actions 

inherent in the movements of the human hand, and rotational movements are much better for them. 

Manipulators are not peculiar to fatigue and fear of injury, do not need breaks and weekends. Universal 

Robots solutions allow you to automate any routine process, which increases the speed and quality of 

production. 

Discuss the tasks of automating production processes using manipulators from Universal Robots 

with an authorized dealer – in the Top 3D Shop. 
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7.4. Control questions 

 

 What is the difference between the various Main nodes UR3, UR5, UR10 nodes from each 

other? 

 Why are manipulators necessary, what are their functions? 

 If you need to choose manipulators, what criteria will you be guided by for choice, except for 

evident ones, as cost and dimension? 
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8. Improving the Efficiency of 
Using Various Sensors 

 Keywords: sensors, accelerometer, prediction. 
 

 This chapter presents information from the best modern articles in the field of improving 
measurement accuracy for robotics. The information presented is obtained from open 
publications. 
  The authors of the textbook thank the authors of the articles and believe that it is possible 
to use these materials, since the textbooks are traditionally written on the basis of 
available modern knowledge, the information presented in the textbooks cannot be 
completely authorial and original, otherwise each textbook would only report 
information that was personally received the authors of this textbook, and in this case it 
would be impossible, for example, to write a textbook in mathematics or physics. 

8.1. Choose the Right Accelerometer for 
Predictive Maintenance 

This chapter is written by Bertrand Campagnie [49]. Maintenance, traditionally preventive 

or corrective, usually represents a significant portion of production costs. Now, having the IIoT 

(Industrial Internet of Things) monitoring a machine’s health status helps enable predictive 

maintenance, which allows industries to anticipate breakdowns and realize substantial operational 

savings. 

Industry 4.0, made possible by the generalization of digitization and connectivity for 

industrial equipment, is on track to revolutionize production tools. This game changer makes the 

production chain more flexible and allows for the manufacture of customized products, while 

maintaining earnings. Maintenance, too, can benefit from the advantages of digitization and 

connectivity of the IIoT. Instead of replacing worn parts at fixed intervals, the use of sensors—

particularly accelerometers—makes it possible to analyze a machine’s operational status. Within 

the predictive maintenance framework, the operator need only intervene if certain early warning 

symptoms occur. Known as condition-based monitoring (CbM), this analysis of the machine’s 

health status will limit maintenance costs when compared with a systematic maintenance system, 

which is based on a fixed, often very conservative schedule. In addition to the gains from less 

stringent maintenance operations, detecting problems at an early stage allows for planned machine 

downtime, which is always better than an unexpected shutdown of the production line. 

To determine when it is the right time to trigger a maintenance operation, the manufacturer 

uses parameters such as vibration, noise, and temperature measurements. Among the measurable 

physical quantities, measurement of the vibration spectrum is the one that provides the most 

information on the origin of a problem in a rotating machine (engine, generator, etc.). An abnormal 

vibration can be a sign of a faulty ball bearing, axle misalignment, imbalance, excessive looseness, 

and more. Each of these problems will manifest itself in a specific symptom, such as vibration 

sources in rotating machines. 

Vibration measurements can be performed using an accelerometer that is placed near the 
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element to be monitored. This sensor can be of the piezoelectric type or, more advantageously, of 

the MEMS type, which not only gives better response at low frequencies but is also small in size. 

In the case of a faulty ball bearing, every time a ball comes into contact with a crack or a 

defect of the inner or outer ring, a shock will occur, causing a vibration or even a slight 

displacement of the rotational axis. The frequency of these shocks will depend on the speed of 

rotation and the number and diameter of the balls. 

But that’s not all. As soon as the fault appears, the previously mentioned shocks will create 

a sometimes-audible noise—the shock wave—that manifests in the appearance of low-level 

spectral components and relatively high frequencies, often greater than 5 kHz, and always well 

beyond the fundamental rotation frequency. Only low noise, high bandwidth accelerometers—

such as the Analog Devices ADXL100x—can measure the spectral lines corresponding to the first 

signs of failure. These accelerometers will provide valuable information where slower or noisier 

products will not sense anything. As the defect worsens, the level of the lower frequency 

components will increase. At an advanced stage, the level of vibration can be detected by an entry-

level accelerometer, but the failure will be imminent at this point, with little time for the 

maintenance team to react. To avoid being caught off guard, it is important to detect the very first 

signs of anomaly with a low noise, high bandwidth accelerometer. 

 

 

 

Fig. 8.1. Spectral signature depends on the type of problem. The first signs of ball bearing failure occur 
at high frequencies 

 

In addition to the ADXL100x series of accelerometers (ADXL1001/ ADXL1002/ 

ADXL1003/ ADXL1004/ ADXL1005), Analog Devices also offers a number of other 

accelerometers that are useful for analyzing machine status. For an observation over a more 

restricted bandwidth, the products of the ADXL35x series (ADXL354/ ADXL355/ ADXL356/ 

ADXL357) are characterized by a low level of noise (down to 20 μg/√Hz and a bandwidth of 1500 

Hz). Unlike the ADXL100x series that offer analog output, there are products in the ADXL35x 

series with digital output to simplify the interface with a microcontroller. 

Entry-level consumer-oriented products such as the ADXL34x (ADXL343/ ADXL344/ 
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ADXL345/ ADXL346) or the ultra-low power ADXL36x (ADXL362/ ADXL363) accelerometers 

will not really have enough bandwidth or noise performance to meet the requirements for quality 

predictive maintenance. These entry-level products limit not only the diagnostic capabilities of 

existing equipment, but they also significantly limit the usability of the data for development of 

future diagnostic solutions. 

However, they can be good candidates for measuring machine activity, for example, to 

count the number of hours of operation and, if necessary, trigger maintenance—not predictive but 

only preventive maintenance. Thanks to their extremely low power consumption, these 

accelerometers can operate with power harvesters (energy harvesters) or by battery. 

If the desired machine monitoring consists only of measuring sudden shocks, the products 

of the ADXL37x series (ADXL372/ ADXL375/ ADXL377) are a perfect fit. Since a shock can be 

considered to have altered equipment accuracy or operation, it will be possible, for example, to 

trigger a maintenance operation of a corrective nature to correct any defects that might have 

appeared. 

As previously mentioned, the ADXL100x series is characterized by a wide bandwidth and 

low noise level. However, they are single axis and require associated processing electronics. To 

simplify the design phase, Analog Devices offers a turnkey solution for triaxial measurement with 

model ADcmXL3021. This 3.3 V powered product incorporates three measurement chains based 

on the ADXL1002, as well as a temperature sensor, a processor, and a FIFO.  

The whole ensemble is encapsulated in an aluminum case (23.7 mm × 26.7 mm × 12 mm) 

that is ready for installation on the rotating machine. The product is characterized by a full scale 

of ±50 g, an extremely low noise level of only 25 μg/√Hz, and a bandwidth of 10 kHz, which 

allows vibration signature capture in a large number of applications. 

 

 
 

Fig. 8.2. The ADcmXL3021 module, ideal for predictive maintenance applications  

https://www.analog.com/ru/products/ADCMXL3021.html
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Table 8.1  

The ADcmXL3021 and the ADXL100x Series Are Ideally Suited for CbM Applications 

Series Main Features Applications/Type of Maintenance 
Number of 

Axes 

Type of 

Output 

ADXL1001/ 

ADXL1002/ 

ADXL1003/ 

ADXL1004/ 

ADXL1005 

Large bandwidth, low 

noise, 100 g to 500 g, 

bandwidth up to 24 kHz 

depending on the product 

Ideal for predictive maintenance on 

rotating machines; possible 

detection of early symptoms 

Monoaxial Analog 

ADXL354/ 

ADXL355/ 

ADXL356/ 

ADXL357 

Low noise, low drift, low 

consumption; up to 

±40 g; 1500 Hz 

bandwidth 

Diagnostic of system faults like 

imbalance, misalignments, 

looseness, and mid/later stage 

bearing faults for slower rotating 

equipment 

Triaxial 

Analog or 

digital 

depending on 

the product 

ADXL335/ 

ADXL337 

Low power consumption, 

small footprint, analog 

interface, 3 g 

For low cost applications requiring 

an analog interface 
Triaxial Analog 

ADXL343/ 

ADXL344/ 

ADXL345/ 

ADXL346 

Entry level, low cost, 

±2g, ±4 g, ±8 g, ±16 g 

For low cost applications requiring 

a digital interface 
Triaxial Digital 

ADXL362/ 

ADXL363 

Ultra low power 

consumption, low 

bandwidth 

Measurement of equipment activity 

for preventive maintenance 

purposes; operates on battery or 

through energy harvesting 

Triaxial Digital 

ADXL372/ 

ADXL375/ 

ADXL377 

High full scale/shock 

detection 

Suitable for shock detection for 

corrective maintenance purposes 
Triaxial 

Analog or 

digital 

ADcmXL3021 

High performance, wide 

bandwidth (10 kHz), low 

noise, integrated FFT, 

multiaxial 

Comprehensive CbM module 

including three accelerometers and 

associated signal processing; ideal 

for predictive maintenance 

Triaxial Digital 

ADIS16228 
±20 g, integrated FFT, 

bandwidth up to 5 kHz 

Comprehensive CbM module for 

predictive maintenance 
Triaxial Digital 

 

A signal processing block includes not only a configurable FIR filter with 32 coefficients, 

but also an FFT function with 2048 points per axis to perform spectral analysis of the vibration. 

Each frequency level of the spectrum calculated this way will be compared to the configurable 

alarm thresholds (six per axis). If the spectral components are too intense, an alert will be 

generated. This product can interact with a host processor via an SPI port that provides access to 

internal registers as well as a set of user-configurable functions, including advanced mathematical 

functions such as calculating the average value, standard deviation, maximum value, crest factor, 

and kurtosis (fourth-order kinetic moment that enables measurement of the acuity of the vibration). 

A wireless network is particularly well suited for collecting maintenance data from a 

vibration sensor. It does not need to be fast, but it must be robust enough to operate in industrial 

environments that are often very disturbed and made of metal structures that are unsuitable for 

https://www.analog.com/ru/products/adis16228.html
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good transmissions. It must also be able to collect data from a large number of sensors that are not 

necessarily close to the data logger. To meet this need, Analog Devices offers the SmartMesh® IP 

industrial mesh network, which is characterized as highly robust to disturbances with low power 

consumption. This last criterion is important for maintenance modules that are variously powered 

by energy harvesting or by a lithium battery that must operate for five or 10 years without 

replacement. Based on the 6LoWPAN standard (IEEE 802.15.4e), the SmartMesh IP network is 

perfectly adapted to the IIoT and relies on a proprietary protocol built around a 2.4 GHz 

transmission. The solution consists of LTC5800 transceivers or precertified LTP590x modules, 

which are very easy to implement. 

 
 

Fig. 8.3. SmartMesh IP network is well adapted to IIoT and predictive maintenance operations. 

https://www.analog.com/en/search.html?q=LTC5800
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Table 8.2  

Comparison of the Costs of Corrective, Preventive, and Predictive Maintenance 

 

 
Start-Up/Installation 

Costs 
Operating Costs 

Costs Related to 

Unscheduled 

Downtime 

Corrective 

Maintenance 
  

Unscheduled 

production stoppages 

Preventive 

Maintenance 
 

On-site intervention 

according to 

schedule/Systematic replacement 

of wear parts 

No real-time 

machine monitoring 

resulting in some 

unscheduled production 

stoppages 

Predictive 

Maintenance 

Installation of specific 

equipment (vibration sensors, 

etc.) 

Knowledge of machine 

status, monitoring via specific 

software or by AI 

Real-time 

machine monitoring; 

perfectly planned 

production stoppages 

 

Various techniques are used to guarantee a transmission reliability greater than 99.999%, 

including synchronization, channel hopping, and time stamping, as well as a dynamic 

reconfiguration of the mesh network that uses only the RF paths where the signal is most powerful. 

There are a number of vibration analysis techniques. In addition to the digital filtering to 

overcome the parasitic vibrations caused by the process itself or by other components of the 

machine, it is common to be aided by mathematical tools such as those included in the 

ADcmXL3021 (calculation of the average, standard deviation, crest factor, kurtosis, etc.). The 

analysis can be done in the time domain, but it is the frequency analysis that will bring the most 

information about an anomaly and its origin. One can even resort to calculating the cepstrum 

sometimes assimilated into the spectrum of the spectrum of the signal (inverse Fourier transform 

applied to the logarithm of the Fourier transform of the signal). However, whichever analysis 

method is used, the difficulty is in establishing the optimum alert threshold so that a maintenance 

operation will be neither too early nor too late. 

An alternative to the traditional configuration of alarm thresholds is to introduce artificial 

intelligence into the failure identification process. During the machine learning phase, cloud 

resources are used to create representative models of the machine based on data from the vibration 

sensor. Once the models have been created, they can be downloaded to a local processor. The use 

of embedded software will enable the real-time identification of not only ongoing events, but also 

transient events, and will thus be able to detect anomalies. 

One of the problems commonly encountered in a rotating machine is the failure of a ball 

bearing. Spectral analysis of the data from an accelerometer placed close to the bearing reveals a 

number of characteristic lines, amplitude, and frequency that depend on the speed of rotation and 

the origin of the defect. 

The characteristic frequencies of the system that can be mentioned include: 

• The rotation frequency of the bearing cage: 

 

• The frequency related to a defect on the outer ring (fixed): 
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• The frequencies related to a defect on the inner ring (axis): 

 
• Beyond these frequency characteristics, the shock wave created by the ball rolling over 

the defect (crack, flaking, etc.) will cause a vibration of high frequency (>5 kHz) that 

can sometimes be audible. 

• N: number of balls 

• Φ: contact angle 

• faxle: rotation frequency of the axle 

• d: ball diameter 

• D: Average diameter of the bearing 

 

 

Fig. 8.4. Ball bearing 
 

In addition to building models for predictive maintenance, artificial intelligence and cloud 

access open the door to a host of new possibilities. Correlating the vibration measurements with 

the data from other sensors (pressure, temperature, rotation, power, etc.) makes it possible to 

deduce much information on the system status well beyond what’s related to maintenance needs. 

The merging of basic data will enable refinements in the equipment models to detect not only 

mechanical failures, but also process problems (for example, an empty conveyor, a pump without 

fluid, a mixer without paste, etc.). We can therefore consider a multitude of services that equipment 

manufacturers can offer to their end customers by combining equipment supply with maintenance 

and statistical analysis of the performance and problems of a production line. Equipped with its 

sensor module, the basic electric motor becomes a major player in the big data concept. 
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8.2. Demands on Sensors for Future 
Servicing: Smart Sensors for Condition 
Monitoring 

This chapter is written by Thomas Brand [50]. Improving condition monitoring and 

diagnostics, as well as overall system optimization, are some of today’s core challenges in the use 

of mechanical facilities and technical systems. This topic is taking on an ever-greater role not only 

in the industrial sector, but wherever machines are used. Machines used to be serviced according 

to a plan, and late maintenance would mean a risk of production downtime. Today, process data 

from the machines is used for predicting the remaining service life. Especially critical parameters 

such as temperature, noise, and vibration are recorded to help determine the optimal operating state 

or even necessary maintenance times. This allows unnecessary wear to be avoided and possible 

faults and their causes to be detected early on. With the help of this monitoring, considerable 

optimization potential in terms of facility availability and effectiveness arises, bringing with it 

decisive advantages. For example, with it, ABB1 could verifiably reduce downtimes by up to 70%, 

extend motor service life by up to 30%, and decrease the energy consumption of its facilities by 

up to 10% within a year. 

The main element in this predictive maintenance (PM), as it is known in technical jargon, 

is condition-based monitoring (CBM), usually of rotating machines such as turbines, fans, pumps, 

and motors. With CBM, information about the operating state is recorded in real time. However, 

predictions about possible failure or wear are not made. They only come about through PM and 

thus mark a turning point: With the help of ever-smarter sensors and more powerful 

communications networks and computing platforms, it is possible to create models, detect 

changes, and perform detailed calculations on service life. 

To create meaningful models, it is necessary to analyze vibrations, temperatures, currents, 

and magnetic fields. Modern wired and wireless communications methods already permit factory- 

or company-wide monitoring of facilities today. Additional analysis possibilities are yielded 

through cloud-based systems so that the data providing information about the condition of the 

machine can be made accessible to operators and service technicians in a simple way. However, 

local smart sensors and communications infrastructure on the machines are indispensable as a basis 

for all of these additional analysis possibilities. How these sensors should look, which 

requirements are imposed on them, and what the key characteristics are—these and other questions 

will be considered in this chapter. 

Probably the most fundamental question in condition monitoring is: How long can I let the 

machine run before maintenance becomes necessary? 

In general, it logically applies that the sooner maintenance is performed, the better. 

However, for the goal of optimizing operating and maintenance costs or to fully achieve maximum 

facility effectiveness, the knowledge of experts who are familiar with the properties of the 

machines is needed. In the analysis of motors, these experts predominantly come from the area of 

bearings/lubrication, which experience has shown to be the weakest link. The experts ultimately 

decide if a deviation from the normal state with respect to the actual life cycle (see Fig. 8.4) should 

already lead to repair or even replacement. 
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Fig. 8.4. Life cycle of a machine 

 

Thus, the still unused machine is initially in the so-called warranty phase. Failure at this 

early stage in the life cycle may not be able to be ruled out, but it is relatively rare and can usually 

be traced back to production faults. Only in the subsequent phase of interval maintenance do 

targeted interventions by appropriately trained service personnel begin. They include routine 

maintenance performed independently of a machine’s condition at specified times or after 

specified periods of use, as is the case, for example, with an oil change. The probability of failure 

between the intervals is still very low here, too. With increasing machine age, the condition 

monitoring phase is reached. From this point on, faults should be expected. Fig. 8.4 shows the 

following six changes, starting with changed levels in the ultrasonic range (1) and followed by 

vibrations (2). Through analysis of the lubricant (3) or through a slight increase in temperature (4), 

the first signs of pending failure can be detected before an actual fault occurs in the form of 

perceivable noise (5) or heat generation (6). Vibration is often used to identify aging. The vibration 

patterns of three identical machines over their life cycles are shown in Fig. 8.5. In the initial period, 

all are within the normal range. However, starting at middle age, the vibrations increase more or 

less rapidly according to the load before increasing exponentially to the critical range at the end of 

life. As soon as the machines reach the critical range, an immediate reaction is necessary. 
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Fig. 8.5. Changes in vibration parameters over time 

 

Parameters such as the output speed, the gear ratio, and the number of bearing elements are 

of prime relevance for analysis of the machine vibration pattern. Normally, the vibrations caused 

by the gearbox are perceived in the frequency domain as a multiple of the shaft speed, whereas 

characteristic frequencies of bearings usually do not represent harmonic components. Vibrations 

due to turbulence and cavitation are also often detected. They are typically connected with air 

and/or liquid flows in fans and pumps and hence tend to be considered as random vibrations. They 

are usually stationary and exhibit no variance in their statistical properties. However, random 

vibrations can also be cyclostationary and hence have statistical properties. They are generated by 

the machines and vary periodically, as in an internal combustion engine in which ignition occurs 

once per cycle in each cylinder. 

The sensor orientation also plays a key role. If a primarily linear vibration is measured by 

a single-axis sensor, the sensor must be adjusted according to the direction of the vibration. There 

are also multiaxis sensors that can record vibrations in all directions, but single-axis sensors offer 

lower noise, a higher force measuring range, and a larger bandwidth due to their physical 

characteristics. 

To enable widespread use of vibration sensors for condition monitoring, two factors are of 

great importance: low cost and small size. Where previously piezoelectric sensors were frequently 

used, MEMS-based accelerometers are increasingly being used today. They feature higher 

resolutions, excellent drift and sensitivity characteristics, and a better signal-to-noise ratio, and 

they enable detection of extremely low frequency vibrations nearly down to the dc range. They 

also are extremely power saving, which is why they are also ideal for battery-operated wireless 

monitoring systems. Another advantage over piezosensors is the possibility of integrating entire 

systems in a single housing (system in package). These so-called SiP solutions are growing to form 

smart systems through incorporation of additional important functions: analog-to-digital 

converters, microcontrollers with embedded firmware for application-specific preprocessing, 

communications protocols, and universal interfaces, while also including diverse protective 

functions. 
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Integrated protective functions are important because excessively high forces acting on the 

sensor element can often result in sensor damage or even destruction. The integrated detection of 

a possible overrange delivers a warning or deactivates the sensor element in a gyroscope by 

switching off its internal clock and thus protecting the sensor element. A SiP solution is shown in 

Fig. 8.6. 

 

 
 

Fig. 8.6. MEMS-based system in package (left side) 
 

As demands in the CBM field increase, so do the demands on the sensors. For useful CBM, 

the requirements regarding the sensor measuring range (full-scale range, or FSR for short) are 

already in part greater than ±50 g. 

Because the acceleration is proportional to the square of the frequency, these high 

acceleration forces are reached relatively quickly. This is proven by Equation: 
 

. 
 

Variable a stands for acceleration, f for frequency, and d for the amplitude of vibration. 

Thus, for example, for a 1 kHz vibration, an amplitude of 1 µm already yields an acceleration of 

39.5 g. 

Regarding noise performance, this should be very low over as wide a frequency range as 

possible, from nearly dc to the middle two digits of kHz range, so that beyond other artifacts, 

bearing noise can also already be detected at very low speeds. Yet it is precisely here that the 

manufacturers of vibration sensors are currently facing a huge challenge, especially for multiaxis 

sensors. Only a few manufacturers offer adequate low noise sensors with bandwidths of greater 

than 2 kHz for more than one axis. Analog Devices, Inc. (ADI) has developed 

the ADXL356/ADXL357 three-axis sensor family especially for CBM applications. It offers very 

good noise performance and outstanding temperature stability. Despite their limited bandwidth of 

1.5 kHz (resonant frequency FR = 5.5 kHz), these accelerometers still deliver important readings 

in condition monitoring of lower speed equipment such as wind turbines. 

The single-axis sensors in the ADXL100x family are suitable for higher bandwidths. They 

offer bandwidths of up to 24 kHz (resonant frequency FR = 45 kHz) and g ranges of up to ± 100 g at 

an extremely low noise level. Due to the high bandwidth, the majority of faults occurring in 

rotating machines (damaged plain bearings, imbalance, friction, loosening, gear tooth defects, 

bearing wear, and cavitation) can be detected with this sensor family. 

The analysis of machine states in CBM can be accomplished using various methods. The 
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probably most common methods are analysis in the time domain, analysis in the frequency domain, 

and a mix of the two. 

1. Time-Based Analysis 

In vibration analysis in the time domain, the effective value (root mean square, or rms for 

short), the peak-to-peak value, and the amplitude of vibration are considered (see Fig. 8.7). 

The peak-to-peak value reflects the maximum deflection of the motor shaft and thus allows 

conclusions about its maximum loading to be made. The amplitude value, in contrast, describes 

the magnitude of the occurring vibration and identifies unusual shock events. However, the 

durations or the energy during the vibration event and hence the destructive capability are not 

considered. The effective value is thus usually the most meaningful because it considers both the 

vibration time history and the vibration amplitude value. A correlation for the statistical threshold 

for the rms vibration can be obtained through the dependencies of all of these parameters on the 

motor speed. 

This type of analysis proves to be very simple because it requires neither fundamental 

system knowledge nor any type of spectral analysis. 

 

 
Fig. 8.7. Amplitude, effective value, and peak-to-peak value of a harmonic vibration signal 

 

2. Frequency-Based Analysis 

With frequency-based analysis, the temporally changing vibration signal is decomposed 

into its frequency components via a fast Fourier transform (FFT). The resulting spectrum plot of 

magnitude vs. frequency enables monitoring of specific frequency components as well as their 

harmonics and sidebands, as shown in Fig. 8.8. 
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Fig. 8.8. Spectrum plot of vibration vs. frequency 

 

The FFT is a widespread method used in vibration analysis, especially for detecting bearing 

damage. With it, a corresponding component can be assigned to each frequency component. 

Through the FFT, the dominant frequency of the repetitive pulses of certain faults caused by 

contact between rolling elements and defective regions can be filtered out. Due to their different 

frequency components, different types of bearing damage can be differentiated (damage on outer 

race, on inner race, or in ball bearing). However, precise information about the bearing, motor, and 

the complete system is needed for this. 

Additionally, the FFT process requires that discrete time blocks of the vibration be 

repeatedly recorded and processed in a microcontroller. Although this requires slightly more 

computing power than time-based analysis does, it leads to more detailed analysis of the damage. 

3. Combination of Time- and Frequency-Based Analysis 

This type of analysis is the most comprehensive because it combines the advantages of 

both methods. The statistical analysis in the time domain provides information about the vibration 

intensity of the system over time and at the same time whether or not it is within the permissible 

range. The frequency-based analysis enables monitoring of speed in the form of the fundamental 

frequency as well as further harmonic components required for precise identification of the fault 

symptoms. 

The tracking of the fundamental frequency is especially decisive because the effective 

values and other statistical parameters change with speed. If the statistical parameters change 

significantly from the last measurement, the fundamental frequency must be checked so that 

possible false alarms can be avoided. 

A change in the respectively measured values over time is common to all three analytical 

methods. A possible method for monitoring the system can involve first recording the healthy 

condition, or generating a so-called fingerprint. It is then compared with the constantly recorded 

data. In the case of excessive deviations or when exceeding the corresponding threshold values, a 

reaction is necessary. As shown in Fig. 8.9, possible reactions can be warnings (2) or alarms (4). 
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Depending on the severity, the deviations may also require immediate intervention by service 

personnel. 

 
Fig. 8.9. Threshold values and reactions for the FFT 

 

CBM by Magnetic Field Analysis 

Due to the rapid development of integrated magnetometers, measurement of the stray 

magnetic field around a motor represents another promising approach to condition monitoring of 

rotating machines. Measurement is noncontact; that is, no direct connection between the machine 

and the sensor is required. As with the vibration sensors, with the magnetic field sensors, there are 

single- and multiaxis versions. 

For fault detection, the stray magnetic field should be measured both in the axial direction 

(parallel to the motor axis) and in the radial direction (at a right angle to the motor shaft). The 

radial field is usually weakened by the stator core and the motor housing. At the same time, it is 

significantly affected by the magnetic flux in the air gap. The axial field is generated by the currents 

in the squirrel-cage rotor and in the end windings of the stator. The position and the orientation of 

the magnetometer are decisive in enabling measurement of both fields. Hence, selection of a 

suitable location close to the shaft or the motor housing is recommended. It is also absolutely 

necessary that the temperature be measured at the same time because the magnetic field strength 

is directly related to the temperature. Hence, for the most part, today’s magnetic field sensors 

contain integrated temperature sensors. Calibration of the sensor for compensation of its 

temperature drift should also not be forgotten. 

The FFT is used for magnetic field-based condition monitoring of electric motors just as it 

was for the vibration measurement case. However, for evaluation of the motor condition, even low 

frequencies in the range of a few Hz to about 120 Hz are sufficient. The line frequency stands out 

clearly, whereas the spectrum of low frequency components dominates if a fault is present. 

In the case of a broken rotor bar in a squirrel-cage rotor, the slip value also plays a decisive 

role. It is load-dependent and ideally is 0% at no load. At the rated load, it is between 1% and 5% 

for healthy machines and increases accordingly in the event of a fault. For CBM, the measurement 
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should hence be performed under the same load conditions to eliminate the effect of load 

dependency. 

 

Status of Predictive Maintenance 

Regardless of the type of condition monitoring, even with the most intelligent monitoring 

concepts, there is no 100% guarantee that there will be no unplanned downtimes, faults, or safety 

risks. These risks can merely be reduced. However, more and more, PM is crystallizing into a key 

topic in industry. It is being viewed as a clear prerequisite for the future sustainable success of 

production facilities. However, for this, innovative and rapid developments—the technologies of 

which must still be identified in part—are required. Deficits primarily exist in the comparison of 

customer benefit and cost. 

Nevertheless, many industrial firms have recognized the importance of PM as a success 

factor and hence an opportunity for future business—and not just in the servicing area. The 

technical feasibility of PM is largely given, despite the extreme challenges, particularly in the field 

of data analytics. However, PM is currently being driven quite opportunistically. It is expected that 

future business models will mainly be determined by software components and the value-added 

share of hardware will successively decrease. In conclusion, investments in hardware and software 

for PM are already worthwhile today in light of the higher yields resulting from longer machine 

running times. 

8.3. MEMS Accelerometer Performance 
Comes of Age 

This chapter is written by Ed Spence [52]. Investment in MEMS process technology, 

coupled with design innovations, has greatly improved MEMS performance enough to make 

MEMS a viable option for a wider range of condition monitoring applications. Accelerometers 

with resonant frequencies up to 50 kHz, and noise density levels down to 25 μg √Hz are now 

possible with specialized MEMS structures and process technology. Careful design of signal 

conditioning electronics fully exploits the low Brownian motion noise of these new accelerometers 

(see Fig. 8.10). 

Performance and Comparison Data 

In order to assess whether the newest MEMS accelerometer would be suitable in a condition 

monitoring application, measurements were taken side by side with a commercially available PZT 

type condition monitoring accelerometer. To ensure both sensors had similar mass and were 

subject to the same stimulus, the MEMS sensor was adhered to the case of the PZT sensor. The 

single-supply analog output of the MEMS accelerometer was inputted directly into the analog input 

channel of the same data logger as the PZT sensor. A data acquisition instrument (DAQ) was 

used as the acquisition system for these experiments. 
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Fig. 8.10. The noise spectral density plot for a new, high frequency accelerometer 

 

Motor Misalignment Simulation 

A real-world scenario, such as the one described in vibration-based condition monitoring, 

was recreated on a vibration tester, in an effort to compare devices using a known stimulus. This 

example outlined the vibration levels for a gas turbine running at 5100 rpm (85 Hz) and 

a synchronous generator at 3000 rpm (50 Hz) running misaligned. The scenario describes the 

frequencies and amplitudes that the vibration system was programmed to produce using the 

random vibration test mode. Table 8.3 lists the amplitude measurements at the frequencies of 

interest for both devices. 

Unlike the PZT device, the MEMS device has low frequency response with 1/f at 0.1 Hz, 

which is of interest for very low frequency machines, such as wind turbines (also enables a faster 

recovery from saturation). Since the frequency response of the vibration stimulus system rolled 

off at very low frequencies, the response for both devices were tested by “tapping” the test jig, and 

capturing the resulting responses. The recorded time domain measurement was then transformed 

to the frequency domain. The results are shown in Fig. 8.12. Note that the MEMS accelerometer 

was able to record a response down to dc.  

Fig. 8.11 shows resulting frequency spectrum measured for the MEMS accelerometer with 

21 kHz resonant frequency, and the PZT sensor with 25 kHz resonance. The root mean square 

(rms) output of the MEMS accelerometer in the band from 1 kHz to 10 kHz, is higher than the PZT 

accelerometer by approximately 30 mg, or 1.7%. 
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Table 8.3 

Motor Misalignment Simulation Set Point 

 

Tone (#) Frequency (Hz) Level(s) g pk 

1 50.00 0.400 

2 85.00 0.400 

3 100.00 0.250 

4 170.00 0.250 

 

 

 
 

Fig. 8.11. Noise density spectrum for PZT accelerometer (top) and MEMS accelerometer (bottom); 
results are nearly identical up to 10 kHz, with a key difference in the low frequency response of the 

MEMS accelerometer 
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Fig. 8.12. A comparison of the response of both accelerometers when tapped 

 

Conclusion to the chapter 

The MEMS performance with the analog output driving the DAQ directly achieves good 

results comparable to the PZT sensor. This suggests that MEMS accelerometers are good 

candidates for rearchitected output channels of new condition monitoring products, in particular, 

enabling entirely new concepts based on semiconductor components that run on a single +5 V 

power supply, such as wireless smart sensors. 

On the surface, the first-generation accelerometer appeared attractive for this application, 

due to the high frequency resonance (22 kHz) and high full-scale ranges (FSR) of ±70 g, ±250 g, 

and ±500 g. Unfortunately, the noise level is 4 mg√Hz, unacceptably high for most condition 

monitoring applications. For the second-generation device used in the comparison, noise is 

reduced two orders of magnitude from the first generation, while power is reduced to 

40%. Table 8.4 summarizes the performance comparison of both MEMS accelerometers, 

highlighting the improvements in performance. 

The convergence of electronic signal conditioning expertise and the development of high-

resolution MEMS accelerometers have enabled performance capable of serving condition 

monitoring applications. High frequency MEMS accelerometers with low levels of physical noise, 

coupled with high performance, low noise, and highly stable signal processing design techniques, 

address the fundamental limitations that have previously kept MEMS from offering performance 

comparable to contemporary PZT-based condition monitoring sensors. 
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Table 8.4 

Key Specifications Comparison of 1st and 2nd MEMS Accelerometer Generations for 

Condition Monitoring 

 

  
1st Generation 

Accelerometer 

2nd Generation 

Accelerometer 

FSR ±70 g to ±500 g ±50 g to ±100 g 

F0 22 kHz 21 kHz 

Supply Current 2.5 mA 1.0 mA 

Self Test Yes Yes 

Temperature 

Range 
–40°C to +125°C –40°C to +125°C 

Package 5 mm × 5 mm, 8-lead LCC 
5 mm × 5 mm, 

32-lead LFCSP 

Noise Density 4 mg √Hz <30 μg √Hz 

 

8.4. Analyzing Frequency Response of 
Inertial MEMS in Stabilization Systems 

 

Introduction to Stabilization Systems 

This chapter is written by Ed Spence Mark Looney [54]. UAV-mounted surveillance 

equipment, maritime microwave receivers, vehicle-mounted infrared imaging sensors, and similar 

instrument systems require stable platforms for best performance, but they are often used in 

applications that experience vibration and other undesirable kinds of motion. Vibration and normal 

vehicular movements cause communication loss, blurry images, and many other behaviors that 

degrade the instrument’s performance and ability to perform its desired function. Platform 

stabilization systems employ closed-loop control systems to actively cancel this type of motion, 

thus preserving mission-critical performance objectives for these instruments. Fig. 8.13 is a 

generic block diagram of a platform stabilization system that uses servo motors to correct for 

angular motion. The feedback sensor provides dynamic orientation information for the instrument 

platform. The feedback controller processes this information and translates it into corrective 

control signals for the servo motors. 
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Fig. 8.13. Basic platform stabilization system 

 

Since many stabilization systems require more than one axis of active correction,inertial 

measurement units (IMUs) often include at least three axes of gyroscopes (measuring angular 

velocity) and three axes of accelerometers (measuring acceleration and angular orientation) to 

provide the feedback sensing function. The ultimate goal of the feedback sensor is to provide 

accurate measurements of the platform’s orientation, even when it is in motion. Since there is no 

“perfect” sensor technology that can provide accurate angle measurements under all conditions, 

the IMUs in platform stabilization systems often employ two or three sensor types on each axis. 

An accelerometer responds to both static and dynamic acceleration in the direction of each 

of its axes. “Static acceleration” may seem like a strange term, but it encompasses an important 

sensor behavior: response to gravity. Assuming that no dynamic acceleration exists, and that 

sensor errors have been removed through calibration, each accelerometer output will represent the 

orientation of its axis, with respect to gravity. To determine the actual average orientation in the 

presence of the vibration and rapid acceleration often experienced in stabilization 

systems, filters andfusion routines (combining readings from multiple sensor types to obtain a best 

estimate) are often applied to the raw measurements. 

Another type of sensor is the gyroscope, which provides angular rate measurements. 

Gyroscope measurements contribute to the angle measurements through integration of the angular-

rate over finite time periods. When performing integration, bias errors will cause a proportional 

angle drift that accumulates with respect to time. Therefore, gyroscope performance often relates 

to the sensitivity of a device’s bias to different environmental factors, such as temperature 

variation, supply variation, off-axis rotation, and linear acceleration (linear-g and rectified-g × g). 

A calibrated high-quality gyroscope, with high rejection of linear acceleration, enables these 

devices to provide wideband angle information to complement the low-frequency information 

provided by accelerometers. 

A third type of sensor is the 3-axis magnetometer, which measures magnetic field intensity. 

Magnetic field measurements from three orthogonal axes enable estimates of orientation angle, 

with respect to the local direction of the earth’s magnetic field. When the magnetometer is near 

motors, monitors, and other sources of dynamic field disturbance, managing its accuracy can be 

challenging, but in the right circumstances its angular data can augment the measurements from 

accelerometers and gyroscopes. While many systems use only accelerometers and gyroscopes, 

magnetometers can improve measurement accuracy in some systems. 

The generic block diagram of Fig. 8.14 shows how gyroscope and accelerometer 

measurements can be employed in a manner that uses their basic strengths but minimizes the 

impact of their weaknesses. The pole locations of the low-pass accelerometer and high-pass 

gyroscope filters are typically application-dependent, with accuracy goals, phase delay, vibration, 

and “normal” motion expectations, all contributing to these decisions. System-dependent 

behaviors will also affect the weighting factors, which also have an impact on how these two 

measurements are combined. The extended Kalman filter is one example of an algorithm that 

combines the filtering and weighting functions to calculate dynamic angle estimates. 
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Fig. 8.14. Combining single-axis sensor outputs 
 

MEMS IMU Frequency Response Analysis 

When developing a stabilization system around a new MEMS IMU, it is important to 

understand the frequency response in the early stages of system design, since the IMU’s frequency 

response will have a direct impact on the controller design and can help identify potential stability 

issues—especially when considering wider-bandwidth solutions for next generation designs. This 

information is also useful for predicting the gyroscopes’ response to vibration. 

A strategy for evaluating IMU bandwidth is determining what information is available in 

product documentation, analyzing the impact of this information on the system’s response to 

inertial motion, and stabilizing the system’s response. This analysis, and any corrective actions it 

entails, will become the basis for preliminary testing. 

Frequency response is often represented as “bandwidth” in specification tables for IMUs 

and gyroscopes. As a performance parameter, it represents the frequency at which the output 

magnitude drops to about 70% (–3 dB) of the actual magnitude of motion that the sensor is 

experiencing. In some cases, bandwidth may also be defined by the frequency at which the output 

response lags the actual motion by 90 degrees (for a 2-pole system). Both of these metrics can 

directly impact an important stability criterion for a control loop: unity-gain phase margin—the 

difference between the actual phase angle of the loop response and –180° at a loop gain of 1. 

Understanding the frequency response of the feedback sensor is a key factor in optimizing the 

trade-off between stability assurance and system response. In addition to managing stability 

criteria, the frequency response also has a direct impact on vibration rejection and establishing a 

sampling strategy that allows all critical transient information on an inertial platform to be 

measured. 

Analyzing frequency response in a system starts with a high-level, “black box” view, which 

describes the system’s response to inputs over the entire frequency range of interest. In electronic 

circuits, where the input and output are defined in common terms, such as signal level (volts), this 

typically involves developing a transfer function, using s-domain representation and circuit-level 

relationships, such as Kirchhoff’s voltage and current laws. For an inertial MEMS system, the input 

is the inertial motion that the IMU experiences, and the outputs are often represented by digital 

codes. While s-domain analysis techniques are valuable, developing a complete transfer function 

for this type of system often requires additional techniques and consideration. 

The analysis process starts with understanding all of the components associated with a 
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sensor signal chain. Fig. 8.15 offers an overall diagram of the typical functions. The signal chain 

starts with a core sensor element, which translates the inertial motion into a representative 

electrical signal. If the bandwidth is not limited in the sensor element, it is often limited by filters 

in the signal-conditioning circuit preceding the ADC. After the signals are digitized, a processor 

typically applies correction (calibration) formulas and digital filtering. The secondary digital filters 

reduce the bandwidth and sample rates that the feedback systems use in their control routines. All 

of these stages can influence the gain and phase of the sensor signal, with respect to frequency. 

Fig. 8.15 provides an example of an IMU that has multiple filters in a mixed-signal processing 

system. This system will serve as an example for illustrating some useful analysis techniques. 

 
Fig. 8.15. ADIS16488 sensor in a signal chain for frequency analysis 

 

Core MEMS Sensor Element 

This analysis is driven by the understanding that all behaviors that can be quantified, should 

be; then, educated assumptions can be made on those things that cannot be easily quantified. Once 

the “known” variables are well-understood, it is often easier to revisit these assumptions for review 

and clarification. The specification table for the ADIS16488 (Fig. 8.15) shows a –3-dB bandwidth 

of 330 Hz. Assume that the core sensor is critically damped and is not a key contributor at 

bandwidths well below its resonance (16 kHz to 20 kHz). This may not always be the case, but it 

is a good starting point that can be tested later in the process using noise-density or full-motion 

tests. 

Interface Circuit/Analog Filter 

In addition, each gyroscope sensor goes through a 2-pole, low-pass filter prior to the ADC. 

This provides enough information to use Laplace transforms to develop a transfer function 

representation in the s-domain. The first pole (f1) is at 404 Hz, and the second pole (f2) is at 757 Hz. 

 
The accelerometer’s single-pole (f1) transfer function is. 
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These formulas provide the basis for numerical analysis in programs that can manage the 

complex numbers associated with the “s = jω” identity. In MATLAB, the following m-script will 

produce both magnitude (ratio, no units) and phase (degrees) information: 

 

Fmax = 9840/2; % one-half of the sample rate 

for f = 1:Fmax 

 w(f) = 2*pi*f; 

end 

p1 = 404; % pole location = 404Hz 

p2 = 757; % pole location = 757Hz 

NUM1 = 2*pi*p1; 

DEN1 = [1 2*pi*p1]; 

NUM2 = 2*pi*p2; 

DEN2 = [1 2*pi*p2]; 

H1 = tf(NUM1,DEN1); % transfer function for first pole 

H2 = tf(NUM2,DEN2); % transfer function for second pole 

H488a = H1 * H2; % transfer function for 2-pole filter 

[maga,phasea] = bode(H488,w); 

for f = 1:Fmax 

 Mag488a(f) = maga(1,1,f); 

 Phase488a(f) = phasea(1,1,f); 

end 

 

For a quick assessment of the time delay associated with these filters, notice that the phase 

delay of a single-pole filter is equal to 45° at its −3-dB frequency, or 1/8 of the corner frequency’s 

period. In this case, the time delay of the accelerometer’s filter is approximately equal to 0.38 ms. 

For the gyroscope, the delay is equal to the sum of the time delays of the two stages, or about 0.47 

ms. 

 
Averaging/Decimating Filter Stage 

Fig. 8.15 illustrates the use of two averaging/decimating filter stages, which lower the 

stage’s output sample rate and provide additional filtering. In digital filters that have a finite 

impulse response (FIR), the phase delay is equal to one-half of the total number of taps, divided 

by the sample rate of each tap. In the first filtering stage, the sample rate is 9.84 kHz. There are 

four taps, which, in this style of filter, is equal to the number of averages. The phase delay is 

approximately 0.2 ms. The magnitude response of the averaging filter follows this relationship. 
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When using MATLAB for analysis, use a sample rate (fs) of 9.84 kSPS and four taps (N), 

along with the same frequency array (f) used to analyze the analog filter. Using a common 

frequency array will make it easier to combine the results of each stage. Use the following code to 

analyze this first stage: 

Fmax = 9840/2; % one-half of the sample rate 

 

f = 1:Fmax; 

NUM(f) = sin(4*pi*f/9840); 

DEN(f) = 4 * sin(pi*f/9840); 

for fq = 1:Fmax 

 Hda(fq) = abs(NUM(fq)/DEN(fq)); 

end 

 

Analyzing the second averaging/decimating filter will require prior knowledge of the 

control system’s sample rate but will use the same relationships. For example, if a control loop 

requires a sample rate that is close to 400 SPS, the second filter’s average and decimation rate 

would be equal to six (for a sample rate of 410 SPS and four samples, 9840 / [410 × 4] = 6). Use 

the same m-script code to analyze the magnitude response, with three exceptions: (1) change the 

sample rate from 9480 to 2460, (2) change the “4” to “6” in both locations, and (3) change 

FMAX from 9840/2 to 2460/2. The phase is equal to one-half of the total number of taps, divided 

by the sample rate, approximately 1.22 ms (3/2460). 

Composite Response 

Fig. 8.16 and Fig. 8.17 provide the composite magnitude and phase response, which 

includes the gyroscope’s analog filters and the two decimation filters. Fig. 8.16 represents the 

result of multiplying the stages’ magnitudes together, for each frequency in the array. Fig. 8.17 

represents the result of adding the stages’ phase contributions together at each frequency. The plot 

labeled “Without Decimation” assumes that the output data rate is 2460 SPS and that the second 

decimation stage is effectively turned off. The plot labeled “With Decimation” assumes that the 

decimation rate is equal to 6 and that the final output data rate is 410 SPS. These two plots illustrate 

the difference in response for system-level trade-offs between control loop sample rate and the 

corresponding frequency response. 
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Fig. 8.16. Analog filter and first decimation stage 

 
Fig. 8.17. Composite response for 410-SPS data rate 

 

 

Programmable FIR Filter Analysis 

Once the contributions of the analog and decimation filters are known, the trade-offs between using 

the on-board decimation filter and designing a custom FIR filter can be evaluated. In the ADIS16488, 
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outlined in Fig. 8.15, the FIR filter is included with the IMU, but some systems will implement this in their 

digital signal processing routines. A FIR filter’s time-domain f(n) representation is often expressed by 

a difference equation, where the z-transform offers an analytical tool for frequency analysis: 

 
Fortunately, many modern programs contain specific tools or commands for this type of analysis, 

based on these basic relationships. It is still useful to understand them when verifying results of the 

automatic assessment tools and in developing an intuitive feel for when to question the outputs of a FIR 

design tool. The MATLAB “fdatool” command launches its filter analysis and design package, which helps 

design and analyze the system FIR filter implementation. 

 

Inertial Frequency Response Test Methods 

The most direct approach for testing frequency response in a gyroscope is with an inertial rate table, 

which is capable of introducing the appropriate frequency content. Rate tables typically include a 

programmable servo motor and an optical encoder that verifies programmed rotation on the motor shaft. 

The advantage of this test approach is that it applies actual inertial motion. Its disadvantage is that it is not 

commonly available for engineers who are just getting started with MEMS. 

For early analysis validation without a rate table, measuring the spectral noise over the frequency 

band of interest can provide useful insights. This simplified approach does not require sophisticated test 

equipment but only a secure mechanical connection to a stable platform and data collection instrumentation. 

However, it does rely on the mechanical noise having a “flat” noise magnitude with respect to frequency. 

Figure 6 illustrates two examples that both use the same 2-pole, low-pass filter. The first example 

(ADIS16375) uses a gyroscope that has a flat response over its usable frequency range. The second example 

(ADIS16488) uses a gyroscope that has a modest amount of peaking at 1.2 kHz, which actually extends the 

–3-dB frequency to approximately 380 Hz. Recognizing this resonant behavior can be valuable for those in 

the process of modeling and simulating a control loop. Identifying this behavior in a simple test can also 

help explain noise levels that are higher than expected when performing a more thorough system 

characterization. When understood and identified early in a project, these behaviors can normally be 

managed with adjustments to the filter poles. 

When measuring noise density, make sure that the sample rate is at least twice the highest frequency 

of interest to meet the Nyquist criterion. Also, take enough data samples to reduce the uncertainty of the 

measurements. The plots in Fig. 8.18 were derived from FFT analysis of a time record with a length of 

256k samples at a maximum rate of 2.46 kSPS. 

 

https://www.analog.com/ru/products/adis16375.html


 
 

116 
 

ROBOTICS 

 
Fig. 8.18. Noise density comparison 

 

Another approach uses a gyroscope’s self-test function. The self-test function provides an 

opportunity to stimulate the sensor’s mechanical structure, using an electrical signal, without requiring the 

device to be subjected to external inertial motion. The self-test function forces a change in the sensor core 

that simulates its response to actual motion, producing a corresponding change in the electrical output. Not 

all products provide real-time access to this, but it can be a useful tool when available, or if the manufacturer 

can provide data from this type of frequency-response test. In the simplest approach, the self-test, which 

simulates response to a step, is compared with the analytical expectation. Repeating the self-test assertion 

at specific frequencies provides a direct method for studying the magnitude of the sensor response at each 

frequency. Consider the two different responses in Fig. 8.19. At the lower frequency, the gyroscope output 

looks like a square wave, with the exception of the transient response at each transition. The transient 

response follows the expectation of a “step response” for the filter network in the sensor signal chain. In 

the second example, where the frequency of the self-test is high enough to prevent full settling, a decrease 

in magnitude occurs. Notice the difference in magnitudes between the blue and black-dotted responses, on 

the bottom signal in this figure. There are a number of methods for estimating the magnitude of these time 

records. A discrete Fourier transform (DFT) separates the primary frequency content (self-test frequency) 

from the harmonic content, which can contribute errors to the magnitude/frequency response. 

 

 
 

Fig. 8.19. Self test 
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Conclusion 

A trend towards wider-bandwidth IMUs provides significant advantages in design of feedback 

stabilization systems. The wider bandwidth enables better time alignment and phase margin management 

for multisensor systems. Filter capacitors can have a wide variation in their value and response to 

temperature, which can cause proportional changes in the pole frequencies. Since the phase delay is 

dependent on the pole location, understanding and managing this can be very important. For example, when 

the feedback sensor’s cut-off frequency is two times greater than the unity-gain feedback of the controller, 

it will add approximately 22.3° of phase delay to the loop response. If the cut-off frequency decreases by 

20%, the phase delay increases by approximately 5.6°. Increasing the ratio of cut-off frequency in a unity 

gain bandwidth reduces these influences by a factor of 4. 

Developing an understanding of an IMU’s bandwidth and its role in system stability should employ 

analysis, modeling, test data, and iteration of these factors. Start by quantifying the information available, 

make assumptions to close any gaps, and then develop a plan to refine these assumptions. 

8.5. MEMS Vibration Monitoring: From 
Acceleration to Velocity 

 

Introduction 

This chapter is written by Mark Looney [55]. MEMS accelerometers have finally reached a point 

where they are able to measure vibration on a broad set of machine platforms. Recent advances in their 

capability, along with the many advantages that MEMS accelerometers already had over more traditional 

vibration sensors (size, weight, cost, shock immunity, ease of use), are motivating the use of MEMS 

accelerometers in an emerging class of condition-based monitoring (CBM) systems. As a result, many CBM 

system architects, developers, and even their customers are giving consideration to these types of sensors 

for the first time. Quite often, they are faced with the problem of quickly learning how to evaluate the 

capability of MEMS accelerometers to measure the most important vibration attributes on their machine 

platforms. This might seem difficult at first, as MEMS accelerometer data sheets often express the most 

important performance attributes in terms that these developers may not familiar with. For example, many 

are familiar with quantifying vibration in terms of linear velocity (mm/s), while most MEMS accelerometer 

data sheets express their performance metrics in terms of gravity-referenced acceleration (g). Fortunately, 

there are some simple techniques for making this translation from acceleration to velocity and for estimating 

the influence that key accelerometer behaviors (frequency response, measurement range, noise density) will 

have on important system-level criteria (bandwidth, flatness, peak vibration, resolution). 

 

Basic Vibration Attributes 

This process starts with a review of linear vibration from an inertial motion point of view. Within 

this context, vibration is a mechanical oscillation that has zero mean displacement. For those who don’t 

want their machines to be moving across the factory floor, zero mean displacement is pretty important! The 

value of the core sensor in a vibration sensing node will be directly related to how well it can represent the 

most important attributes of a machine’s vibration. In order to start assessing the capability of a specific 

MEMS accelerometer in this capacity, it’s important to start with a basic understanding of vibration from 

an inertial motion point of view. Fig. 8.20 provides a physical illustration of a vibration motion profile, 

where the gray box represents the middle point, the blue image represents the peak displacement in one 

direction, and the red image represents the peak displacement in the other direction. Equation 8.1 provides 

a mathematical model that describes the instantaneous acceleration of the rectangular object when it is 

vibrating at one frequency (fV), at a magnitude of Arms. 
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Fig. 8.20. Simple linear vibration motion 

  

                             (8.1) 
 

In most CBM applications, the vibration on a machine platform is often going to have more complex 

spectral signature than the model in Equation (8.1), but this model provides a nice starting point in the 

discovery process, as it identifies two common vibration attributes that CBM systems often track: 

magnitude and frequency. This approach is also useful in translating key behaviors into terms of linear 

velocity as well (more on that later). Fig. 8.21 provides a spectral view of two different types of vibration 

profiles. The first profile (see the blue lines in Fig. 8.21) has a constant magnitude across its frequency 

range, which is between f1 and f6. The second profile (see the green lines in Fig. 8.21) has peaks in its 

magnitude at four different frequencies: f2, f3, f4, and f5. 

 

 
 

Fig. 8.21. CM vibration profile examples 
 

System Requirements 

Measurement range, frequency range (bandwidth), and resolution are three common attributes that 
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often quantify the capability of a vibration sensing node. The red dashed lines in Fig. 8.21 illustrate these 

attributes through a rectangular box that is bound by the minimum frequency (fMIN), maximum frequency 

(fMAX), minimum magnitude (AMIN), and maximum magnitude (AMAX). When considering a MEMS 

accelerometer for the role of the core sensor in a vibration sensing node, system architects will likely want 

to analyze its frequency response, measurement range, and noise behaviors fairly early in their design cycle. 

There are simple techniques for evaluating each of these accelerometer behaviors to predict the 

accelerometer’s suitability for a given set of requirements. Obviously, system architects will eventually 

need to validate these estimates through actual validation and qualification, but even those efforts will value 

the expectation that comes from early analysis and predication of the accelerometer’s capabilities. 

Frequency Response 

Equation (8.2) presents a simple, first-order model that describes a MEMS accelerometer’s response 

(y) to linear acceleration (a) in the time domain. In this relationship, the bias (b) represents the value of the 

sensor’s output when it is experiencing zero linear vibration (or any type of linear acceleration). The scale 

factor (KA) represents the amount of change in the MEMS accelerometer’s response (y), with respect to the 

change in linear acceleration (a).  
 

.                                  (8.2) 
 

The frequency response of a sensor describes the value of the scale factor (KA), with respect to 

frequency. In a MEMS accelerometer, the frequency response has two primary contributors: (1) response 

of its mechanical structure and (2) the response of the filtering in its signal chain. Equation (8.3) presents a 

generic, second-order model that presents an approximation for the mechanical portion of a MEMS 

accelerometer’s response to frequency. In this model, fO represents the resonant frequency and Q represents 

the quality factor. 

 

 .                                 (8.3) 

 
The contribution from the signal chain will often depend on the filtering that the application requires. 

Some MEMS accelerometers use a single-pole, low-pass filter to help lower the gain of the response at the 

resonant frequency. Equation (8.4) offers a generic model for the frequency response associated with this 

type of filter (HSC). In this type of filter model, the cutoff frequency (fC) represents the frequency at which 

the magnitude of the output signal is lower than its input signal by a factor of √2. 
 

.                                 (8.4) 
 

Equation (8.5) combines the contributions of the mechanical structure (HM) and the signal chain 

(HSC). 
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.                                 (8.5) 
 

Fig. 8.22 provides a direct application of this model to predict the frequency response of the 

ADXL356 (x-axis). This model assumes a nominal resonant frequency of 5500 Hz, a Q of 17, and the use 

of a single-pole, low-pass filter that has a cutoff frequency of 1500 Hz. Note that Equation (8.5) and 

Fig. 8.22 only describe the sensor’s response. This model does not include consideration of the manner in 

which the accelerometer is coupled to the platform that it is monitoring. 

 

 
Fig. 8.22. ADXL356 frequency response 

 

Bandwidth vs Flatness 

In signal chains that leverage a single-pole, low-pass filter (like the one in Equation 4) to establish 

their frequency response, their bandwidth specification often identifies the frequency at which its output 

signal is delivering 50% of the power of the input signal. In more complex responses, such as the third-

order model from Equation (8.5) and Fig. 8.22, bandwidth specifications will often come with a 

corresponding specification for the flatness attribute. The flatness attribute describes the change in the scale 

factor over the frequency range (bandwidth). Using the ADXL356’s simulation from Equation (8.5) and 

Fig. 8.22, the flatness at 1000 Hz is approximately 17% and at 2000 Hz, the flatness is ~40%.   

While many applications will need to limit the bandwidth that they can use due to their flatness 

(accuracy) requirements, there are cases where this may not be as concerning. For example, some 

applications may be more focused on tracking relative changes over time, rather than absolute accuracy. 

Another example could come from those who will leverage digital postprocessing techniques to remove 

the ripple over the frequency ranges that they are most interested in. In these cases, the repeatability and 

stability of the response is often more important than the flatness of the response over a given frequency 

range. 
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Measurement Range 

The measurement range metric for a MEMS accelerometer represents the maximum linear 

acceleration that the sensor can track in its output signal. At some linear acceleration level that is beyond 

the measurement range rating, the output signal of the sensor will saturate. When this happens, it introduces 

significant distortion and makes it very difficult (if not impossible) to extract useful information from the 

measurements. Therefore, it is important to make sure that a MEMS accelerometer will support the peak 

acceleration levels (see AMAX in Fig. 8.21).  

Note that the measurement range will have a dependence on frequency since the mechanical 

response of the sensor introduces some gain to the response, with the peak of the gain response happening 

at the resonant frequency. In the case of the simulated response for the ADXL356 (see Fig. 8.22), the gain 

peaks at approximately 4×, which reduces the measurement range from ±40 g to ±10 g. Equation (8.6) 

offers an analytical approach to predicting this same number, using Equation (8.5) as a starting point: 
 

.                             (8.6) 
 

The large change in scale factor and reduction in measurement range are two reasons why most 

CBM systems will want to confine the maximum frequency of their vibration exposure to levels that are 

well below the resonant frequency of the sensor. 

 

Resolution 

“The resolution of an instrument may be defined as the smallest change in the environment that 

causes a detectable change in the indication of the instrument.”1 In a vibration sensing node, noise in the 

acceleration measurement will have a direct influence on its ability to detect changes in vibration (aka 

“resolution”). Therefore, noise behaviors are an important consideration for those who are considering a 

MEMS accelerometer to detect small changes in the vibration on their machine platforms. Equation (8.7) 

provides a simple relationship for quantifying the impact that a MEMS accelerometer’s noise will have on 

its ability to resolve small change in vibration. In this model, the sensor’s output signal (yM) is equal to the 

sum of its noise (aN) and the vibration that it is experiencing (aV). Since there will be no correlation between 

the noise (aN) and the vibration (aV), the magnitude of the sensor’s output signal (|yM|) will be equal to the 

root sum square (RSS) combination of the noise magnitude (|aN|) and the vibration’s magnitude (|aV|). 
 

.                                  (8.7) 
 

So, what level of vibration is required to overcome the noise burden in the measurement and create 

an observable response in the sensor’s output signal? Quantifying the vibration level in terms of the noise 

level can help explore this question in an analytical manner. Equation (8.8) establishes this relationship 

through ratio (KVN) and then derives a relationship to predict the level of change in the sensor’s output, in 

terms of that ratio: 
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.                                 (8.8) 
 

Table 8.5 provides some numerical examples of this relationship to help illustrate the increase in 

the sensor’s output measurement, with respect to the ratio (KVN) of the vibration and noise magnitudes. For 

simplicity, the remainder of this discussion will assume that the total noise in the sensor’s measurement 

will establish its resolution. From Table 8.5, this relates to the case where KVN is equal to one, which is 

when the vibration magnitude is equal to the noise magnitude. When that happens, the magnitude in the 

sensor’s output will increase by 42% over its output magnitude when there is zero vibration. Note that each 

application may need to consider what level of increase will be observable in their system in order to 

establish a relevant definition for resolution in that situation. 
 

Table 8.5.  

Sensors Response to Vibration/Noise 

 

KVN lyMl/laNl Increase % 

0 1 0 

0.25 1.03 3 

0.5 1.12 12 

1 1.41 41 

2 2.23 123 

 

Predicting Sensor Noise 

Fig. 8.23 presents a simplified signal chain of a vibration sensing node that will use a MEMS 

accelerometer. In most cases, the low-pass filter provides some support for antialiasing, while the digital 

processing will provide more defined boundaries in the frequency response. In general, these digital filters 

will seek to preserve the signal content that represents the real vibration, while minimizing the influence of 

out of band noise. Therefore, the digital processing will often be the most influential part of the system to 

consider when estimating the noise bandwidth. This type of processing can come in the form of time-

domain techniques, such as a band-pass filter or through spectral techniques, such as the fast Fourier 

transform (FFT).  
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Fig. 8.23. Signal chain of a vibration sensing node 
 

Equation (8.9) provides a simple relationship for estimating the total noise in a MEMS 

accelerometer’s measurement (ANOISE), using its noise density (φND) and the noise bandwidth (fNBW) 

associated with the signal chain. 
 

.                                 (8.9) 
 

Using the relationship in Equation (8.9), we can estimate that when using a filter that has a noise 

bandwidth of 100 Hz on the ADXL357 (noise density SN = 80 μg/√Hz), total noise will be 0.8 mg (rms). 

 

Vibration in Terms of Velocity 

Some CBM applications need to evaluate core accelerometer behaviors (range, bandwidth, noise) in 

terms of linear velocity. One method for making this translation starts with the simple model from Fig. 8.21 

and the same assumptions that produced the model in Equation (8.1): linear motion, single frequency, and 

zero mean displacement. Equation (8.10) expresses this model through a mathematical relationship for the 

instantaneous velocity (vV) of the object in Fig. 8.21. The magnitude of this velocity, expressed in terms of 

root mean square (rms), is equal to the peak velocity, divided by the square root of 2. 
 

.                                 (8.10) 
 

Equation (8.11) takes the derivative of this relationship to produce a relationship for the 

instantaneous acceleration of the object in Fig. 8.21: 
 

.                             (8.11) 

 

Starting with the peak value of the acceleration model from Equation (8.11), Equation (8.12) derives 

a new formula that relates the acceleration magnitude (Arms) to the velocity magnitude (Vrms) and vibration 

frequency (fV). 
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.                                 (8.12) 

 

Case Study 

Let’s bring this all together with a case study of the ADXL357, which expresses its range (peak) and 

resolution for a vibration frequency range of 1 Hz to 1000 Hz, in terms of linear velocity. Fig. 8.24 provides 

graphical definition of several attributes that will contribute to this case study, starting with a plot of the 

ADXL357’s noise density over the frequency range of 1 Hz to 1000 Hz. For the sake of simplicity in this 

discussion, all of the computations in this particular case study will assume that the noise density is constant 

(φND = 80 μg/√Hz) over the entire frequency range. The red spectral plot in Figure 5 represents the spectral 

response of a band-pass filter and the green vertical line represents the spectral response of a single 

frequency (fV) vibration, which is useful in developing velocity-based estimates of resolution and range. 

 

 
 

Fig. 8.24. Case study noise density and filtering 

 

The first step in this process uses Equation (8.9) to estimate the noise (ANOISE) that comes from four 

different noise bandwidths (fNBW): 1 Hz, 10 Hz, 100 Hz, and 1000 Hz. Table 2 presents these results in terms 

of two different units of measure for linear acceleration: g and mm/s2. The use of g is fairly common in 

most MEMS accelerometer specifications tables, while vibration metrics are not often available in these 

terms. Fortunately, the relationship between g and mm/s2 is fairly well known and is available in Equation 

(8.13). 
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.                                 (8.13) 

 
Table 8.6.  

Sensors Response to Vibration/Noise 

 

fNBW (Hz) 

ANOISE 

(mg) (mm/s2) 

1 0.08 0.78 

10 0.25 2.48 

100 0.80 7.84 

1000 2.5 24.8 

 

The next step in this case study rearranges the relationship in Equation (8.12) to derive a simple 

formula, see Equation (8.14), for translating the total noise estimates (from Table 8.6) into terms of linear 

velocity (VRES, VPEAK). In addition to offering the general form of this relationship, Equation (8.14) also 

offers one specific example, using the noise bandwidth of 10 Hz (and the acceleration noise of 2.48 mm/s2, 

from Table 8.6). The four dashed lines in Fig. 8.25 represent the velocity resolution for all four noise 

bandwidths, with respect to the vibration frequency (fV).  
 

.                                 (8.14) 

 

In addition to presenting the resolution for each bandwidth, Fig. 8.25 also provides a solid blue line 

that represents the peak vibration levels (linear velocity) with respect to frequency. This comes from the 

relationship in Equation (8.15), which starts with the same general form as Equation (8.14), but instead of 

using the noise in the numerator it uses maximum acceleration that the ADXL357 can support. Note that 

the √2 factor in the numerator scales this maximum acceleration to reflect the rms level, assuming a single-

frequency vibration model. 
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Fig. 8.25. Peak and resolution vs. vibration frequency 
 

.                                 (8.15) 
 

Finally, the red box represents how to apply this information to system-level requirements. The 

minimum (0.28 mm/s) and maximum (45 mm/s) velocity levels from this red box come from some of the 

classification levels in a common industry standard for machine vibration: ISO-10816-1. Overlaying the 

requirements on the range and resolution plots for the ADXL357 provides a quick method for making simple 

observations, such as: 

The worst case for the measurement range is at the highest frequency, where the ±40 g range of the 

ADXL357 appears capable of measuring a very large portion of the vibration profiles associated with ISO-

10816-1. 

When processing the ADXL357’s output signal with a filter that has a noise bandwidth of 10 Hz 

filter, the ADXL357 appears capable of resolving the lowest vibration level from ISO-10816-1 (0.28 mm/s) 

across the frequency range of 1.5 Hz to 1000 Hz.  

When processing the ADXL357’s output signal with a filter that has a noise bandwidth of 1 Hz filter, 

the ADXL357 appears capable of resolving the lowest vibration level from ISO-10816-1 across the entire 1 

Hz to 1000 Hz frequency range.  

MEMS accelerometers are coming of age as vibration sensors and they are playing a key role in 

what appears to be a perfect storm of technology convergence in CBM systems for modern factories. New 

solutions in sensing, connectivity, storage, analytics, and security are all coming together to provide factory 

managers with a fully integrated system of vibration observation and process feedback control. While it is 

easy to get lost in the excitement of all of this amazing technology advancement, someone still needs to 

understand how to relate these sensor measurements to real-world conditions and the implications that they 

represent. CBM developers and their customers will be able to draw value from these simple techniques 

and insights, which provide an approach for translating MEMS performance specifications into their impact 

on key system-level criteria using familiar units of measure. 
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8.6. Choosing the Most Suitable MEMS 
Accelerometer 

This chapter is written by Chris Murphy [56]. Accelerometers are capable of measuring 

acceleration, tilt, and vibration or shock, and, as a result, are used in a diverse range of applications from 

wearable fitness devices to industrial platform stabilization systems. There are hundreds of parts to choose 

from with a significant span in cost and performance. 

The latest MEMS capacitive accelerometers are finding use in applications traditionally dominated 

by piezoelectric accelerometers and other sensors. Applications such as CBM, structural health monitoring 

(SHM), asset health monitoring (AHM), vital sign monitoring (VSM), and IoT wireless sensor networks are 

areas where next-generation MEMS sensors offer solutions. However, with so many accelerometers and so 

many applications, choosing the right one can easily become confusing. 

There is no industry standard to define what category an accelerometer fits into. The categories 

accelerometers are generally classified into and the corresponding applications are shown in Table 8.7. The 

bandwidth and g-range values shown are typical of accelerometers used in the end applications listed. 
 

Table 8.7.  

Accelerometer Grade and Typical Application Area 

 

Accelerometer 

Grade 
Main Application Bandwidth g-Range 

Consumer Motion, static acceleration 0 Hz 1 g 

Automotive Crash/stability 100 Hz <200 g/2 g 

Industrial Platform stability/tilt 5 Hz to 500 Hz 25 g 

Tactical Weapons/craft navigation <1 kHz 8 g 

Navigation Submarine/craft navigation >300 Hz 15 g 

 

Fig. 8.26 shows a snapshot of a range of MEMS accelerometers and classifies each sensor based on 

key performance metrics for a specific application and the level of intelligence/integration. A key focus for 

this chapter is on next-generation accelerometers based on enhanced MEMS structures and signal 

processing, along with world-class packaging techniques offering stability and noise performance 

comparable with more expensive niche devices, while consuming less power. These attributes and other 

critical accelerometer specifications are discussed in more detail in the following sections based on 

application relevance. 
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Fig. 8.26. Application landscape for a selection of Analog Devices MEMS accelerometers 
 

Inclination or Tilt Sensing 

Key criteria: Bias stability, offset over temperature, low noise, repeatability, vibration rectification, 

cross-axis sensitivity. 

Accurate inclination or tilt sensing is a demanding application for MEMS capacitive accelerometers, 

especially in the presence of vibration. Using MEMS capacitive accelerometers to achieve 0.1° of tilt 

accuracy in dynamic environments is very difficult—<1° is difficult and >1° is very achievable. In order 

for an accelerometer to effectively measure tilt or inclination, the sensor performance and end application 

environment must be well understood. Static environments provide much better conditions for measuring 

inclination vs. dynamic environments, because vibration or shock can corrupt tilt data and lead to significant 

errors in measurements. The most important specifications for measuring tilt are tempco offset, hysteresis, 

low noise, short-/long-term stability, repeatability, and good vibration rectification. 

Errors such as zero-g bias accuracy, zero-g bias shift due to soldering, zero-g bias shift due to PCB 

enclosure alignment, zero-g bias tempco, sensitivity accuracy and tempco, nonlinearity, and cross-axis 

sensitivity are observable and can be reduced through postassembly calibration processes. Other error terms 

such as hysteresis, zero-g bias shift over life, sensitivity shift over life, zero-g shift due to humidity, and 

PCB bend and twist due to temperature variations over time can’t be addressed in calibration, or else they 

require some level of in-situ servicing to be reduced. 

Analog Devices’ range of accelerometers can be divided into MEMS (ADXLxxx) 

andiSensor® (ADIS16xxx) special purpose parts. iSensor or intelligent sensors are highly integrated (4° to 

10° of freedom) and programmable parts used in complex applications under dynamic conditions. These 

highly integrated plug-and-play solutions include full factory calibration, embedded compensation, and 

signal processing—solving many of the errors outlined above for in-situ servicing and greatly reducing the 

design and verification burden. This extensive factory calibration characterizes the entire sensor signal 

chain for sensitivity and bias over a specified temperature range, typically −40°C to +85°C. As a result, 
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each iSensor part has its own unique correction formulas to produce accurate measurements upon 

installation. For some systems, the factory calibration eliminates the need for system-level calibration and 

greatly simplifies it for others. 

iSensor parts are specifically targeted at certain applications. For example, the ADIS16210 shown 

in Fig. 8.27 was designed and tailored specifically for inclination applications and, as a result, can offer 

<1° relative accuracy out of the box. This is largely down to the integrated signal processing and unit 

specific calibration for optimal accuracy performance. iSensors are discussed further in the stabilization 

section. 

 
 

Fig. 8.27. ADIS16210 precision triaxial inclination 
 

Latest generation accelerometer architectures such as the ADXL355 are more versatile (inclination, 

condition monitoring, structural health, IMU/AHRS applications) and contain less application specific, but 

still feature rich integrated blocks, as shown in Fig. 8.28. 

 
Fig. 8.28. ADXL355 low noise, low drift, low power, 3-axis MEMS accelerometer 

 

The following section compares the ADXL345, a general-purpose accelerometer, with the next-

generation low noise, low drift, and low power ADXL355 accelerometer, which is ideal for use in a wide 

range of applications, such as IoT sensor nodes and inclinometers. This comparison looks at error sources 

in a tilt application and what errors can be compensated or removed. Table 8.8 shows an estimate of the 

consumer grade ADXL345 accelerometers ideal performance specifications and the corresponding tilt 

errors. When trying to achieve the best possible tilt accuracy, it is imperative to apply some form of 

temperature stabilization or compensation. For this example, a constant temperature of 25°C is assumed. 

The largest error contributors that can’t be fully compensated out are offset over temperature, bias drift, 

https://www.analog.com/ru/products/ADXL355.html
https://www.analog.com/ru/products/adxl345.html
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and noise. Bandwidth can be lowered to reduce the noise, as inclination applications typically require 

bandwidths below 1 kHz. 

 
Table 8.8. 

ADXL345 Error Source Estimates 

 

Sensor 

Parameter 
Performance Condition/Note 

Typical Application 

Error g Tilt ° 

Noise 
X/Y axis  

290 μg/√(Hz) 
Bandwidth at 6.25 Hz 

0.9 

mg 
0.05° 

Bias drift Allan deviation 
X/Y axis short-term 

(for example, 10 days) 
1 mg 0.057° 

Initial 

offset 
35 mg 

No compensation 35 mg 2° 

With compensation 0 mg 0° 

Error No compensation 6.25 Hz bandwidth 
36.9 

mg 
2.1° 

Error 
With 

compensation 
6.25 Hz bandwidth 

1.9 

mg 
0.1° 

 

Table 8.9 shows the same criteria for the ADXL355. Short-term bias values were estimated from the 

root Allan variance plots in the ADXL355 data sheet.  
 

Table 8.9.  

ADXL355 Error Source Estimates 

 

Sensor 

Parameter 
Performance Condition/Note 

Typical Application 

Error g Tilt ° 

Noise 25 μg/√(Hz) 
Bandwidth at  

6.25 Hz 
78 μg 0.0045° 

Bias drift 
Allan 

deviation 

X/Y axis short-term 

(for example, 10 days) 
<10 μg 0.00057° 

Initial 

offset 
25 mg 

No compensation 25 mg 1.43° 

With compensation 0 mg 0° 

Total 

error 

No 

compensation 
6.25 Hz bandwidth 25 mg 1.43° 

Total 

error 

With 

compensation 
6.25 Hz bandwidth 88 μg 0.005° 

 

At 25°C, the compensated tilt accuracy is estimated as 0.1° for the general-purpose ADXL345. For 

the industrial grade ADXL355, the estimated tilt accuracy is 0.005°. Comparing the ADXL345 and 

ADXL355, it can be seen that large error contributors like noise have been reduced significantly from 0.05° 
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to 0.0045° and bias drift from 0.057° to 0.00057°, respectively. This shows the massive leap forward in 

MEMS capacitive accelerometer performance in terms of noise and bias drift—enabling much higher levels 

of inclination accuracy under dynamic conditions. 

The importance of selecting a higher-grade accelerometer is crucial in achieving the required 

performance, especially if your application demands below 1° of tilt accuracy. Application accuracy can 

vary depending on application conditions (large temperature fluctuations, vibration) and sensor selection 

(consumer grade vs. industrial or tactical grade). In this case, the ADXL345 will require extensive 

compensation and calibration effort to achieve <1° tilt accuracy, adding to the overall system effort and 

cost. Depending on the magnitude of vibrations in the end environment and temperature range, this may 

not even be possible. Over 25°C to 85°C, the tempco offset drift is 1.375°—already exceeding the 

requirement for less than 1° of tilt accuracy. 

 

 
 

For the ADXL355 the maximum tempco offset drift from 25°C to 85°C is 0.5°. 

 
 

The ADXL354 and ADXL355 repeatability (±3.5 mg/0.2° for X and Y, ±9 mg/0.5° for Z) is predicted 

for a 10 year life and includes shifts due to the high temperature operating life test (HTOL) (TA = 150°C, 

VSUPPLY = 3.6 V, and 1000 hours), temperature cycling (−55°C to +125°C and 1000 cycles), velocity 

random walk, broadband noise, and temperature hysteresis. By providing repeatable tilt measurement under 

all conditions, these new accelerometers enable minimal tilt error without extensive calibration in harsh 

environments, as well as minimize the need for postdeployment calibration. The ADXL354 and ADXL355 

accelerometers offer guaranteed temperature stability with null offset coefficients of 0.15 mg/°C 

(maximum). The stability minimizes resource and expense associated with calibration and testing effort, 

helping to achieve higher throughput for device OEMs. In addition, the hermetic package helps ensure that 

the end product conforms to its repeatability and stability specifications long after it leaves the factory. 

Typically, repeatability and immunity to vibration rectification error (VRE) are not shown on data 

sheets, due to being a potential indicator of lower performance. For example, the ADXL345 is a general-

purpose accelerometer targeted at consumer applications where VRE is not a key concern for designers. 

However, in more demanding applications such as inertial navigation, inclination applications, or particular 

environments rich in vibration, immunity to VRE is likely to be a top concern for a designer and, hence, its 

inclusion on the ADXL354/ ADXL355 and ADXL356/ ADXL357 data sheets. 

VRE, as shown in Table 4, is the offset error introduced when accelerometers are exposed to 

broadband vibration. When an accelerometer is exposed to vibrations, VRE contributes significant error in 

tilt measurements when compared to 0 g offset over temperature and noise contributions. This is one of the 

key reasons it is left off data sheets, as it can very easily overshadow other key specifications. 

VRE is the response of an accelerometer to ac vibrations that get rectified to dc. These dc rectified 

vibrations can shift the offset of the accelerometer, leading to significant errors, particularly in inclination 

applications where the signal of interest is the dc output. Any small change in dc offset can be interpreted 

as a change in inclination and lead to system-level errors. VRE can be caused by various resonances and 

filters within the accelerometer, in this case the ADXL355, due to VRE having a strong dependence on 

frequency. The vibrations are amplified by these resonances by a factor equal to the Q factor of the 

resonance and will damp vibrations at higher frequencies, due to the 2nd order of the resonator’s 2-pole 

response. The greater the sensor’s Q factor resonance, the greater the VRE due to larger amplification of 

the vibrations. Larger measurement bandwidth leads to integration of high frequency in-band vibrations, 

leading to higher VRE, as shown in Fig. 8.29. Many vibration related issues can be avoided by choosing an 

appropriate bandwidth for the accelerometer to reject high frequency vibrations. 
 

 

https://www.analog.com/ru/products/ADXL356.html
https://www.analog.com/ru/products/ADXL357.html
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Table 8.10 

Errors Shown in Degrees of Tilt 

 

Part 

Maximum Tilt Error 

0 g Offset vs. 

Temperature 

(°/°C) 

Noise Density  

(°/√(HZ)) 

Vibration Rectification 

(°/g2rms) 

ADXL354 0.0085 0.0011 0.0231 

ADXL355 0.0085 0.0014 0.0231 

1 ±2 g-range in a 1 g orientation, offset due to 2.5 g rms vibration. 

 

 
 

Fig. 8.29. ADXL355 VRE test at different bandwidths 

 

Static tilt measurements typically require low g accelerometers around ±1 g to ±2 g, with 

bandwidths less than 1.5 kHz. The analog output ADXL354 and the digital output ADXL355 are low noise 

density (20 μg√Hz and 25 μg√Hz respectively), low 0 g offset drift, low power, 3-axis accelerometers with 

integrated temperature sensors and selectable measurement ranges, as shown in Table 8.11. 
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Table 8.11.  

ADXL354/ADXL355/ADXL356/ADXL357 Measurement Ranges 

 

Part Measurement Range (g) Bandwidth (kHz) 

ADXL354B ±2, ±4 1.5 

ADXL354C ±2, ±8 1.5 

ADXL355B ±2, ±4, ±8 1 

ADXL356B ±10, ±20 1.5 

ADXL356C ±10, ±40 1.5 

ADXL357B ±10.24, ±20.48, ±40.96 1 

 

ADXL354/ ADXL355 and ADXL356/ ADXL357 come in a hermetic package, helping to provide 

excellent long-term stability. Performance gains due to package typically scale, as shown in Fig. 8.30. The 

package is often overlooked in terms of what a manufacturer can do to add extra performance in relation to 

stability and drift. This has been a key focus of Analog Devices, which can be seen across the wide array 

of sensor package types we offer to fit varying application areas. 

 

High Temperature and Dynamic Environments 

Before the availability of accelerometers rated for high temperature or harsh environment operation, 

some designers were forced to use standard temperature ICs well beyond data sheet limits. This means the 

end user takes on the responsibility and risk of qualifying the component at elevated temperatures, which 

is expensive and time consuming. Sealed hermetic packages have been well known to be robust at elevated 

temperatures and provide a barrier against moisture and contamination that cause corrosion. Analog 

Devices offer a range of hermetically sealed parts offering enhanced stability and performance over 

temperature. Analog Devices has also done significant work examining the performance of plastic packages 

at elevated temperatures—in particular, the lead frame and leads ability to comply with high temperature 

soldering processes and providing secure attachment for high shock and vibration environments. As a result, 

Analog Devices offers 18 accelerometers with a specified temperature range of −40°C to +125°C 

including ADXL206, ADXL354/ ADXL355/ ADXL356/ ADXL357, ADXL1001/ ADXL1002, ADIS16227/ 

ADIS16228, and ADIS16209. Most competitors do not offer MEMS capacitive accelerometers capable of 

performing over −40°C to +125°C or in harsh environmental conditions, such as heavy industrial machinery 

and down-hole drilling and exploration. 

 

https://www.analog.com/ru/products/adxl206.html


 
 

134 
 

ROBOTICS 

 
 

Fig. 8.30. Examples of performance gains due to advanced packaging techniques and calibration 
 

Performing inclination measurements in very harsh environments with temperatures above 125°C 

is an extremely challenging task. The ADXL206 is a high precision (tilt accuracy <0.06°), low power, 

complete, dual-axis MEMS accelerometer for use in high temperature and harsh environments, such as 

down-hole drilling and exploration. This part comes in a 13 mm × 8 mm × 2 mm side-brazed, ceramic, dual 

in-line package, which allows for an ambient temperature range of −40°C to +175°C, with diminishing 

performance above 175°C with 100% recoverability. 

Inclination measurements in dynamic environments where vibration is present, such as agricultural 

equipment or drones, require higher g-range accelerometers such as the ADXL356/ ADXL357. 

Accelerometer measurements in a limited g-range can lead to clipping, which results in extra offset being 

added to the output. Clipping could be due to the sensitive axis being in the 1 g field of gravity or due to 

shocks with fast rise times and slow decay. With a higher g-range, accelerometer clipping is reduced, thus 

reducing offset leading to better inclination accuracy in dynamic applications. 

Fig. 8.31 shows a g-range limited measurement from the ADXL356 Z-axis, with 1 galready being 

present in this range of measurement. Fig. 8.32 shows the same measurement but with the g-range extended 

from ±10 g to ±40 g. It can be clearly seen that the offset due to clipping is significantly reduced by 

extending the g-range of the accelerometer. 

The ADXL354/ ADXL355 and ADXL356/ ADXL357 offer superior vibration rectification, long-term 

repeatability, and low noise performance in a small form factor and are ideally suited for tilt/inclination 

sensing in both static and dynamic environments. 

 

https://www.analog.com/ru/products/adxl206.html
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Fig. 8.31. ADXL356 VRE, Z-axis offset from 1 g, ±10 g-range, Z-axis orientation = 1 g 

 

 
 

Fig. 8.32. ADXL356 VRE, Z-axis offset from 1 g, ±40 g-range, Z-axis orientation = 1 g 
 

Stabilization 

Key criteria: Noise density, velocity random walk, in-run bias stability, bias repeatability, and 

bandwidth. 

Detecting and understanding motion can add value to many applications. Value arises from 

harnessing the motion that a system experiences and translating it into improved performance (reduced 

response time, higher precision, faster speed of operation), enhanced safety or reliability (system shut-off 

in dangerous situations), or other added-value features. There is a large class of stabilization applications 

that require the combination of gyroscopes with accelerometers (sensor fusion), as shown in Fig. 8.33, due 

to the complexity of motion—for example, in UAV-based surveillance equipment and antenna pointing 
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systems used on ships. 

 

 
Fig. 8.33. Six degrees of freedom IMU 

 

Six degrees of freedom IMUs use multiple sensors so they can compensate for each other’s 

weaknesses. What may seem like simple inertial motion on one or two axes can actually require 

accelerometer and gyroscope sensor fusion, in order to compensate for vibration, gravity, and other 

influences that an accelerometer or gyroscope alone would not be able to accurately measure. 

Accelerometer data consists of a gravity component and motion acceleration. These cannot be separated, 

but a gyroscope can be used to help remove the gravity component from the accelerometer output. The 

error due to the gravity component of the accelerometer data can quickly become large after the required 

integration process to determine position from acceleration. Due to accumulating error, a gyroscope alone 

is not sufficient for determining position. Gyroscopes do not sense gravity, so they can be used as a support 

sensor along with an accelerometer. 

In stabilization applications the MEMS sensor must provide accurate measurements of the 

platform’s orientation, particularly when it is in motion. A block diagram of a typical platform stabilization 

platform system utilizing servo motors for angular motion correction is shown in Fig. 8.34. The 

feedback/servo motor controller translates the orientation sensors data into corrective control signals for 

the servo motors. 

 
 

Fig. 8.34. Basic platform stabilization system 
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The end application will dictate the level of accuracy required, and the quality of sensor chosen 

whether consumer or industrial grade will determine whether this is achievable or not. It is important to 

distinguish between consumer grade devices and industrial grade devices, and this can sometimes require 

careful consideration as the differences can be subtle. Table 8.12 shows the key differences between a 

consumer grade and midlevel industrial grade accelerometer integrated into an IMU. 

 
Table 8.12.  

Industrial MEMS Devices Offer Extensive Characterization of All Known Potential Error Sources and 

Achieve More Than Order of Magnitude Precision Improvement vs. Consumer2 

 

Accelerometer 

Parameter 

Typical Industrial 

Specification 

Improvement Over Typical 

Consumer Device 

Dynamic range Up to 40 g 3× 

Noise density 25 μg/√Hz 10× 

Velocity random 

walk 
0.03 m/s/√Hz 10× 

In-run bias stability 10 μg 10× 

Bias repeatability 25 mg 100× 

–3 dB bandwidth 500 Hz 2× 

 

In some cases where conditions are benign and imprecise data is acceptable, a low precision device 

can provide adequate performance. However, the demands on the sensor in dynamic conditions grow 

rapidly and lower precision parts suffer greatly due to not being able to reduce vibration effects from actual 

measurements or temperature effects, therefore struggling to measure below 3° to 5° of pointing accuracy. 

Most low-end consumer devices do not provide specifications for parameters such as vibration rectification, 

angular random walk, and other parameters that actually can be the largest error sources in industrial 

applications. 

In order to measure from 1° down to 0.1° of pointing accuracy in dynamic environments, a 

designer’s part selection must focus on the sensors ability to reject drift error over temperature and vibration 

influences. While sensor filtering and algorithms (sensor fusion) are a critical element in achieving 

improved performance, they are not capable of eliminating performance gaps from a consumer grade to 

industrial grade sensor. Analog Devices new class of industrial IMUs achieve performance close to what 

was used in previous generation missile guidance systems. Parts such as the ADIS1646x and the 

announced ADIS1647x can provide precision motion sensing in standard and mini IMU form factors, 

opening up what used to be a niche application area. 

8.7. How to Improve the Accuracy of Inclination 
Measurement Using an Accelerometer 

 

Typical Application of Tilt Measurement 

This chapter is written by Allen Fan [57]. This chapter discusses how to improve tilt measurement 

accuracy using an accelerometer like a combo part. Electric park brakes (EPBs) are used on passenger 

vehicles to hold the vehicle stationary on graded and flat roads. This is accomplished by measuring the 

inclination using a single-axis or dual-axis accelerometer. Typically, an x-, y- or z-axis low-g accelerometer 

is placed in a dedicated module of an EPB control unit. Now, more and more vehicles have an electronic 

https://www.analog.com/ru/products/ADIS16460.html
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stability control (ESC) function with a combined low-g accelerometer and gyroscope in a single chip. This 

is done to prevent the vehicle from side slipping and rolling over, and now ESC function is demanded 

world-wide through legislation. If tilt measurement is accomplished by a combo part (single-chip, 

combined accelerometer and gyroscope), then it is not necessary to have a standalone EPB module on the 

vehicle, which would significantly reduce the cost of the car. Because a combo part is typically used for 

ESC, it’s not optimized for tilt sensing, and sometimes, the accuracy of the tilt measurement by a combo 

part could not meet the accuracy requirement. Because a combo is xy-axis or xyz-axis, it typically uses the 

x-axis for tilt measurement and some of the traditional low-g accelerometers in EPB modules use the z-

axis, because it’s installed vertically in the engine compartment. The sensing axis should be placed 

perpendicular to gravity to achieve better accuracy—this will be discussed later. 

For tilt measurement on a vehicle, it’s very important to evaluate the accuracy. Imagine that your 

car is parking on absolutely flat ground, so the angle calculated by the accelerometer should be 0°. If your 

car is parking on a ramp, the inclination should be accurately detected so that the braking system would be 

actuated correctly.  

 
 

Fig. 8.35. Installation illustration of x-axis and z-axis accelerometer 
 

 

 
 

Fig. 8.36. X-axis sensing tilt measurement illustration 
 

 
So 

 
Here: 

AOUT is the output of the accelerometer in g. 

θ is the inclination of the ramp in degrees. 
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Fig. 8.37. Sensitivity of sin θ to θ degrades as θ increases 
 

Because sin θ is a nonlinear function, the relationship between AOUT and θ is nonlinear and it has 

the best linearity near zero, which means it has the best measuring accuracy. As θ increases, the measuring 

accuracy degrades. That’s why the sensing axis should be placed perpendicular to gravity, because the road 

slope grade will be close to zero. 

For tilt measurement on a vehicle, it’s not necessary to consider the system with full ramp slope. 

The vast majority of ramp slope on the road in the real world would not exceed 30°. We only have to 

analyze the accuracy of contributions within the range of ±30°. 

There are several contributions that would affect system-level measurement accuracy: 

− Sensitivity error and initial absolute offset 

− Nonlinearity 

− Total offset variation from initial absolute offset 

− Noise 

− Sensitivity Error and Initial Absolute Offset 

− Sensitivity Error 

Sensitivity is the slope of the transfer function measured of inputs-outputs, usually at +1g and –1 g. 

Sensitivity error is the part to part deviation of sensitivity. For example, some accelerometers’ maximum 

sensitivity is 3%. 

 

Initial Absolute Offset 

The offset within the range is around 25°C; for example, 25°C ± 5°C, measured immediately after 

completion of the module’s manufacture. The initial absolute offset denotes the standard deviation of the 

measured offset values across a large population of devices. 
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Fig. 8.38. Sensitivity error of input-output acceleration 

 

 

Two-Point Calibration 

For tilt measuring applications, the two main errors come from offset error and sensitivity error. 

These two errors lead to an unacceptable sensing result, so they should not be neglected. If we want to 

remove these two parts of error, the output of acceleration should be calibrated. Typically, there is a one-

time calibration for offset and sensitivity of tilt measurement. If the offset and sensitivity error is considered, 

the relationship of input vs. output of the accelerometer is: 

 

 
Where: 

AOUTPUT is the offset error in g. 

Gain is the gain of the accelerometer; the ideal value is 1. 

AACTUAL is the real acceleration applied on the accelerometer in g. 

There are two basic calibration techniques; one is single-point calibration. This calibration is done 

by applying a 0 g field on the accelerometer and then measuring the output. This kind of calibration could 

just be used for calibrating offset error and gain error could not be calibrated. Then, the resulting output in 

a 0 g field is subtracted from the real output value to remove the offset error. This is an easy method for 

calibration, but not for accuracy, because there’s still sensitivity error. Another way is 1g flip calibration, 

which would use two-point calibration at +1 g and –1 g, and in each field of +1 g and –1 g measure the 

acceleration output as below: 

 
Here the offset, AOFFSET, is in g. 

From this two-point information, offset and gain could be resolved as follows: 

 
Where the +1 g and −1 g measurements, A+1 g and A–1 g, are in g. 



 
 

141 

 

ROBOTICS 

After this one-time calibration, the actual acceleration could be calculated by following this 

equation, each time removing the offset and sensitivity error. 

 
Where AOFFSET and AOUT are in g. 

Nonlinearity 

The nonlinearity of the device is the maximum deviation of the measured acceleration (AMEA) and 

the ideal linear output acceleration (AFIT). The dataset of the acceleration measurement should include the 

full-scale range of the accelerometer. It’s measured as Max(|AMEA – AFIT|). 

 

 
Fig. 8.39. Nonlinearity of the device 

 

Where: 

AMEA is measured acceleration at a defined gn. 

AFIT is predicted acceleration at a defined gn. 

Most accelerometer or combo parts have nonlinearity over a given input accelerometer range—for 

example, a range of 30 mg ± 2 g. For tilt measurement applications, the input ramp slope is within ±30°, 

which means the output acceleration range is within ±500 mg (±1 g × sin 30°), so the nonlinearity within 

this range should be reassessed. Because the nonlinearity is not linear across the whole input range, it’s 

difficult to evaluate this part of error accurately and quantitatively. However, because the data sheet for this 

part is usually very conservative for a nonlinearity of 30 mg with an input range of ±2 g, it would be more 

reasonable to use 10 mg for the error calculation within ±500 mg. 

 

Total Offset Variation from Initial Absolute Offset 

Total offset variation from initial absolute offset is the maximum deviation of the offset as induced 

by temperature, stress, and aging effects. This deviation is measured relative to the initial absolute offset 

for a given device. This is the main contribution to the total error of accuracy. 

Among all these factors like temperature, stress, aging, etc., variation vs. temperature accounts for 

the major percentage of total offset variation. Typically, the variation vs. temperature curve is a second-

order curve, which is typically a rotated parabola. In order to eliminate this part of error, a three-point 

calibration at the system level could be performed. For a given device, the output variation drift vs. 
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temperature could be calibrated with the following steps. 

Step 1: 

The output response of the device is shifted by some value ∆N0. The first step in the temperature 

calibration process is to cancel out the offset at ambient. 

 
 

Fig. 8.40. Step 1: cancel out the offset at ambient 

 

 

 
Fig. 8.41. Step 2: after cancellation of the offset at ambient 

 

Step 2: 

Next, the device is tested at a hot temperature and this new information is used to generate a linear 

equation for offset correction. 
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Fig. 8.42. Step 3: cancel out the parabola rotation component at hot 

 

 
Fig. 8.43. Step 4: after the cancellation of the parabola rotation component 

 

Step 3: 

A second-order component is added to the existing equation in order to correct for the remainder of 

the offset. Assuming the second-order curve follows the equation below: 

 
This is a second-order parabola formula and the rotation component has been cancelled through 

steps 1 and 2. 

This second-order parabola has three solutions to this equation: 
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Then we could get tempco a, b, c. 

 
 

Fig. 8.44. Step 5: adding a second-order component to cancel out the residual offset 
 

All the tempco information of ∆N0, ∆N1, ∆N2, a, b, c should be stored in the system’s nonvolatile 

memory and an on-board temperature sensor is needed. The system would calibrate the accelerometer 

routinely after each power-on to ensure the cancellation of the variant drift vs. temperature. 

 

Noise 

A tilt measurement based on a single sample of data may not be reliable. Even if the accelerometer 

had zero noise, tilt measurements are being made while the car is on, so any or all vibration caused by the 

engine, passing vehicles, or the passengers shifting around within the car will all need to be mitigated. The 

best way to do this is to average the data for as long as possible without falling below the minimum data 

rate requirements. This averaging will reduce the rms noise. 

Assuming we sample the noise, we get a per-sample variance of 

 

 
 

Averaging a random variable leads to the following variance, 

 

 
 

Since noise variance is constant at σ2, 
 

 
 

Demonstrating that averaging n realizations of the same, uncorrelated noise reduces noise power by 

a factor of n, and the rms noise would be reduced by √n. 
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Because random noise is subject to Gaussian distribution, rms noise is equivalent to the standard 

deviation of Gaussian distribution. The minimum population within 6σ is 97%. 

For example, if you are averaging every 100 ms of data at 1 kSPS, then a max rms noise = 0.4 mg, 

meaning the calculation for peak noise at that point is only 2.4 mg if we use 6σ as the distance from the 

mean. 

The factors that you are multiplying the rms value by depend on the statistical needs of the mission 

profile for the part. For example, choosing 6 as the factor (peak-to-peak noise is 6 × rms noise) will impact 

the probability of a worst-case scenario happening during the part’s lifetime. RMS noise is a fixed value 

indicated in a product’s data sheet. It’s the standard deviation, which means it’s in the 1 sigma distribution. 

It cannot be used for the calculation as the containment limit within a 1 sigma distribution is only 68.26%. 

This is why we have to choose a higher factor to multiply the rms noise by. A larger factor will lead to 

better containment. 

  

 
 

Fig. 8.45. A Gaussian distribution curve including sigma levels 1 through 6 

  

Theoretically, the factor that is multiplying the rms noise will determine the failure time during the 

algorithm’s lifetime because noise is a random variable over time. But while noise is not predictable, it can 

be calculated statistically. 

Let’s say that an EPB module’s algorithm has an expected run-time of 146,000 (that is, 20 times per 

day for 20 years). If no failures are allowed over its lifetime, the maximum failure rate is 1/146,000 = 

0.00068%. 

According to the sigma level of Gaussian distribution (Figure 11), the sigma level of 6 generates 

0.00034% defective percentage. Thus, choosing 6 as the rms multiplication factor corresponds to 146,000 

× 0.00034% = 0.5 < 1. This means that statistically there won’t be any failure for the EPB module over a 

lifetime of 20 years. 

We can summarize this as: 

 
E is the expected times exceeding the worst case over lifetime, M is the lifetime running times, 

and r is the probability of exceeding the worst case. Based on this, we can evaluate a reasonable factor by 

multiplying the rms noise. 

Taking ADI’s ADXC1500/ADXC1501 (combined gyroscope and 2-axis/3-axis accelerometer) as 

an example, all the error contribution items are listed in Table 8.3 with or without calibration measures. We 

can assume total offset variation is the 2nd curve and variation over temperature accounts for 80% of its 

http://www.analog.com/en/products/mems/gyroscopes/adxc1500.html
http://www.analog.com/en/products/mems/gyroscopes/adxc1501.html
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total offset variation. Also, take 6 as the factor multiplied by the maximum rms noise. This combination of 

a gyroscope and tri-axis accelerometer enables many new applications, especially in automotive safety 

systems and industrial automation applications. Minimizing these large error sources is mission critical to 

designing more reliable and accurate automotive safety systems, such as robust electronic stability control 

(ESC) and rollover detection. These build on traditional chassis control systems already in the vehicle, 

including the anti-lock braking system, traction control, and yaw control. 

 
Table 8.13.  

Error Contributions With/Without Calibration 

 

Error 

Contribution 
Before Calibration After Calibration Calibration Measures 

Sensitivity 

error 
30 mg 0 mg 

Two-point 

calibration 

Initial 

absolute offset 
15 mg 0 mg 

Two-point 

calibration 

Nonlinearity 
10 mg over ±500 

mg 

10 mg over ±500 

mg 
None 

Total offset 

variation 
50 mg 10 mg 

Three-point 

calibration 

Noise 24 mg 2.4 mg 100× averaging 

Total error 129 mg 22.4 mg  

Accuracy 7.4° (worst case) 
1.28° (worst 

case) 
In degree 
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9. Suppression of Oscillations of a 
Two-Wheeled Balancing Robot 

 Keywords: oscillations, stability, balancing robot, two-wheeled robot. 
 

 This chapter talks about one way to eliminate fluctuations around a state of equilibrium, which, at 
first glance, seems inevitable. These vibrations are generated by the dead zone of the equilibrium 
sensor. 
  If the sensor is attractive in all other parameters, but still has insensitivity near zero, then the 
oscillations occur due to the absence of a point at which the equilibrium is perfect and the signal 
at the sensor output is strictly zero. Instead of having such a point, the sensor has a whole region 
in which the signal remains zero. The proposed method is based on the dynamic linearization of 
this characteristic. 

9.1. Introduction 
The design of stabilization systems for an inverted pendulum is important, since such systems are 

used in a wide variety of technical devices. The most famous is the balancing two-wheeled robot, also 

known as the Segway [58–60]. Other examples are the stabilization of the antenna position on spacecraft 

[61–62]. One example of an effective solution to this problem is the development of several variants of 

two-wheeled balancing robots with digital feedback, using MEMS-gyroscopes and tachometric generators 

mounted on the wheels of the robot [63–75].  The advantages of choosing MEMS-gyroscopes are based on 

small dimensions, high reliability and sufficient speed of this sensor. However, this sensor has a 

characteristic non-linearity such as hysteresis, which leads to self-oscillations of the pendulum in an 

equilibrium state. This oscillatory mode cannot be eliminated by any optimization of the PID regulator; 

cardinal technical solutions are required. This paper proposes a method of eliminating these auto-

oscillations by applying dynamic linearization of the transfer characteristic of the sensor due to the high-

frequency mechanical buildup of the sensor using a MEMS activator based on an electromagnetic 

suspension, a piezoelectric drive, or a different nature drive. The method is investigated by mathematical 

modeling, its effectiveness is shown. The paper proposes technical solution for using this method.  

 

9.2. Statement of the problem 
The mechanical solution of the problem traditionally consists of the following. The robot, which is 

to be maintained in equilibrium, is completely above the axis of a single wheelset. It contains an equilibrium 

sensor, a microcontroller that implements the functions of the control system, a battery, two electric motors, 

which are located each connected to its wheel, as shown in Fig. 9.1. PID regulator is used as a controller, 

the coefficients of which are calculated by the numerical optimization method [66–68]. 

The disadvantage of this technical solution is continuous self-oscillations around the equilibrium 

position. By optimizing the regulator and eliminating all possible additional causes, these oscillations were 

significantly reduced, however, residual oscillations with an amplitude of about 1° cannot be eliminated, 

since they are generated by the nonlinear nature of the position sensor. 

This is explained by the fact that the gyroscope is essentially an acceleration direction sensor, since 

inside the system the effect of acceleration is indistinguishable from the effect of a gravitational field. If 

Topic №9 



 
 

148 
 

ROBOTICS 

the robot is in equilibrium, then the signal at the output of the gyroscope is zero. If the robot moves with 

acceleration forward or backward, it generates a signal that is inherently indistinguishable from a signal 

that is generated when the robot is tilted. The sensor has some hysteresis and zero drift. In case of imbalance, 

when the robot starts to fall, the signal of such a violation is reliable enough, which helps to prevent a fall 

due to feedback. If the robot is in equilibrium, the signal is extremely small, with a slow deviation from the 

equilibrium position, the signal changes insignificantly. Therefore, even with optimal adjustment of the 

regulator, the system performs small self-oscillations near the equilibrium state. 

 

 
 

Fig. 9.1. Simplified structure of the balancing robot: 1 – the basis of the design of the robot, 2 – microcontroller, 
3 – battery, 4 – wheel, 5 – electric motor, 6 – equilibrium sensor 

 

A technical solution is necessary to reduce the amplitude of self-oscillations in the equilibrium state 

of a balancing robot. 

 

Proposed Solution 

The essence of the proposed solution is that it is proposed to fix the equilibrium sensor not rigidly 

on the construction of the robot, but on some movable base, which can rotate quickly with a small amplitude 

relative to its axis, without changing its average position. Specific technical performance depends on the 

dimensions of the balancing robot and the non-linearity parameters of the sensor used. If it is necessary to 

eliminate large self-oscillations, the design should allow for a rapid rotational-oscillatory movement of the 

sensor by a relatively large amount, on the order of several degrees. For example, the sensor can be mounted 

on an intermediate base, which is driven to the desired movement by means of an electromagnetic actuator. 

The useful effect of the proposed solution is based on the fact that high-frequency oscillations of 

the sensor ensure harmonic linearization of all types of non-linearity of the sensor. In this way, 

nonlinearities such as hysteresis, dead band and dry friction can be linearized. For effective linearization of 

the hysteresis, the amplitude of the high-frequency oscillations must exceed the amplitude of the 

characteristic nonlinearity loop.  

 

9.3. Investigation of ideas by simulation 
  Consider a system consisting of an object, a sensor, a controller, and a drive. Each element has its 

own mathematical model; in modeling, these models are connected in series into feedback loop. Since the 

sensor contains non-linearity, the system has self-oscillations about the equilibrium state. 

The object model is defined as a sequence of two aperiodic links and one integrator, as shown in 

Fig. 9.2. The transfer function of the first, second and third links are of the form: 

 

2 
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At the same time, the first of these links is covered by positive feedback with a coefficient, which 

models the actually existing positive feedback in a real inverted pendulum. The essence of positive feedback 

is that in the presence of a random deviation from the equilibrium state, the forces that arise tend to increase 

this deviation. The sensor model contains hysteresis nonlinearity. Modeling in VisSim software according 

to the structure shown in Fig. 9.3. It allows to calculate the output signals in such a system as a response to 

a stepped perturbation effect. Fig. 9.4 shows the internal structure of the element labeled TrigShmit 

(Schmitt Trigger). A typical view of such signals at the equilibrium position sensor output is shown in Fig. 

9.4. Fig. 9.5 shows the structure of the PID controller, Fig. 9.6 shows the structure of the cost function 

calculator for calculating the coefficients of this controller by the method of numerical optimization. 

 

 
Fig. 9.2. Project for object modelling 

 

 
Fig. 9.3. Project for system modelling and controller optimization in the VisSim software 

 
Fig. 9.3. The project for the simulation of the Schmitt Trigger 

 

 
Fig. 9.4. Project for modelling the PID controller 
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Fig. 9.5. Project for modelling of the Cost Function Calculator 

 

Here, the method of numerical optimization using the following objective function [9–11] is applied 

to calculate the controller coefficients: 
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Here, T is the process simulation time, f11(t) is the main core of the cost function, f12(t)  is the error 

growth detector, which takes a zero value if the product of the error and its derivative is negative, and is 

equal to this product if it is positive [9–11]; kw is a weighting factor. 

The found values of the PID controller coefficients are shown in the corresponding display units in 

Fig. 9.3, they are equal: KP = 0.0289, KI = 0.35, KD = 0.88. 

Fig. 9.7 shows the signal at the input of this sensor, which corresponds to the measurement result 

of the tilt of the balancing robot. Fig. 9.8 shows the signal that is taken directly from the output of the object 

model, this corresponds to the actual tilt of the balancing robot. 

 

 
 

Fig. 9.6. The signal at the output of the equilibrium sensor, obtained by simulation 
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Fig. 9.7. Signal of the actual tilt angle of the robot, obtained by simulation 

 

In the model of the system, we propose to introduce a high-frequency oscillator. Fig. 9.6 shows the 

modified structure for the simulation where an adder and a harmonic signal oscillator are introduced into 

the structure. Fig. 9.7 shows the resulting signal at the output of the equilibrium position sensor. Due to the 

introduced high-frequency deviation, a high-frequency oscillation appeared in this signal, the frequency of 

which was chosen so that such a high-frequency signal did not significantly affect the position of the robot.  

 

 
 

Fig. 9.8. Project for modeling the modified system 

 

This is achieved due to the fact that the whole system is a low-pass filter, the object does not transmit 

high-frequency oscillations, hence these oscillations of the control signal do not generate significant high-

frequency oscillations at its output. This fact is well illustrated by the graph of the calculated signal at the 

object output, shown in Fig. 9.8. It is seen that the resulting fluctuations of the angle of deflection of the 

robot decreased six times. 
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Fig. 9.9. The signal at the output of the equilibrium sensor, obtained by modelling the modified system 
 

 
 

Fig. 9.10. The enlarged view of the signal at the output of the equilibrium sensor, stretched along the time axis 

 
 

Fig. 9.11. The signal of the actual angle of the robot, obtained by modelling the modified system 
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9.4. Possible technical solutions for 
implementation 

Fig. 9.13 shows a variant of the technical design for introducing deviations. Instead of an 

electromagnetic device, piezoelectric drives or other similar means for generating oscillations or 

displacements can be used, for example, actuators described in various publications [69, 70]. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 9.12. Possible simplified structure of the device for introducing a deviation to the equilibrium sensor of the 
balancing robot: 6 - equilibrium sensor, 7 – electric coil, 8 – permanent magnet or another coil  

 

9.5. Discussion and conclusions 
This paper solved the problem of a significant reduction in the amplitude of self-oscillations of a 

balancing robot. These oscillations were caused by the nonlinearity of the MEMS gyroscope used as an 

equilibrium sensor. The use of harmonic linearization characteristics of the sensor is that the sensor is 

additionally given a mechanical rapid rotational movement without changing its average position. This 

greatly increases the sensitivity of the sensor to small deviations due to the leveling of all possible 

nonlinearity effects. This method can reduce the effects of dry friction, dead zones and hysteresis. The 

effectiveness of the method is confirmed by modeling and preliminary field tests. 

Report content 

1. Statement of the problem 

2. Investigation of ideas by simulation 

3. Possible technical solutions for implementation 

9.6. Control questions 

 

 What are the reasons for the oscillations of the balancing robot around the steady state? 

 What is the way to eliminate the vibrations of the balancing robot? 

 Why sensor vibrations are not transmitted to the object? 
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10. Advantages and Problems of 
Developing Unmanned One-
Wheel Balancing Robots 

 Keywords: Unmanned Robot, UMV. 
 

 This chapter talks about the development prospects of unmanned vehicles and unmanned 
balancing robots. 

10.1. Introduction 
Now, there is an intensive development of various variants of balancing robots, one-wheeled and 

two-wheeled [71–83]. Two classes of two-wheeled robots can be distinguished: a) with wheels on a single 

axis, located orthogonal to the direction of movement (as on a segway, see Fig. 10.1, a); b) with wheels 

located in the direction of travel (as on a bicycle and a motorcycle, see Fig. 10.1, b). Both of these options 

are structurally unstable systems. Such structures without the use of an effective system of maintaining 

balance are fundamentally unstable, in the de-energized state they overturn. In the case of “a”, the 

equilibrium can be provided by a system with negative feedback that changes the speed of rotation of the 

wheels so that the center of mass of the system always strictly follows the axis of the wheels, or, if it is not 

achieved exactly, would balance around this equilibrium state with small deviations from it, which must be 

suppressed by the system with feedback. If the system of type "a" works stably, such a balancing robot can 

be at rest when the center of its mass is above the axis of rotation of the wheels, since it is strictly above 

the axis, the condition of balance of forces is not violated. An imbalance, regardless of the causes, causes a 

feedback action, which ensures the restoration of equilibrium by rotating the wheels in the appropriate 

direction. If the cause of the imbalance does not stop its action, the wheels do not stop the rotation, dynamic 

balance is achieved, that is, the balance in motion, in dynamics. In this case, the balancing robot starts 

moving in the direction of the deviation of the center of mass from the equilibrium position, and the greater 

this deviation, the faster will be the movement that can return balance. 

 
           

Fig. 10.1. Two-wheel balancing robot of type “a” and two-wheel balancing robots of type “b” 
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In a manned balancing robot of type “a”, the effect of the disturbing equilibrium is formed by the 

pilot. Therefore, it can control the direction and speed of movement. To rotate, separate effects on the speed 

of rotation of the wheels are introduced. 

The balancing robot of the considered type in the absence of the pilot remains approximately in the 

same place. In order to force such a robot to move forward or backward, an additional mechanical system 

is required that breaks the equilibrium in the required direction and the required amount of deflection under 

the action of electronic control signals, which are formed based on the motion problem. 

So that the unmanned balancing robot of type “a” moves in the right direction at the right speed, an 

additional electromechanical system, controlled by computer intelligence, is required. At the same time, 

the task for movement (macro program) can be transmitted via a wireless communication system or 

autonomously be formed under the action of a pledged program. 

About systems of type “b” in the literature of messages is much less. Manned two-wheeled systems 

have long been known as motorcycles, bicycles, scooters, scooters, and so on. In this case, the person 

maintains a balance in a direction orthogonal to the direction of motion. Equilibrium can be achieved in 

three ways: 1) due to the deviation of the center of mass of the pilot, compensating for the deviations of the 

center of mass of the vehicle; 2) by changing the rotation of the first wheel and, accordingly, involving the 

vehicle in turn, that is, turning at speed; 3) a combination of many ways. The common structure of such 

robot is shown at Fig. 10.1, b. In the first case, the system can and should continue to move straight ahead 

even if slopes of the road and local irregularities occur. In the second case, the vehicle must make a turn to 

restore balance. Both of these “pure” cases are unsuitable for full control of the vehicle, since here the 

direction of movement is dependent on equilibrium conditions. The pilot uses a combination of these 

methods to maintain balance at the level of intuition. An unmanned vehicle must also combine both of these 

methods, therefore, to control a two-wheeled balancing unmanned robot, two mechanical effects are 

required: 1) steering wheel (they do not have to be the front wheel, you can use the rear wheel or turn both 

wheels); 2) moving the center of mass to the left or right relative to the direction of motion. 

10.2. State of today experience  
Fig. 10.2 shows the typical structure of the Segway robot (type “a”). The structure of the controlling 

system is shown in Fig. 10.3, and Fig. 10.4 presents the structure of the subsystem of the balance 

stabilization.  

Such robot has been done in several modifications, and the complexities of its tuning are studied. 

Fig. 10.5 presents the structure of the controlling software.  

 

 
Fig. 10.3. Structural elements of the balancing robot: 1 – wheels, 2 – engines, 3 – wheel angle sensors, 4 – tilt 

angle sensor, 5 – data receiving and transmitting unit, 6 – control unit, 7 – battery  
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The control program includes the following modules. 

1) Servo control module; 

2) Encoder data reading module; 

3) Data transmission module; 

4) MPU6050 data reading module; 

5) Digital control module. 

Servomotor control modules and encoder data reading module are implemented trivially. For this, 

the microcontroller hardware timers are used. In the case of servomotor control, the timers operate in the 

mode of generating PWM signals at the microcontroller pins, which are fed to the servo control circuits. 

To read the encoder data, a special hardware timer mode is used. In this mode, the timer is clocked not by 

the clock signal of the microcontroller, but by the output pulses from the encoder. Thus, the value of the 

angle of rotation received from the encoder is stored in the counting register of the timer. The data 

transmission module is implemented relatively simply. To do this, the peripheral unit UART of the 

microcontroller is configured to enable the direct memory access controller (DMA). In this case, the 

microcontroller core is not engaged in sending data and is free for other purposes. 

The MPU6050 module is written as a library in the C++ language. It includes two submodules. The 

first module is a certain abstraction from the peripheral unit of the I2C microcontroller, which allows you 

to port the library to other microcontrollers. The second submodule implements the functions of data 

acquisition and operation with the MPU6050 chip, referring to the I2C peripherals through the first 

submodule. The library provides the functions of initializing the chip MPU6050, reading data on one axis 

or on all axes in one request. These functions are performed synchronously. In addition, the possibility of 

asynchronous reading of data on one axis in the interrupt mode is provided, which allows you to read data 

with the maximum possible sampling rate of 8 kHz (for a gyroscope) while maintaining the ability of the 

microcontroller to perform other functions. 

 

 
Fig. 10.3. The structure of the robot control system 
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Fig. 10.4. Structural diagram of the robot stabilization subsystem 

 

 
Fig. 10.5. Block diagram of the control program of the robot 

 

This device is working perfectly, which gives the start situation for the single-wheeled balancing 

robot.  

 

10.3. The task statements  
The development of a one-wheeled balancing robot in the version with an existing pilot has already 

been decided in practice, but driving such a vehicle requires a pilot with certain skills to ride it. In the 

unmanned version, all actions performed by the pilot must be replaced by an electromechanical system, 

which, firstly, provides an imbalance in order to set the direction and speed of movement through the 

system, which maintains this balance due to the rotation of the wheel, secondly, ensures the maintenance 

of equilibrium in the direction of the axis of this single wheel; thirdly, it forms the necessary effects for 

turning. Electromechanical propulsion can be a flywheel, a pendulum; one can also use a fan. Also the use 

of hydroscope self-stabilizing effect can be proposed. At high speeds, it is also possible to use aerodynamic 

forces, for example, wings, but such a solution at the present stage of the development of technology should 

rather be considered exotic. However, a robot that is almost an aircraft due to lift from fans, wings or an air 

cushion may be the ideal solution for high-speed movements on a relatively flat surface. In this case, a 

purely symbolic touch of the ground, perhaps even interrupted when overcoming too deep and (or) short 

recesses, allows the robot to be classified as a ground-based (or jumping) device, which frees it from the 

formalities necessary for the legal use of flying unmanned aerial vehicles, formally this device is different. 

Accordingly, the movement of such a robot should be tied to the landmarks and possibilities of the route, 

its functions are also associated with ground objects, and the possibility of a short-term flight is only an 

additional bonus. These considerations make it relevant to consider such a way to resolve the issue of 

stabilizing the equilibrium of a one-wheeled robot, such as the use of lifting force of fans. However, the 

presence of the wheel creates other possibilities for the load-carrying capacity of the device, and so on; 

short-term hover by inertia requires completely different energy costs than continuous flight. The purpose 

of this study is to develop a set of technical proposals for the implementation of high-speed unmanned robot 
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for informational purposes: information gathering (video, audio, electrometer, etc.), as well as for the 

removal and delivery of small loads. The objectives of the study are to analyze the existing technical 

solutions and a motivated proposal for the basic principles of the design of the specified balancing robot. 

A key feature of such robots should be steady motion in an unmanned version along a predetermined 

trajectory over rough terrain, including the slope of the terrain both in the direction of motion and in the 

direction orthogonal to the direction of motion. 

The purpose of this study is to develop a set of technical proposals for the implementation of high-

speed unmanned robot for informational purposes: information gathering (video, audio, electrometer, etc.), 

as well as for the removal and delivery of small loads. The objectives of the study are to analyze the existing 

technical solutions and a motivated proposal for the basic principles of the design of the specified balancing 

robot. 

A key feature of such robots should be steady motion in an unmanned version along a predetermined 

trajectory over rough terrain, including the slope of the terrain both in the direction of motion and in the 

direction orthogonal to the direction of motion. Stability can be provided by additional balancing tools 

based on low-weight built-in high-speed flywheels or air interaction devices (fans).  

 

10.4. The relevance of research 
These devices have many advantages, they can be used to deliver urgent small-sized cargo to the 

most inaccessible points, especially for one-wheeled balancing robots, since they do not require a wide road 

and can work effectively even with a significant inclination in the direction perpendicular to the direction 

of movement. The most famous international companies demonstrate many such devices, but they have not 

yet entered the market, all such devices are unique prototypes, the result of the work of large research teams 

equipped with the most modern technology and having sufficient resources for these studies. It is impossible 

to compete with similar teams in the manufacture of large-sized and fairly powerful samples. However, 

small-sized samples, which at this stage do not require a long battery life, high power, tightness and other 

important characteristics, which are still achieved quite simply with the help of competent design solutions, 

may well solve some problems more efficiently than all other devices. 

Small-sized robots are a big problem from the standpoint of effective management, since their 

performance is several times higher, therefore, management must be several times faster. Unlike a manned 

balancing robot (MPR), an unmanned balancing robot (UBR) does not have a person who could maintain 

balance in the direction orthogonal to the direction of motion. By analogy, one can compare a circus acrobat 

that maintains equilibrium on a unicycle — in such a device there is no automatic system for maintaining 

balance, and yet it can remain in equilibrium due to the skill of the pilot. In UBR, the human factor is 

eliminated entirely. In addition, such a system can be differently loaded as a non-living load (for example, 

a weight), and a live load (for example, a cage with an animal), or its analogue (a mechanical flywheel with 

a displaced center of gravity), which will allow to test the system most effectively, objectively and 

comprehensively.  

The disturbing effect (interference) is the movement of the flywheel according to a random law, not 

known to the automatic stabilization system. The results will be fundamental for engineering sciences; they 

can be applied in transport systems, and also implemented in the educational process. 

There are a sufficient number of reports of such developments, for example, [71–82]. 

As a rule, devices that only maintain equilibrium are demonstrated, such as, for example, video by 

reference [83]. 

In this case, the equilibrium in the direction of motion is maintained due to the rotation of the drive 

wheels, the equilibrium in the orthogonal direction is ensured by the flywheel; the movement along a given 

trajectory is not considered and is not discussed. The proposed project has a fundamental difference, which 

is that it will be provided to move along a given trajectory at the expense of additional flywheels, creating 

an imbalance that will cause movement forward or backward. It will also solve the problem of turning and 

turning. 
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10.5. The purpose number one and the 
proposed way of the decision 

Purpose number one is the creation of working samples of balancing unmanned wheeled robots, 

including one-wheeled, with the aim of working out the technology of controlling them to perform complex 

tasks: development of principles for the construction of such systems and their verification through practical 

tests. 

The main tasks are: 

1. The development of principles and methods for the identification of complex objects and their 

management. 

2. Development of methods of digital control in real time and the development of appropriate 

software. 

3. Development of laconic effective designs of unmanned balancing robots. 

4. Testing and modification of the developed methods and principles and publication of the results 

in high-rating periodical scientific journals. 

5. Implementation of the results of the educational process of Russian and Bulgarian universities. 

6. Creating a scientific background for further research in the field of robotics. 

Figure 8 shows the possible decision for the single-wheeled balancing robot.  

It contains the main wheel, system of the stabilization of the robot in the direction of the movement 

(motor ans servo system based on the hydroscope sensors), additional system for the stabilization in the 

direction orthogonal to the movement direction, and system for making the rotation (changing of the 

movement direction). Also, there is system for the speed of the direct moving providing. Total at least there 

are four feedback control systems. They must work together without disturbing each other.  

The preliminary experiments have shown that this is possible. Unfortunately, the combining these 

systems into final device still demands some additional researches.  

 
Fig. 10.8. Single-wheel balancing robot  

 

10.6. Scientific novelty of the research 
For the first time the formulation of the problem is carried out in a complex. First, the task is not 

limited to simply maintaining equilibrium, but extends to the area of motion of an unmanned vehicle under 

the action of electromechanical devices, which form the required moment for control. Secondly, 

simultaneously in parallel for greater efficiency and for better controllability several means of achieving 

equilibrium in each coordinate are used, i.e. It is assumed that the pendulum is used not only in the 

orthogonal direction, but in the direction of motion, which does not exclude other means of ensuring 

equilibrium. Thirdly, it is supposed to use several types of sensors, at least gyroscopic sensors, tachometric 

sensors, acceleration sensors. Fourthly, unlike the well-known balancing robots, it is proposed to use the 
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robotic principle of motion control based on information about the cross-country, which includes the use 

of video cameras with an obstacle recognition system (technical vision) and ultrasonic sensors to further 

confirm the nature of the detected obstacles in the direction of motion. It is also intended to carry out 

research on the feasibility of using a spherical wheel. 

10.7. Unmanned Vehicle Driving Concepts 
In publications on driving unmanned vehicles, two diametrically opposite concepts are traced. 

The first concept is to use a single program to process signals from all sensors and to control all 

drives. An example of such a technical solution is the direction that, apparently, is implemented by Intel. 

The publications say that the critical response time is 140 ms, if the response time is longer, this threatens 

the safety of passengers and other participants in the movement. The indicated characteristics are seen as 

insufficiently substantiated, because, firstly, it is hardly possible to seriously speak about the reaction speed 

of the average car driver at the level of 0.14 s, and secondly, the reaction time of the executive devices of 

the car is obviously much higher. Nevertheless, it should be agreed that the delay in the automatic control 

system is always an extremely undesirable phenomenon, it should be fought with, the smaller it is, the more 

reliable the control, all other things being equal. 

The second concept is the use of neural computing tools. Neural computers are supposedly not just 

multicore computers, but such computing tools in which each core (processor) is identical to all other cores, 

the concept of “master” and “slave” is excluded; instead, you can use the concept of temporary task 

managers and temporary task executors, reversing attention to the fact that the functions of director and 

performer are not fixed in any way in hardware, it all depends on the history of solving this particular 

problem. Separate decision devices are called neurons, they are all initially equal, the one of the neurons 

that receives the task from the outside looks for two (or more) free neighbors-neurons, and gives them parts 

of the whole task, and after completing all the parts, he collects it into the final solution. At the same time, 

the neuron does not know whether the task it received is part of a larger task, or is it a separate (independent) 

task. In this sense, each of the neurons that have received the subtask acts in exactly the same way, that is, 

it treats it as a whole task and, in the presence of free neighbors, redistributes part of them between them, 

and in the absence of those, it solves the whole problem on its own. This ideology for a long time remained 

only theoretical, the modeling of the operation of such a computer system was carried out on a conventional 

computer. Over time, hardware solutions began to appear for the creation of such computers, which led to 

significant progress in computer technology. Specially created computing tools - microprocessors 

specifically designed for integration into neural networks (in some cases referred to as transputer, but 

apparently there is no complete identity between these terms) actually allow us to finally benefit from this 

approach, no longer in theory, but in practice. The difficulty lies in the fact that at present such systems 

have not yet been widely used, we can say that there is a “zoo” of individual solutions from individual 

companies, these technical means are not standardized. There is no simple standard solution for their 

docking; they are developing competitively and isolated from each other at various companies. This 

determines their high price, inaccessibility for use as a means to solve other problems. 

There is practically no third concept, which could consist in creating a network far from neural, a 

network with rigidly fixed tasks and priorities, some computing tree that would solve the tasks from private 

to general and from general to particular. 

10.8. Suggestions on the essence of the third 
concept 

Let us explain our thought. If an intelligent solution to any urgent task is required, we take those 

technical means that are most suitable for this, but we also pay attention to the price of these funds, their 

availability, and the possibility of acquiring them at an affordable price. If the required computing tools are 

not available, or they are not available, then the development of these tools is also required to solve the 

task. Time and money that a developer could only spend on solving a task, he is forced to spend on 

developing the necessary components to solve this problem. In the development of intelligent technology 
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(in this case, an unmanned ground vehicle, UMGV), it is also necessary to develop the actual computing 

means, in this case a neurocomputer. With this formulation of the problem, instead of choosing the best 

neurocomputer for this task, we come to the task of developing technical specifications for the creation of 

such a neurocomputer that would satisfy the requirements that apply to it. This approach is fundamentally 

flawed. 

 Consider the analogy. If automobile development requires the development of an automobile 

engine, then, of course, progress in engine production will partially determine progress in automobile 

production. But for the development of industry engaged in the production of engines, a growing market is 

required. Of course, here progress can and should happen in conjunction, because without good engines 

there will not be good cars, and without a technical solution to create good cars, the required good engines 

will not appear simply because there is no market for them, that is, these works will not get sufficient 

funding. Apparently, the formulation of the task of developing a neurocomputer for UMGV has an identical 

vision. But let us recall how computer technology developed. The winner in the struggle for the sales market 

was not those firms that were guided by the existing demand, but those that began to create a proposal 

ahead of demand by several orders of magnitude. At all times of the development of computer technology, 

users were offered equipment that exceeded the actual needs of these potential users, and while they 

mastered these opportunities, the developers created more and more efficient computing tools and 

accustomed the market to the need to abandon outdated models and purchase new ones. The market for 

phones and tablets was developing similarly, the Internet as a whole and social network, and other Internet 

services, in particular, were developing. Therefore, in the same way neurocomputers will develop and are 

already developing. They are not focused on a task that is limited in capabilities, their developers are 

focused on obtaining such productive characteristics as possible, while faster than competitors. Therefore, 

it is impractical to put a limited framework for the developers of these types of equipment. It should be 

done differently: to begin using in the first UMGV those computing tools that are already available for such 

experiments today (if they are available). As they are used, the need for their capabilities will certainly 

increase - to increase the number of tasks, speed, reliability, and so on. It would be unreasonable to believe 

that the development of neurocomputers requires some specific technical task for their speed, reliability, 

number of parallel processes, and so on. The development of neurocomputers requires only one thing, 

namely their development. If by the time we can just take a neurocomputer and install it on the UMGV as 

a “brain”, this brain will have somewhat redundant computing capabilities, this will not be a problem - there 

will be tasks for it immediately. If he will possess "insufficient" capabilities, this will also not be a problem, 

since part of the tasks can be delegated to another computing device, as an option it may be not one, but 

two more primitive neurocomputers. 

 Thus, there is no such situation that the manufacturer cannot start developing the UMGV for the 

reason that the required neurocomputer is not yet available, just as there is no such problem that the 

developers of the neurocomputer cannot start developing it, since there are still no technical requirements 

for it. The improvement of neurocomputers can occur independently, the improvement of the UMGV can 

also go its own way, and at any stage the centralized system can be replaced by a neurocomputer as soon 

as it appears and will be available for these purposes. In the absence of widespread access to 

neurocomputers, it is advisable to discuss the possibility of implementing the third concept, which is 

mentioned above. 

 

The essence of the third concept 

The essence of the third concept is that there is once and for all a dedicated central computing 

element that solves the main task of managing the BNTS. It is connected (rigidly in the functional sense) 

with some subordinate computing tools that solve auxiliary problems. These funds can be exactly as many 

as subtasks are, or there are more of them in order to increase reliability. The central computing element 

can also be duplicated, and, if necessary, even repeatedly. 

We give an example. We suggest our reader to put the pencil vertically in front of his nose for a 

while at a distance of 20-30 cm. Of course, the pencil will be an obstacle to the spread of light, each eye of 

our reader will not be able to examine some of the objects or their details located on the line passing from 

this eye through the middle of the pencil. Nevertheless, the reader will see everything that is behind the 
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pencil, since the part of the scene that is closed to the left eye is open to the right eye and vice versa. The 

human brain recovers the full picture by taking the missing fragments from other sources of information. 

An obstacle such as a pencil does not interfere with reading text on a computer screen completely if it is 

about half the distance between our eyes and the screen. 

 A similar rule can and should operate in any computer system, the management of which, in case 

of an error, can harm the health or life of people and (or) damage to expensive property. Therefore, to 

ensure the reliability of control, duplication and an algorithm for combining the results of duplicated 

calculations in such a way that no error leads to fatal consequences are required. 

With this approach, no ultra-reliable computer in itself will provide sufficient reliability, since it can 

be completely faulty, for example, due to blackout. On the contrary, the use, for example, of three or more 

solving devices with their own autonomous power sources allows, if one of the solving devices is 

malfunctioning or gives an incorrect command, to ignore its command and trust the other solving devices 

at least by the principle of a simple majority (we trust two solutions more than one). 

Presumably, the BNTS control system can be built on the principle of a fixed hierarchy between 

several decision devices. Although, of course, with the appropriate speed and performance of a computing 

device, all these functions can probably be performed by a single computing device. 

Consider the individual levels of this hierarchy. 

 

Top level (first) 

The power of the upper level processor is provided by an uninterruptible power system, which is 

sufficient for the presence of voltage on one of two or more main and backup power sources. The formed 

power supply must be stable, when switching from one source, the other should not have power surges 

exceeding a predetermined level. If the processor level is de-energized, the backup power is turned on with 

a minimum delay, which is regulated. In case of any problems of this processor, a safe parking program is 

implemented, implemented on alternative computing tools in such a way that the probability of a 

simultaneous malfunction of these tools and the top-level processor is negligible. When the safe parking 

mode is activated, the external light and sound indicators of emergency traffic are turned on to warn other 

traffic participants. 

The top-level processor analyzes the health of subordinate processors (at least three) - monitoring 

the availability of power, the identity of the proposed management solution. If identity is not reached within 

a limited range, the decision is made on the basis of the principle of voting (the majority decision is 

considered correct), and a message is generated that the solution of one processor of the second level differs 

significantly from the solutions of other processors of this level. In this case, it is recommended that at the 

first opportunity, diagnose the path of this processor. 

You should also separately evaluate the situation when several processors of the second level 

recommend different actions due to, for example, that one variant of motion involves overtaking, and the 

other variant does not recommend overtaking. The development of a decision-making algorithm in this case 

is required. Each of the processors of the second level should, along with the recommendation of maneuver, 

form a priority indicator for this recommendation, similar to the action of fuzzy logic, for example, 

“strongly recommended”, or “recommended”, or “not recommended, but possible”, or “strongly not 

recommended”, or with a numerical indicator of the recommendation level, for example, from 1 to 100 

points. In this case, the analysis of all recommendations received for further movement can be carried out 

according to the laws of fuzzy logic. 

The hierarchy of the remaining levels takes place along two branches: the data collection branch 

and the control branch. Let's consider these branches separately.  

 

Second level of data collection 

Each processor of the second level of data collection analyzes the following data: 

- The goal of the movement; 

- Data on the location of the vehicle relative to the road with reference to the map of the area, 

obtained from the analysis of all sensors, from geolocation, based on the available electronic map for the 

BTS and all available types of navigation aids (GLONASS, GPS); 
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- Data on the actual movement of the vehicle and the actual position of all drives of the vehicle, 

including the set speed, rotation angles of all wheels, etc.; 

- Data on road signs, road markings; 

- Data on the signals of traffic lights, traffic controllers (if any), semaphores and other variable 

mandatory commands for the vehicle; 

- Data on the current traffic rules in this situation, taking into account priorities; 

- Data on all stationary obstacles detected in the direction of movement; 

- Data on the surface of the road and its actual condition in connection with seasonal phenomena; 

- Data on priority participants in the movement (with flashing light or (and) emergency sound 

signals) and their actual trajectory, as well as on the estimated projected trajectory of movement, taking 

into account the light signals of intent demonstrated by them; 

- Data on the priority participants of the movement (based on their priority due to their trajectory 

and on the basis of the rules of the road) and on their actual trajectory, as well as on the estimated predicted 

trajectory, taking into account the supposed predicted trajectory; 

- Data on non-priority participants in the movement and on their actual trajectory of movement, as 

well as on the alleged predicted trajectory of movement, taking into account the alleged predicted trajectory 

of movement shown by them in case of non-compliance with the rules of movement in case of a threat of 

violation by them of these rules with the threat of an emergency; 

- Data on the position and direction of movement of moving participants in the movement, including 

other vehicles, pedestrians, animals and uncontrolled moving objects (if any) such as objects dropped from 

other vehicles, objects set in motion by pedestrians or natural forces of nature; 

- Data on natural phenomena and objects brought into action by these phenomena, including falling 

massive branches or tree trunks, fragments of the structure, etc.; 

- Data on obstacles to data collection (rain, snow, mud, etc.), 

- Data on objects on the back and sides relative to the vehicle, which is especially important for safe 

parking, 

- Data on the position of its own elements and parts (doors, trunk lid, hood, windows, mirror rotation, 

light signaling). 

Based on the collected information, the second-level processor generates a control command in 

terms of increment of speed and increment of the angle of rotation of the wheels.  

 

Third level of data collection 

Processors of the third level of data collection receive processed (secondary) data from non-

intelligent sensors, data from intelligent sensors, information from geographic information systems and 

other means of perceiving reality. 

The processors of the third level process the data obtained in order to predict the expected 

development of the situation in the near future, up to the time that is defined as the minimum time for 

motion prediction. This time is set on the basis of the estimated time of vehicle movement under the action 

of inertia forces and forces of all types of vehicle drives. In particular, the estimated braking time is defined 

as the estimated time until the vehicle stops completely in the event of a sharp braking. The estimated time 

of the maneuver (turning, overtaking, restructuring in another row, parking) is also calculated in advance. 

If the calculation of the vehicle trajectory for the entire estimated time is favorable, a team is formed to 

perform this maneuver. Since there must be at least three processors for collecting data at this level, 

according to this concept, it is recommended that the proposal be accompanied by a recommendation level, 

for example, with scoring from 0 to 100, respectively, “strongly not recommended” and “strongly 

recommended”. Moreover, a team with a score of less than 50 cannot be the only one, it can only be a 

possible alternative team, and a team with a level of more than 50 must be formed, for example, “continue 

moving in this row” with a level of 75 and “overtake” with level 25. It is strongly discouraged to offer more 

than two options for action; if such an alternative is available, it is recommended to reject the worst solution 

at this level of data processing.     
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Fourth level of data collection 

The processors of the fourth level of data collection are available in an amount depending on the 

number of sensors or the number of groups of sensors. The corresponding processors receive raw data from 

non-intelligent sensors or data from video cameras or from the corresponding types of intelligent sensors, 

or information from geographic information systems or other means of perceiving reality. 

The processors of the fourth level process the received data in order to recognize images of 

perceived objects, and in order to determine their actual position. 

Pattern recognition is carried out either individually for each sensor (processing the data stream 

from one sensor) or by processing signals from several sensors simultaneously. 

In particular, for example, a processor that processes a single image (frame) from a single video 

camera clusters the image, assigns multiple pixels to the same object based on color signs. A processor 

processing a video sequence from a single camera should take into account the dynamics of the movement 

of groups of pixels based on the speed of movement of the formed clusters in the frame. On this basis, it is 

possible to determine the movement of selected objects within the frame, i.e. the movement of the "spot" 

in the frame up, down, left, right, or in intermediate directions, for example, up and right, and so on. The 

motion vector can be determined in magnitude and direction with sufficiently high accuracy, which depends 

on the resolution of the camera and on the correct clustering (assigning pixels to the same object). By 

changing the angular dimensions of the detected object, you can previously determine the speed of its 

approach.  

In the case of observing the same object with different cameras, it is necessary to correlate the 

images of several cameras in such a way as to determine whether different objects on different cameras 

belong to the same object. In this case, it is possible to calculate the actual position of each object present, 

at least on two cameras, according to the angular position. Indeed, the location of an object in a certain solid 

angle relative to one camera gives its possible location on the line, it is difficult to determine the actual 

distance to the object, as well as the actual dimensions of this object. When an object is located on the 

screens of two cameras, two intersecting lines can be calculated, each of which is set by observing one 

camera. The intersection point of these lines is the location of the object, and based on information about 

the position of the object, you can calculate its size. The presence of three or more cameras gives 

redundancy of information, which guarantees an increase in the reliability of measurements (perception of 

reality). Two cameras are the minimum set for determining the position of an object, three or more cameras 

are a set of tools with increased reliability of information due to duplication. 

The most reliable and reliable means of identifying objects, the adoption of which is critical for the 

management of UMGV, is the joint use of several sensors of various types. For example, along with a video 

camera that detects the presence of an object by the optical method, it is advisable to use, for example, a 

laser distance meter with the speed of the object relative to the base (meter). These methods are similar to 

optical locations. The ultrasonic location method (sonar), laser Doppler velocimeter (LDV) and other 

measuring instruments can also be used.  

An important feature of this task is that pixels of the same color do not always belong to the image 

of the same object, and vice versa, fragments of the image of the same object are pixels of different colors. 

In addition, the same object in different video cameras may have a different color due to differences in the 

angle of image acquisition, cameras can see slightly different projections of the object, these different 

projections can be differently illuminated, and the like. All these conditions formulate the problem 

statement for processors of this level, since it is recommended to use reality sensors of various types, 

therefore, the processing methods of different signals are different, therefore, also the processing programs 

of signals or groups of signals should be different. Consequently, actual firmware can also be different, 

processing signals or groups of signals from various sensors. 

 

Fifth level of data collection 

The fifth level of data collection is associated with the control of signals necessary for the most 

efficient operation of sensors or groups of sensors. For example, these devices form the necessary sets of 

signals for the successful operation of the lidar.  
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Second level of control 

All control processors are divided into basic, forming control teams, and controlling, necessary to 

ensure high reliability of the entire system. This also applies to processors of the second level of control. 

The following describes only the functions of the processors forming the control commands. 

The processors of the second control level, on the basis of the commands received by them for 

controlling the vehicle, generally converts them into a set of commands for individual actuators: 

- The command to control the speed of the engine as a whole; 

- Transmission control team, i.e. control of the rotation speed of each wheel separately; 

- A command to control the rotation of the steering pair of wheels or, if possible, to control the 

rotation of several wheels separately; 

- A command to turn on light and sound (if necessary) signals; 

- A command to manage auxiliary systems for passenger comfort (air conditioning, power windows, 

mirror rotation if necessary, wipers, heating the cabin or seats, etc.); 

- The command to control the means of prompting the driver in case of his decision to switch to 

manual control mode. 

 

Third level of management 

Processors of the third level are tied to specific actuators. For example, the processor for controlling 

the rotation of the front wheelset must be connected to two different command formers: to the second-level 

processor and to the steering column sensors, which form the commands from the steering wheel carried 

out by the driver. If unmanned navigation mode is implemented, the steering column sensors are ignored, 

and commands from the second-level processor are used for operation. If manual control is implemented, 

then the second-level processor commands are ignored, and commands from the steering column sensors 

are used for operation. The received commands are used to generate signals for direct control of the drives, 

for example, the voltage supplied to the DC motor, or codes supplied to the stepper motors, etc. To control 

the rotation of the wheels of a car on a non-electric drive, i.e. of a traditional car, processors of the third 

level control the engine through the ignition control, through the control of the damper and through other 

controls. Including the control of the fuel pump. 

Processors of the third level of control are responsible for the formation of electrical signals directly 

to the actuators. Under the influence of these voltages, the steering wheels are turned, the wheels actually 

rotate or are locked for braking, including smooth braking to prevent drifts. Third-level processors also 

control auxiliary technical means directly, namely: they control power windows, mirror position, air 

conditioning, vehicle signal lights, if necessary, turn on sound signals to prevent an accident, etc. 

 

Fourth level of control 

Fourth and lower levels of control may take place. For example, such a level can control the accuracy 

of control, that is, provide control in the circuit with negative feedback. This allows for high precision 

control of mechanical components even if the transfer function of these means (i.e., the dependence of the 

output quantity on the input impact) is not stationary, i.e. even if it changes spontaneously during the 

operation of the vehicle or is not known. 

 

Different control concepts in light of several levels of the task hierarchy 

In light of the presented several levels of the hierarchy of data collection and control tasks, we can 

say that the first concept involves only a software hierarchy of all subtasks, while all computing functions 

must be solved by a single decisive device. 

The second concept in this case involves the solution of all these problems with a single 

neurocomputer having, among other things, a hardware accelerator. 

The third concept assumes the existence of many separate hardware for performing calculations at 

each of the considered levels. However, some tasks can be solved using neurocomputers, in particular, the 

task of pattern recognition when processing video camera signals. 
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10.7. Conclusion  
Most difficult is elegant mechanical design of the total device. It depends on the future application 

of it. Talent constructor is desired for the laconic and effective decision for each concrete task, but the 

feedback systems are already defined in the approximate variant. These decisions are published in many 

publications, the most important of them are [74–87]. 

Report content 

1. State of today experience 

2. The task statements 

3. The relevance of research 

4. The purpose number one and the proposed way of the decision 

5. Scientific novelty of the research 

6. Unmanned Vehicle Driving Concepts 

7. Suggestions on the essence of the third concept 

10.8. Control questions 

 

 What do you know about driving unmanned vehicles? 

 Which of the concepts seems most effective to you? 

 Can you suggest your own management concept, which is not covered in this chapter? 
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11. Development of Unmanned 
Vehicles Today 

 Keywords: UVT, prospects, robotics. 
 

 This chapter talks about the state of the solution to the problem of unmanned vehicles at present 
(as of the date of writing this textbook). 
   Of sufficient interest is the condition of unmanned vehicles in Russia, Belarus and other countries 
of the former USSR. Unfortunately, these countries lag behind the USA, Japan, China and the 
advanced countries of Europe, but the state of this problem in these countries determines the 
level of introduction of new technologies in the world. 

11.1. Unmanned Vehicles in Belarus 
Development in the studied area has been underway for quite some time in almost all countries, 

although the level of results achieved is significantly different. 

For example, in the Republic of Belarus, the following samples of unmanned vehicles have been 

developed and manufactured [117]: 

- BelAZ-75131 robotic mining truck; 

- A robotic platform based on the Belarus 132N mini tractor; 

- automated remote-controlled observational-fire complex "ADUNOK"; 

- unmanned aerial systems "Busel", "Busel-M" and "Petrel" (see Fig. 111.3). 

In 2010, BelAZ OJSC together with VIST Group OJSC, based on a BELAZ-75131 mining dump 

truck with a DC electromechanical transmission and a KTA-50C diesel engine manufactured by Cummins, 

created an unmanned remote-controlled mining dump truck with a lifting capacity of 130 tons [117]. 

The on-board equipment of the truck’s remote control system includes: a controller, wireless 

transceiver equipment for command and telemetric information and video and audio information, video 

cameras for the front (rear) view, left (right) side, a stepper motor for controlling the position of the front 

wheels through the hydraulic booster steering system flow, as well as various sensors. As part of the first 

part of the project, developers have implemented algorithms that provide the following functions: 

- start, stop and speed control of a diesel engine; 

- control of electromechanical transmission; 

- rotation of the steered wheels depending on the selected direction of movement; 

- management of the parking brake and the service brake system; 

- tipping mechanism control, 

- control of the equipment of the lighting system, light and sound signaling of the dump truck, and 

control of the engine radiator blinds similarly to the standard; 

- Emergency Stop. 

To increase control safety, an emergency stop system is provided, which ensures a forced stop of 

the truck when the control radio channel disappears, the on-board controller freezes or the supply voltage 

of the on-board network disappears. The structural diagram of a control system for a robotic mining truck 

includes two parts: equipment for the remote-control system of the operator’s workplace and on-board 

equipment for remote and autonomous control systems [117].  

Topic №11 
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Fig. 11.1. Robotic platform based on the Belarus 132N mini tractor 

 

 
 
Fig. 11.2. Robotic platform based on the “Belarus 132N” minitractor Complete set 2, general view 
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Fig. 11.3. Automated remotely controlled fire system on a mobile platform 
 

On board the dump truck are the on-board computer and controller, Ethernet switch, equipment for 

broadband wireless data transmission, a two-channel GPS / GLONASS receiver, video surveillance 

systems, collision avoidance and emergency stop systems.  

To ensure centimeter accuracy of positioning and autonomous movement along the recorded route 

taking into account the width of the road for this type of dump truck, a GPS / GLONASS receiver of the 

base navigation station with exact coordinates for transmitting corrections in RTK mode (English Real 

Time Kinematic) to the dump truck is installed at the workplace. RTK corrections from the base navigation 

station are transmitted in the RTCM SC-104 format with a speed of at least 2400 bit / s and a delay of no 

more than 2 s, which ensures the accuracy of the dump truck positioning on a digital terrain map (no more 

than ± 10 cm). The task of the on-board computer is to control the controller to drive the truck at a given 

speed along the selected route to the place of loading or unloading in automatic mode based on data from 

a high-precision satellite navigation system, as well as reducing speed and braking based on information 

from a collision avoidance system [117]. 

11.2. Hybrid Navigation System 
The work [118] proposes to use a hybrid navigation system (Fig. 11.4), which is a symbiosis of 

satellite, inertial and computational-analytical navigation. The latter is understood as a system that allows 

one to determine the trajectory of motion on the basis of data on wheel speeds, speed and accelerations of 

the center of mass of the car, yaw rate and data on control actions received from onboard multiplex networks 

[118]. Using a hybrid navigation system allows you to take advantage and eliminate the disadvantages of 

each of the navigation subsystems. 

 

The Operation of the Car Lane Control System 

The lane departure control system in accordance with the international ISO terminology (ISO) is 

designated as “Lane departure warning system” and is intended solely to warn the driver while the lane 

keeping system is called “Lane keeping assistance systems” (LKAS) and is already has a control effect on 

the car. However, automakers, for reasons related to intellectual property protection and marketing 

strategies, each in their own way names the systems in question. For example, the lane control system in 

the lane of Mercedes is called “Lane Keeping Assist” (informs the driver with vibration on the steering 
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wheel), and the lane keeping system is called “Active Lane Keeping Assist” (applies braking torque to the 

wheels of one of the sides) [119]. 

The exit from the lane is the cause of approximately 17% of all serious accidents on German roads, 

while more than 33% of the participants in such accidents die. A lane-developed lane control system warns 

the driver if a car randomly starts to leave its lane. A camera on the inside of the windshield (Fig. 4) tracks 

the road markings using the methods described in [119]. The system in question first appeared on 

production E-class and S-class cars since the spring of 2009. The video stream processing system sends 

data to the electronic control unit (ECU), which determines when the car begins to leave its lane, 

respectively, left or right. The system also evaluates the actions of the driver to record the fact of an 

intentional or accidental change of lane, i.e. no warning will follow if, for example, the driver overtakes or 

drives onto a highway, etc. 

When the system determines that the car leaves the lane unintentionally, it activates the electric 

motor, as a result of which the steering wheel begins to vibrate - an effective way to quickly inform the 

driver. The response time and vibration time depend on the width of the lane, the type of road marking, etc. 

The system in question operates at speeds from 60 to 250 km / h when marking lines are detected and turns 

off when other active safety systems (ABS, ESP, others) are activated. 

From the above description, we can conclude that the system in question is not able to function: 

- in conditions of insufficient visibility (smoke, fog, rain, dirt on the windshield, etc.); 

- in the presence of any problems with road markings (absence, covered with snow, jammed, 

illegally caused, etc.) [119]. 

 

 
 

Fig. 11.4. Traffic control system in the lane Mercedes 

 

The following is an example of a traffic control system in a lane referred to by Citroen as “AFIL”. 

The system operates at speeds of 80 km / h and higher. If the car crosses the road markings and the turn 

signal is not turned on, the infrared sensors built in behind the front bumper (Fig. 11.5) detect a deviation 

and the corresponding computer warns the driver, including the desired vibration motor, located on the side 

of the intersected line at the base of the seat. 

Under the front bumper there are 6 infrared sensors (3 on each side). Each of them consists of a 

radiating infrared diode and a detector that detects changes in the reflected infrared beam. Sensors allow to 

detect both white or yellow, and red or blue dividing stripes, which in European countries indicate 

temporary road markings. The system is also able to distinguish between other signs on the roadway - 

arrows or inscriptions, with the exception of irregular cases, for example, graffiti. In comparison with the 

previously considered, this system has the advantage that it can work in conditions of poor visibility, 

respectively, the disadvantage is a much smaller area of technical vision. At the same time, functioning 

difficulties remain in the presence of any problems with road markings. 
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Fig. 11.5. Citroen lane control system 
 

Verification Methods Recommended by ISO 17361 

In order to comply with the ISO 17361 standard, a motor vehicle (ATS), on which a lane control 

system is installed, must pass 3 test stages: 

1) checking the system with curved motion; 

2) checking the system with rectilinear movement; 

3) verification of false positives. 

Lane traffic control systems in this standard are subdivided into two classes, depending on the 

operating conditions (driver warnings) criteria for the radius of curvature of the trajectory and speed [119]. 

 

Safe Mock Tests 

In [120], to simulate the behavior of a heterogeneous group, the existing models of robots in Gazebo 

were selected: the quadrocopter Hector Quadrotor and the ground-based robot Clearpath Husky. The choice 

of these models of robots was due to their wide popularity in research and the availability of ready-made 

models in the Gazebo simulator and in the ROS robotic operating system. 

The Clearpath Husky unmanned ground robot [121] from the Canadian company Clearpath 

Robotics [6] is a four-wheeled small-sized unmanned ground all-terrain vehicle with dimensions of 99 × 

67 × 37 cm (length, width and height, respectively), weighing about 50 kg and a speed of 1 m / s capable 

of carrying a load of up to 75 kg. The Clearpath Husky robot is very popular for simulation in Gazebo 

(where various sensors are used, in our case, the Hokuyo simulated laser rangefinder) and has support in 

ROS, which allows you to use the path planning and localization algorithms developed for it, such as 

SLAM. Fig. 11.6 is a photograph of a robot (left) and its model in Gazebo (right) [120]. 
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Fig. 11.6. Clearpath Husky Robot: photo (left) and model from Gazebo (right) 

 

The Use of Neural Computing for Pattern Recognition 

The article [120] considers the possibilities of intellectualizing control systems for unmanned 

vehicles through the use of vision systems and identifies the main features and problems of this approach. 

A neural network approach to the construction of an intelligent model of forming the parameters of the 

frame processing algorithm during the movement of an unmanned ground module in the natural 

environment is considered. The basic rules of training are formulated and motion simulation is carried out 

with and without training. It is shown that periodic self-training of a neural network conducted on board an 

autonomous unmanned system during movement allows to increase the accuracy of calculating the distance 

traveled and coordinates in space due to constant adaptation to changing environmental conditions. 

Examples of such systems are actively developed and implemented (search for obstacles on the 

railway tracks [125], traffic control of a mobile robot [126], etc.). On the other hand, the trained decision-

making and pattern recognition models allow us to solve complex problems of information processing and 

pattern recognition by generalizing experience. Examples of such systems can be seen in [127]. Thus, to 

increase the intelligence of the Vision System and reduce its computational complexity while maintaining 

accuracy, we will use the neural network implementation of the Vision System, the general information 

processing scheme in which is as follows: 

- receiving pairs of frames at time ti and ti + 1 on board the mobile object; 

compression of frames to the required scale; 

- search for conjugate pairs of points in compressed frames (N is the number of pairs found) based 

on the sequence of operations: 

- linear contrast 

- edge selection (parameter g - clipping level modulo the image gradient), 

- separation of angular features due to neural network filters [128], 

- matching fragments by analyzing the level of image correlation (k) for angular features in frames 

at time ti and ti + 1 [129]. 

- restoration of the coordinates of the found pairs of points to full scale, 

- repeated search for conjugated pairs of points for windows 32x32 in size around each point of the 

lower search level, 

- determination of three-dimensional coordinates for pairs of points at time ti and ti + 1 due to the 

neural network stereo reconstruction [130], 

- determination of the movement from time ti to ti + 1 in the form of parameters of the matrix M - 

rotation-transfer Vision system. 

In [131, 132], some technical solutions for the use of neural networks for pattern recognition for the 

purpose of controlling unmanned vehicles are also considered. 

 

Unmanned Vehicle Control Tasks 

In [133], the problems of creating unmanned vehicles were considered, and their review was given 

based on materials of modern printing. The results of the creation of the Niva automatic car control system 
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are presented. The low-level control system, two visual systems, a system for detecting road signs and a 

system for detecting nearby neighboring cars are described. The experiments with the created robot car are 

briefly presented. According to the literature [134], the first unmanned vehicle has already entered the 

market. This is the Navia model (Induct Technologies, France), which is a shuttle for transporting 

passengers on the territories of large enterprises or university campuses (Fig. 11.7). The vehicle, sold since 

January 2014, travels at a speed of 20 km / h and takes eight people. The operation of this machine has 

already proved its economic feasibility. According to experts, Navia reduces operating costs by 40-60%. 

 

      
 

Fig.11.7. Navia от Induct Technologies, France 

 

Figure 11.8 shows a well-known other example - a GoogleCar drone (pictured right) by Google 

Corporation (USA). The given examples are only a very small part of the data available in the literature 

and the World Wide Web. Currently, the main elements of an unmanned vehicle system primarily include 

control automation. In addition, according to the literature [19–21], a few more basic elements need to be 

added to them. Using this data, we list the basic elements, they are indicated in paragraph 1. The AvtoNIVA 

project, partially implementing these elements, is presented further. 

 

 
 

Fig. 11.8. GoogleCar (USA) on a public road 
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The Tasks of Automatic Driving 

Lower level management. This includes the control modules for the subsystems and components of 

the car - the engine, transmission, steering wheel, brakes, etc. They can be based on microprocessor 

systems, which are already installed in many serial cars. In fact, control automation is already prepared. 

Report content 

1. Unmanned Vehicles in Belarus 

2. Hybrid Navigation System 

 

11.2. Control questions 

 

 What are your prospects for the development of unmanned transport systems in your 

country? 

   Which companies, in your opinion, have progressed the most along the path of creating 

unmanned vehicles? 

   What are unmanned land vehicles for? 
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Conclusion 
This book gives the direction of self-study of the problem of robot creation.  

It is impossible to consider all the issues of creating robots in the content of one textbook. This area 

of technology is developing rapidly, the ability to create certain robots to a large extent depends on the 

elements at the disposal of the developer. Therefore, the possibilities are constantly expanding. This tutorial 

did not aim at teaching all the necessary knowledge, which are necessary to create robots. To solve these 

problems, one need knowledge of electronics, circuitry, mechanics, measuring equipment, automation and 

some other items. 

References 
[1] https://en.wikipedia.org/wiki/Robot 

[2] https://pikabu.ru/story/robotyi_androidyi_sredi_nas_4005246 

[3] https://tsargrad.tv/news/zanjali-ves-pedestal-rossija-proizvela-furor-na-olimpiade-po-robototehnike-v-

vengrii_225348 

[4] https://fakty.ua/246500-na-vystavke-v-tokio-predstavlen-samyj-realistichnyj-robot-android-v-mire-

foto-video 

[5] https://www.reuters.com/article/us-china-humanoid-robot/humanoid-robot-can-recognize-and-interact-

with-people-idUSKBN0NB21V20150420 

[6] https://niceland.ru/technology/robota-kotenka-nybble-mozhno-kupit-za-200-dollarov/ 

[7] https://uznay-kak.ru/sferyi-jizni/elektronnyie-resursyi/kak-sdelat-robota-pauka  

[8] http://roboting.ru/1944-robot-loshad-ot-boston-dynamics.html  

[9] http://robotteam.ru/news/adaptivnyj-robot-zhuk-ot-kompanii-citec  

[10] https://pikabu.ru/story/novogo_robota_metafly_mozhno_sputat_s_nastoyashchim_nasekomyim_65

71184  

[11] https://topwar.ru/66991-nazemnye-roboty-ot-zabrasyvaemyh-sistem-do-bezlyudnyh-transportnyh-

kolonn-chast-3.html 

[12] http://json.tv/ict_news_read/3-d-robot-dron-iris-s-tehnologiey-soprovojdeniya 

[13] https://rc-go.ru/cat/radioupravlyaemiy-robot-dron-stunt-bounce-car-2-4g-na-radio-upravlenii-

happy-cow/ 

[14] https://nplus1.ru/news/2016/05/13/Hyundai-wearable-robot 

[15] https://pikabu.ru/story/znakomtes_yeto_argus_ii__pervyiy_bionicheskiy_glaz_2032877  

[16] https://ugra-news.ru/article/malenkie_zhiteli_yugry_mogut_besplatno_poluchit_bionicheskiy_protez/  

[17] https://potokmedia.ru/russia_world/115435/  

[18] https://pikabu.ru/story/znakomtes_yeto_argus_ii__pervyiy_bionicheskiy_glaz_2032877 

[19] http://www.sensorica.ru/news/MEMS.shtml 

[20] An introduction to ultrasonic sensors for vehicle parking. 

http://www.newelectronics.co.uk/electronics-technology/an-introduction-to-ultrasonic-sensors-for-

vehicle-parking/24966/ 

[21] XMPP: http://ru.wikipedia.org/wiki/XMPP. 

[22] Python: http://ru.wikipedia.org/wiki/Python. 

[23] Bluetooth: http://ru.wikipedia.org/wiki/Bluetooth. 

[24] Lego Mindstorms: http://www.lego.com/en-us/mindstorms/. 

[25] STM32VLDISCOVERY. Discovery kit for STM32F100 Value Line - with STM32F100RB MCU: 

http://www.st.com/web/catalog/tools/FM116/SC959/SS1532/LN1199/PF250863?s_searchtype=partnum

ber. 

[26] http://nips.ru/images/stories/zhournal-AIPI/3/Paper-2013-1-13.pdf. 

[27] http://nips.ru/images/stories/zhournal-AIPI/3/Paper-2013-1-12.pdf. 

[28] http://www.nips.ru/images/stories/zhournal-AIPI/5/AIPI-2-2013-05.pdf. 

https://en.wikipedia.org/wiki/Robot
https://pikabu.ru/story/robotyi_androidyi_sredi_nas_4005246
https://tsargrad.tv/news/zanjali-ves-pedestal-rossija-proizvela-furor-na-olimpiade-po-robototehnike-v-vengrii_225348
https://tsargrad.tv/news/zanjali-ves-pedestal-rossija-proizvela-furor-na-olimpiade-po-robototehnike-v-vengrii_225348
https://fakty.ua/246500-na-vystavke-v-tokio-predstavlen-samyj-realistichnyj-robot-android-v-mire-foto-video
https://fakty.ua/246500-na-vystavke-v-tokio-predstavlen-samyj-realistichnyj-robot-android-v-mire-foto-video
https://www.reuters.com/article/us-china-humanoid-robot/humanoid-robot-can-recognize-and-interact-with-people-idUSKBN0NB21V20150420
https://www.reuters.com/article/us-china-humanoid-robot/humanoid-robot-can-recognize-and-interact-with-people-idUSKBN0NB21V20150420
https://niceland.ru/technology/robota-kotenka-nybble-mozhno-kupit-za-200-dollarov/
https://uznay-kak.ru/sferyi-jizni/elektronnyie-resursyi/kak-sdelat-robota-pauka
http://roboting.ru/1944-robot-loshad-ot-boston-dynamics.html
http://robotteam.ru/news/adaptivnyj-robot-zhuk-ot-kompanii-citec
https://pikabu.ru/story/novogo_robota_metafly_mozhno_sputat_s_nastoyashchim_nasekomyim_6571184
https://pikabu.ru/story/novogo_robota_metafly_mozhno_sputat_s_nastoyashchim_nasekomyim_6571184
https://topwar.ru/66991-nazemnye-roboty-ot-zabrasyvaemyh-sistem-do-bezlyudnyh-transportnyh-kolonn-chast-3.html
https://topwar.ru/66991-nazemnye-roboty-ot-zabrasyvaemyh-sistem-do-bezlyudnyh-transportnyh-kolonn-chast-3.html
http://json.tv/ict_news_read/3-d-robot-dron-iris-s-tehnologiey-soprovojdeniya
https://rc-go.ru/cat/radioupravlyaemiy-robot-dron-stunt-bounce-car-2-4g-na-radio-upravlenii-happy-cow/
https://rc-go.ru/cat/radioupravlyaemiy-robot-dron-stunt-bounce-car-2-4g-na-radio-upravlenii-happy-cow/
https://nplus1.ru/news/2016/05/13/Hyundai-wearable-robot
https://pikabu.ru/story/znakomtes_yeto_argus_ii__pervyiy_bionicheskiy_glaz_2032877
https://ugra-news.ru/article/malenkie_zhiteli_yugry_mogut_besplatno_poluchit_bionicheskiy_protez/
https://potokmedia.ru/russia_world/115435/
https://pikabu.ru/story/znakomtes_yeto_argus_ii__pervyiy_bionicheskiy_glaz_2032877
http://www.sensorica.ru/news/MEMS.shtml
http://www.newelectronics.co.uk/electronics-technology/an-introduction-to-ultrasonic-sensors-for-vehicle-parking/24966/
http://www.newelectronics.co.uk/electronics-technology/an-introduction-to-ultrasonic-sensors-for-vehicle-parking/24966/
http://ru.wikipedia.org/wiki/XMPP
http://ru.wikipedia.org/wiki/Python
http://ru.wikipedia.org/wiki/Bluetooth
http://www.lego.com/en-us/mindstorms/
http://www.st.com/web/catalog/tools/FM116/SC959/SS1532/LN1199/PF250863?s_searchtype=partnumber
http://www.st.com/web/catalog/tools/FM116/SC959/SS1532/LN1199/PF250863?s_searchtype=partnumber
http://nips.ru/images/stories/zhournal-AIPI/3/Paper-2013-1-13.pdf
http://nips.ru/images/stories/zhournal-AIPI/3/Paper-2013-1-12.pdf
http://www.nips.ru/images/stories/zhournal-AIPI/5/AIPI-2-2013-05.pdf


 
 

176 
 

ROBOTICS 

[29] 7-Zip. File archiver with a high compression ratio: http://www.7-zip.org/. 

[30] Munenori Hikita. An introduction to ultrasonic sensors for vehicle parking. 

http://www.newelectronics.co.uk/electronics-technology/an-introduction-to-ultrasonic-sensors-for-

vehicle-parking/24966/  

[31] https://elschemo.ru/dlya-nachinayushhix/rabota-s-ultrazvukovym-datchikom-hc-sr04/ 

[32] Документация на ультразвуковой дальномер        HC-SR04: Ultrasonic Ranging Module 

https://cdn.sparkfun.com/datasheets/Sensors/Proximity/HCSR04.pdf 

[33] Документация на ультразвуковой дальномер        HY-SRF05: Ultrasonic Ranging Module 

http://dl.behnamrobotic.com/shop/datasheet/module/module-srf05-ultrasonic.pdf 

[34] Документация на ультразвуковой дальномер        US-015: Ultrasonic Ranging Module 

http://akizukidenshi.com/download/ds/sainsmar/US-015Manul.pdf 

[35] Документация на ультразвуковой дальномер        US-100: Ultrasonic Ranging Module 

http://tinkbox.ph/sites/mytinkbox.com/files/downloads/US_100_ULTRASONIC_SENSOR_MODUL

E.pdf 

[36] URM37: Ultrasonic Ranging Module http://files.amperka.ru/datasheets/urm37.pdf 

[37] GH-311: Ultrasonic Ranging Module https://goo.gl/qNTTLV 

[38] DYP-ME007: Ultrasonic Ranging Module https://goo.gl/W77pXL 

[39] DYP-ME008: Ultrasonic Ranging Module. https://arduino-kit.ru/userfiles/image/DYP-

ME008%20Rang%20Ranging%20Distance%20Detecting%20Ultrasonic%20Sensor%20Display%20

Module.pdf 

[40] Octasonic 8 x HC-SR04 Ultrasonic Breakout Boardboard. 

https://www.tindie.com/products/andygrove73/octasonic-8-x-hc-sr04-ultrasonic-breakout-board/ 

[41] https://goo.gl/NCkoAt 

[42] http://www.electronics.ru/journal/article/512 

[43] MPU-6050 Datasheet (PDF) - List of Unclassifed Manufacturers:  

http://www.alldatasheet.com/datasheet-pdf/pdf/517744/ETC1/MPU-6050.html 

[44] http://www.bymath.net/studyguide/tri/sec/tri13.htm  

[45] https://nsk.terraelectronica.ru/news/5348 

[46] https://elschemo.ru/dlya-nachinayushhix/rabota-s-ultrazvukovym-datchikom-hc-sr04/ 

[47] http://cleanflight.com/  

[48] https://habr.com/ru/company/top3dshop/blog/373649/ 

[49] Bertrand Campagnie. Choose the Right Accelerometer for Predictive Maintenance 

https://www.analog.com/ru/technical-articles/choose-the-right-accelerometer-for-predictive-

maintenance.html 

[50] Thomas Brand. Demands on Sensors for Future Servicing: Smart Sensors for Condition Monitoring. 

https://www.analog.com/ru/technical-articles/A60151-demands-on-sensors-for-future-servicing-smart-

sensors-for-condition-monitoring.html 

[51] ABB Ability Smart Sensor jetzt für den europäischen Markt verfügbar. ABB, April 2017. 

http://www.abb.de/cawp/seitp202/18a1b8ad71fb31cec12581080070c682.aspx 

[52] Ed Spence. MEMS Accelerometer Performance Comes Of Age. https://www.analog.com/ru/technical-

articles/mems-accelerometer-performance-comes-of-age.html - author  

[53] Randall, Robert B. Vibration-Based Condition Monitoring. Hoboken: John Wiley & Sons, 2011. 

[54] Mark Looney. Analyzing Frequency Response of Inertial MEMS in Stabilization Systems. 

https://www.analog.com/ru/analog-dialogue/articles/analyzing-frequency-response-of-inertial-

mems.html 

[55] Mark Looney. MEMS Vibration Monitoring: From Acceleration to Velocity. 

https://www.analog.com/ru/analog-dialogue/articles/mems-vibration-monitoring-acceleration-to-

velocity.html   

[56] Chris Murphy. Choosing the Most Suitable MEMS Accelerometer for Your Application—Part 1. 

https://www.analog.com/ru/analog-dialogue/articles/choosing-the-most-suitable-mems-accelerometer-

for-your-application-part-1.html  

[57] Allen Fan. How to Improve the Accuracy of Inclination Measurement Using an Accelerometer. 

http://www.7-zip.org/
http://www.newelectronics.co.uk/electronics-technology/an-introduction-to-ultrasonic-sensors-for-vehicle-parking/24966/
http://www.newelectronics.co.uk/electronics-technology/an-introduction-to-ultrasonic-sensors-for-vehicle-parking/24966/
https://elschemo.ru/dlya-nachinayushhix/rabota-s-ultrazvukovym-datchikom-hc-sr04/
https://cdn.sparkfun.com/datasheets/Sensors/Proximity/HCSR04.pdf
http://dl.behnamrobotic.com/shop/datasheet/module/module-srf05-ultrasonic.pdf
http://akizukidenshi.com/download/ds/sainsmar/US-015Manul.pdf
http://tinkbox.ph/sites/mytinkbox.com/files/downloads/US_100_ULTRASONIC_SENSOR_MODULE.pdf
http://tinkbox.ph/sites/mytinkbox.com/files/downloads/US_100_ULTRASONIC_SENSOR_MODULE.pdf
http://files.amperka.ru/datasheets/urm37.pdf
https://goo.gl/qNTTLV
https://goo.gl/W77pXL
https://arduino-kit.ru/userfiles/image/DYP-ME008%20Rang%20Ranging%20Distance%20Detecting%20Ultrasonic%20Sensor%20Display%20Module.pdf
https://arduino-kit.ru/userfiles/image/DYP-ME008%20Rang%20Ranging%20Distance%20Detecting%20Ultrasonic%20Sensor%20Display%20Module.pdf
https://arduino-kit.ru/userfiles/image/DYP-ME008%20Rang%20Ranging%20Distance%20Detecting%20Ultrasonic%20Sensor%20Display%20Module.pdf
https://www.tindie.com/products/andygrove73/octasonic-8-x-hc-sr04-ultrasonic-breakout-board/
https://goo.gl/NCkoAt
http://www.electronics.ru/journal/article/512
http://www.alldatasheet.com/datasheet-pdf/pdf/517744/ETC1/MPU-6050.html
http://www.bymath.net/studyguide/tri/sec/tri13.htm
https://nsk.terraelectronica.ru/news/5348
https://elschemo.ru/dlya-nachinayushhix/rabota-s-ultrazvukovym-datchikom-hc-sr04/
http://cleanflight.com/
https://habr.com/ru/company/top3dshop/blog/373649/
https://www.analog.com/ru/technical-articles/choose-the-right-accelerometer-for-predictive-maintenance.html
https://www.analog.com/ru/technical-articles/choose-the-right-accelerometer-for-predictive-maintenance.html
https://www.analog.com/ru/technical-articles/A60151-demands-on-sensors-for-future-servicing-smart-sensors-for-condition-monitoring.html
https://www.analog.com/ru/technical-articles/A60151-demands-on-sensors-for-future-servicing-smart-sensors-for-condition-monitoring.html
http://www.abb.de/cawp/seitp202/18a1b8ad71fb31cec12581080070c682.aspx
http://www.abb.de/cawp/seitp202/18a1b8ad71fb31cec12581080070c682.aspx
https://www.analog.com/ru/technical-articles/mems-accelerometer-performance-comes-of-age.html#author
https://www.analog.com/ru/technical-articles/mems-accelerometer-performance-comes-of-age.html#author
https://www.analog.com/ru/analog-dialogue/articles/analyzing-frequency-response-of-inertial-mems.html
https://www.analog.com/ru/analog-dialogue/articles/analyzing-frequency-response-of-inertial-mems.html
https://www.analog.com/ru/analog-dialogue/articles/mems-vibration-monitoring-acceleration-to-velocity.html
https://www.analog.com/ru/analog-dialogue/articles/mems-vibration-monitoring-acceleration-to-velocity.html
https://www.analog.com/ru/analog-dialogue/articles/choosing-the-most-suitable-mems-accelerometer-for-your-application-part-1.html
https://www.analog.com/ru/analog-dialogue/articles/choosing-the-most-suitable-mems-accelerometer-for-your-application-part-1.html


 

177 

 

References 

https://www.analog.com/ru/analog-dialogue/articles/how-to-improve-the-accuracy-of-inclination-

measurement-using-an-accelerometer.html  

[58] M. U. Draz, M. S. Ali, M. Majeed, U. Ejaz and U. Izhar. Segway electric vehicle, 2012 International 

Conference of Robotics and Artificial Intelligence, Rawalpindi, 2012, p. 34–39.  

[59] R. Babazadeh, A. G. Khiabani and H.Azmi. Optimal control of Segway personal transporter. 2016 4th 

International Conference on Control, Instrumentation, and Automation (ICCIA), Qazvin, 2016, p. 18–

22. 

[60] M. H. Khan, M. Chaudhry, T. Tariq, Q. Fatima and U. Izhar. Fabrication and modelling of 

Segway. 2014 IEEE International Conference on Mechatronics and Automation, Tianjin, 2014, p. 280–

285. 

[61] M. Drobczyk and J. Budroweit. Antenna subsystem far-field characterization of the spin-stabilized 

satellite Eu:CROPIS. 2017 IEEE International Conference on Communications (ICC), Paris, 2017, p. 

1–6. 

[62] S. Leghmizi and L.Sheng. Kinematics Modeling for Satellite Antenna Dish Stabilized Platform. 2010 

International Conference on Measuring Technology and Mechatronics Automation, Changsha City, 

2010, p. 558–563. 

[63] A. Y. Ivoilov, V. A. Zhmud, V. G. Trubin and H. Roth. Using the Numerical Optimization Method for 

Tuning the Regulator Coefficients of the Two-Wheeled Balancing Robot. 2018 14th International 

Scientific-Technical Conference APEIE – 44894. IEEE. P. 228–236. 

[64] Ivoilov, A.Y., Zhmud, V.A., Trubin, V.G. The tilt angle estimation in the inverted pendulum 

stabilization task. Moscow Workshop on Electronic and Networking Technologies, MWENT 2018 – 

Proceedings. 2018. 2018-March, p. 1–9. 

[65] Sablina G. V., Stazhilov I. V., Zhmud V. A. Development of rotating pendulum stabilization algorithm 

and research of system properties with the controller. Actual problems of electronic instrument 

engineering (APEIE–2016): тр. 13 междунар. науч.-техн. конф., в 12 т. Novosibirsk: NSTU 

Publishing, 2016. V. 1, Part. 3. p. 165–170.  

[66] V. Zhmud, A. Zavorin, The design of the control system for object with delay and interval-given 

parameters. Proceedings of 2015 International Siberian Conference on Control and Communications, 

SIBCON 2015. 7147060. 

[67] Zhmud, V., Liapidevskii, A., Pyakillya, B. Numerical optimization of PID-regulator for object with 

distributed parameters. Journal of Telecommunication, Electronic and Computer Engineering. 2017. 

9 (2–3), p. 9–14. 

[68] V.A. Zhmud, I.L. Reva, L.V. Dimitrov. Design of robust systems by means of the numerical 

optimization with harmonic changing of the model parameters. Journal of Physics: Conference Series. 

2017. 803(1), 012185. 

[69] M. C. Tellers, J.S. Pulskamp, S.S. Bedair, R.Q. Rudy, I.M. Kierzewski, R.G. Polcawich and S.E. 

Bergbreiternd. Piezoelectric actuator array for motion-enabled reconfigurable RF circuits. 18th 

International Conference on Solid-State Sensors, Actuators and Microsystems (Transducers 2015), 

Anchorage, AK, 2015, p. 819–822. 

[70] C. Lin, Z. Shen, J. Yu, P. Li, and D. Huo. Modelling and analysis of characteristics of a piezoelectric-

actuated micro-/nano compliant platform using bond graph approach. Micromachines (Basel). 2018 Oct; 

9(10): 498. Published online 2018 Sep 29. doi: 10.3390/mi9100498. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6215115/ 

[71] https://www.researchgate.net/publication/258670488_LQR_Control_for_a_Self-

Balancing_Unicycle_Robot_on_Inclined_Plane  

[72] https://forums.ni.com/t5/General-Academic-Projects/Robotic-Self-Balancing-Unicycle-Student-

Design-Competition-2013/ta-p/3504512  

[73] https://en.wikipedia.org/wiki/Electric_unicycle 

[74] https://ieeexplore.ieee.org/document/6358103  

[75] https://ieeexplore.ieee.org/document/6640412 

[76] https://www.semanticscholar.org/paper/Yaw-control-for-a-self-balancing-unicycle-robot-two-

Daoxiong-Xiang/898b664343043d147ae75a00985f82febafb9972  

https://www.analog.com/ru/analog-dialogue/articles/how-to-improve-the-accuracy-of-inclination-measurement-using-an-accelerometer.html
https://www.analog.com/ru/analog-dialogue/articles/how-to-improve-the-accuracy-of-inclination-measurement-using-an-accelerometer.html
https://www.scopus.com/sourceid/21100332206?origin=resultslist
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6215115/


 
 

178 
 

ROBOTICS 

[77] https://www.semanticscholar.org/paper/Design-of-LQR-and-PID-controllers-for-the-self-Hu-

Guo/514f020fc9e193431fc001d28628ced028b8d0de  

[78] https://www.um.edu.mt/library/oar/handle/123456789/35955  

[79] https://www.sciencedirect.com/science/article/pii/S2214785317325002 

[80] http://www.teses.usp.br/teses/disponiveis/3/3139/tde-07112017-

082249/publico/GabrielPereiradaNevesCorr17.pdf 

[81] https://blog.adafruit.com/2018/05/30/robot-archaeology-bicycle-style-self-balancing-robots-robots-

makerobotfriend/ 

[82] https://www.googleadservices.com/pagead/aclk?sa=L&ai=DChcSEwit273ZgszgAhUByrIKHVAmB

BcYABAGGgJscg&ohost=www.google.com&cid=CAASE-RokB2Vehib0-

yQVZWshWDrlM4&sig=AOD64_1j13FEuxfBPrQuc5WIE7YZYmD2uA&q=&ved=2ahUKEwj0k7n

ZgszgAhWWwcQBHWbzDA84ChDRDHoECA0QAQ&adurl=  

[83] https://blog.adafruit.com/2018/05/30/robot-archaeology-bicycle-style-self-balancing-robots-robots-

makerobotfriend/ 

[84] Ivoilov, A.Y., Zhmud, V.A., Trubin, V.G. The tilt angle estimation in the inverted pendulum 

stabilization task. Moscow Workshop on Electronic and Networking Technologies, MWENT 2018 – 

Proceedings. 2018. 2018-March, p. 1-9. 

[85] Ivoilov, A.Y., Zhmud, V.A., Roth, H. The dynamic accuracy increasing for a controlling system by 

means of the modified algorithm of numerical optimization of the regulator. Moscow Workshop on 

Electronic and Networking Technologies, MWENT 2018 – Proceedings. 2018. 2018-March, p. 1-7. 

[86] Using the Numerical Optimization Method for Tuning the Regulator Coefficients of the Two-Wheeled 

Balancing Robot. Andrei Yu. Ivoilov, Vadim A. Zhmud, Vitaly G. Trubin, Hubert Roth. 2018 14th 

International Scientific-Technical Conference APEIE – 44894. 978-1-5386-7054-5/18/$31.00. 2018. 

IEEE. P. 228 – 236.  

[87] A. Y. Ivoilov, V. A. Zhmud, V. G. Trubin, L. V. Dimitrov. Detection of unrevealed non-linearities in 

the layout of the balancing robot. International Siberian conference on control and communications 

(SIBCON): proc., Moscow, 12-14 May 2016. – Moscow: IEEE, 2016. – 9 p. - 1 electron-optical disc 

(CD-ROM). ISBN 2380-6516.  

[88] Nick Vujicic. Wikipedia. URL: https://en.wikipedia.org/wiki/Nick_Vujicic  

[89] https://habr.com/ru/post/394579/  

[90] G.D.Morais, L.C.Neves, M.C. Castro: Application of Myo Armband System to Control a Robot 

Interface. Biosignals, 2016, DOI: 10.5220/0005706302270231  

[91] Z.Wakita, K.Nagata, N.Yamanobe, M.Clark: 21309 Control of iArm using RT-Middleware to develop  

 robots which can support human daily tasks. March 2009, DOI: 10.1299/jsmekanto.2009.15.519  

[92] S. Park, Y. Jung, J.Bae: An interactive and intuitive control interface for a tele-operated robot 

(AVATAR) system. November 2018, DOI: 10.1016/j.mechatronics.2018.08.011 

[93] Development of rotating pendulum stabilization algorithm and research of system properties with the 

controller. Sablina, G.V., Stazhilov, I.V., Zhmud, V.A.20172016 13th International Scientific-Technical 

Conference on Actual Problems of Electronic Instrument Engineering, APEIE 2016 – Proceedings. 3, 

7807046, pp. 165-170. 

[94] The Power Consumption Decreasing of the Two-Wheeled Balancing Robot. Ivoilov, A., Trubin, 

V., Zhmud, V., Dimitrov, L.20192018 International Multi-Conference on Industrial Engineering and 

Modern Technologies, FarEastCon 2018. 8602775. 

[95] Using the Numerical Optimization Method for Tuning the Regulator Coefficients of the Two-Wheeled 

Balancing Robot. Ivoilov, A.Y., Zhmud, V.A., Trubin, V.G., Roth, H.20182018 14th International 

Scientific-Technical Conference on Actual Problems of Electronic Instrument Engineering, APEIE 2018 

– Proceedings. 8545899, pp. 228-236. 

[96] Experience of international collaboration in preparation of masters in "mechatronics" with call for 

funds from Tempus and Erasmus programs. Zhmud, V.A., Frantsuzova, G.A., Dimitrov, L.V., Nosek, 

J. 2018 Journal of Physics: Conference Series. 1015(3), 032190. 

[97] Application of ultrasonic sensor for measuring distances in robotics. Zhmud, V.A., Kondratiev, 

N.O., Kuznetsov, K.A., Trubin, V.G., Dimitrov, L.V.2018. Journal of Physics: Conference Series. 

https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57190174983&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6602329136&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57190180600&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85050972532&origin=resultslist&sort=plf-f&src=s&sid=e4148f77b74334626229b9f220e5789c&sot=autdocs&sdt=autdocs&sl=17&s=AU-ID%286602329136%29&relpos=45&citeCnt=0&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85050972532&origin=resultslist&sort=plf-f&src=s&sid=e4148f77b74334626229b9f220e5789c&sot=autdocs&sdt=autdocs&sl=17&s=AU-ID%286602329136%29&relpos=45&citeCnt=0&searchTerm=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57190174983&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6602329136&zone=
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57203231663&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85050910561&origin=resultslist&sort=plf-f&src=s&sid=e4148f77b74334626229b9f220e5789c&sot=autdocs&sdt=autdocs&sl=17&s=AU-ID%286602329136%29&relpos=47&citeCnt=0&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85050910561&origin=resultslist&sort=plf-f&src=s&sid=e4148f77b74334626229b9f220e5789c&sot=autdocs&sdt=autdocs&sl=17&s=AU-ID%286602329136%29&relpos=47&citeCnt=0&searchTerm=
https://en.wikipedia.org/wiki/Nick_Vujicic
https://habr.com/ru/post/394579/
https://www.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=43060962600&zone=


 

179 

 

References 

1015(3), 032189. 

[98]  Denis Kutuzov, Alexey Osovsky, Dmitriy Starov, Oleg Stukach, Ekaterina Motorina. "Processing of 

the Gaussian Traffic from IoT. Sources by Decentralized Routing Devices". 2019 International Siberian. 

Conference on Control and Communications (SIBCON). 18-20 April 2019, Tomsk, Russia. Publisher: 

IEEE. Electronic ISBN: 978-1-5386-5142-1. USB ISBN: 978-1-5386-5141-4. Electronic ISSN: 2380-

6516. DOI: 10.1109/SIBCON.2019.8729617. https://ieeexplore.ieee.org/document/8729617. 

[99] https://motorica.org/predvosxishhaya-budushhee-poslednie-razrabotki-v-protezirovanii  

[100] https://www.gazeta.ru/science/2013/02/25_a_4980549.shtml?updated 

[101] https://hitech.newsru.com/article/12dec2017/prosthetic 

[102] https://www.popmech.ru/science/235633-kak-rabotayut-bionicheskie-protezy/ 

[103] http://tm.spbstu.ru/%D0%91%D0%B8%D0%BE%D0%BD%D0%B8%D1%87%D0%B5%D1%8

1%D0%BA%D0%B8%D0%B9_%D0%BF%D1%80%D0%BE%D1%82%D0%B5%D0%B7_%D1%

80%D1%83%D0%BA%D0%B8  

[104] Denis Kutuzov, Oleg Stukach. Algorithms of Parallel Switching for Multistage Schemes. 2013 

International Siberian Conference on Control and Communications (SIBCON). Proceedings. 

Krasnoyarsk: Siberian Federal University. Russia, Krasnoyarsk, September 12-13, 2013. IEEE Catalog 

Number: CFP13794-CDR. DOI: 10.1109/SIBCON.2013.6693642. ISBN: 978-1-4799-1060-1. 

http://ieeexplore.ieee.org/document/6693642/ 

[105] Omnidirectional Assistive Wheelchair: Design and Control with Isometric Myoelectric Based 

Intention Classification. Ananda Sankar Kundua, Oishee Mazumdera, Prasanna, K. Lenkab, Subhasis 

Bhaumikc. Procedia Computer Science. Volume 105, 2017, Pages 68-74. 

https://www.sciencedirect.com/science/article/pii/S1877050917302223/  

[106] Elemio Products. Sensor BPSDual v1.0. https://www.elemyo.com/products/sensor_bpsdual_1_0  

[107] Denis Kutuzov, Alexey Osovskiy, Ekaterina Motorina, Oleg Stukach. Parallel Switching in 

Multistage Systems. In Proceedings of IFOST2012 - The 7th International Forum on Strategic 

Technology. September 17-21, 2012. Tomsk Polytechnic University. Vol. 1. Pp. 614-616. IEEE Catalog 

Number: CFP12786-PRT. DOI: 10.1109/IFOST.2012.6357631. ISBN: 978-1-4673-1770-2. 

http://ieeexplore.ieee.org/document/6357631/ 

[108] Advancer. Technologies. http://www.advancertechnologies.com 

[109] Electromyography (EMG) Sensor. https://plux.info/barebone-sensors/8-electromyography-emg-

sensor.html  

[110] Myoelectric prosthetic hand with a proprioceptive feedback system. Ahmed Badawy, Richard Alfre. 

Journal of King Saud University - Engineering Sciences. Available online 15 May 2019. 

https://www.sciencedirect.com/science/article/pii/S1018363918311681 

[111] Denis Kutuzov, Alexey Osovsky, Dmitriy Starov, Oleg Stukach, Ekaterina Motorina. "Processing 

of the Gaussian Traffic from IoT. Sources by Decentralized Routing Devices". 2019 International 

Siberian Conference on Control and Communications (SIBCON). 18-20 April 2019, Tomsk, Russia. 

Publisher: IEEE. Electronic ISBN: 978-1-5386-5142-1. USB ISBN: 978-1-5386-5141-4. Electronic 

ISSN: 2380-6516. DOI: 10.1109/SIBCON.2019.8729617. 

https://ieeexplore.ieee.org/document/8729617 

[112] Signal Measurement and Processing from Myo Armband Device. An assignment for an Erasmus+ 

student on an intenship. Technical University of Liberec, Faculty of Mechatronics, Informatics ad 

Interdisciplinary Studies, February 2019 

[113] Myo Gesture Control Armband – Black. https://www.robotshop.com/en/myo-gesture-control-

armband-black.html  Date: 03.05.2019. 

[114] G.D.Morais, L.C.Neves, M.C. Castro: Application of Myo Armband System to Control a Robot 

Interface. Biosignals, 2016, DOI: 10.5220/0005706302270231  

[115] Z.Wakita, K.Nagata, N.Yamanobe, M.Clark: 21309 Control of iArm using RT-Middleware to 

develop robots which can support human daily tasks. March 2009, 

DOI: 10.1299/jsmekanto.2009.15.519  

[116] S. Park, Y. Jung, J. Bae: An interactive and intuitive control interface for a tele-operated robot 

(AVATAR) system. November 2018, DOI: 10.1016/j.mechatronics.2018.08.011. 

https://motorica.org/predvosxishhaya-budushhee-poslednie-razrabotki-v-protezirovanii
https://www.gazeta.ru/science/2013/02/25_a_4980549.shtml?updated
https://hitech.newsru.com/article/12dec2017/prosthetic
https://www.popmech.ru/science/235633-kak-rabotayut-bionicheskie-protezy/
http://tm.spbstu.ru/%D0%91%D0%B8%D0%BE%D0%BD%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%BF%D1%80%D0%BE%D1%82%D0%B5%D0%B7_%D1%80%D1%83%D0%BA%D0%B8
http://tm.spbstu.ru/%D0%91%D0%B8%D0%BE%D0%BD%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%BF%D1%80%D0%BE%D1%82%D0%B5%D0%B7_%D1%80%D1%83%D0%BA%D0%B8
http://tm.spbstu.ru/%D0%91%D0%B8%D0%BE%D0%BD%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%BF%D1%80%D0%BE%D1%82%D0%B5%D0%B7_%D1%80%D1%83%D0%BA%D0%B8
http://ieeexplore.ieee.org/document/6693642/
https://www.sciencedirect.com/science/journal/18770509
https://www.sciencedirect.com/science/journal/18770509/105/supp/C
https://www.sciencedirect.com/science/article/pii/S1877050917302223/
https://www.elemyo.com/products/sensor_bpsdual_1_0
http://www.advancertechnologies.com/
https://plux.info/barebone-sensors/8-electromyography-emg-sensor.html
https://plux.info/barebone-sensors/8-electromyography-emg-sensor.html
https://www.sciencedirect.com/science/article/pii/S1018363918311681
https://www.robotshop.com/en/myo-gesture-control-armband-black.html
https://www.robotshop.com/en/myo-gesture-control-armband-black.html


 
 

180 
 

ROBOTICS 

[117] Poddubko S.N., Mariev P.L., Belevich A.V. Prospects for the development of unmanned transport 

systems in the Republic of Belarus. Unmanned vehicles: problems and prospects. Collection of materials 

of the 94th international scientific and technical conference. Association of Automotive Engineers. 

March 18, 2016 Nizhny Novgorod State Technical University R.E. Alekseeva. 296 p. ISBN 978-5-502-

00740-5. with. 7. 

[118] Shadrin S.S., Ivanov A.M., Yudin V.V. Development of a hybrid navigation system for an 

autonomous wheeled vehicle. Collection of materials of the 94th international scientific and technical 

conference. Association of Automotive Engineers. March 18, 2016 Nizhny Novgorod State Technical 

University R.E. Alekseeva. 296 p. ISBN 978-5-502-00740-5. with. eighteen. 

[119] Shadrin S.S., Ivanov A.M., Sininkin I.V. Development and experimental studies of an automobile 

lane control system. Collection of materials of the 94th international scientific and technical conference. 

Association of Automotive Engineers. March 18, 2016 Nizhny Novgorod State Technical University 

R.E. Alekseeva. 296 p. ISBN 978-5-502-00740-5. with. 25. 

[120] I.M. Afanasyev. A.G. Sagitov, I.Yu. Danilov, E.A. Magid. Navigation of a heterogeneous group of 

robots (UAVs and BNRs) through a maze in the 3D simulator GAZEBO using the probabilistic roadmap. 

In the book: The Second All-Russian Scientific and Practical Seminar “Unmanned Vehicles with 

Artificial Intelligence Elements (BTS-II-2015)” (October 9, 2015, St. Petersburg, Russia): Proceedings 

of the seminar. - St. Petersburg: Publishing House "Polytechnic Service", 2015. - 140 p. S.18–25. 

[121] Clearpath Husky Unmanned Rover: www.clearpathrobotics.com/husky/ 

[122] Clearpath Robotics: www.clearpathrobotics.com/ 

[123] E.A. Ivashina, M.O. Korlyakova, A.Yu. Pilipenko, A.A. Filimonkov. An approach to setting up a 

technical vision system for a mobile platform. In the book: The Second All-Russian Scientific and 

Practical Seminar “Unmanned Vehicles with Artificial Intelligence Elements (BTS-II-2015)” (October 

9, 2015, St. Petersburg, Russia): Proceedings of the seminar. - St. Petersburg: Publishing House 

"Polytechnic Service", 2015. - 140 p. S. 58–65. 

[124] A.D. Moscow. Scene recognition method for the task of navigating mobile robots. In the book: The 

Second All-Russian Scientific and Practical Seminar “Unmanned Vehicles with Artificial Intelligence 

Elements (BTS-II-2015)” (October 9, 2015, St. Petersburg, Russia): Proceedings of the seminar. - St. 

Petersburg: Publishing House "Polytechnic Service", 2015. - 140 p. S. 66–73. 

[125] Ivanov, Yu.A. Computer vision technologies for monitoring track infrastructure facilities // Railway 

Engineering, No. 4 (16), 2011, –P.57-61. 

[126] Devyaterikov EA, Mikhailov BB: Motion control of a mobile robot using visual odometer data // 

Robotics and Technical Cybernetics, No. 1,2013 p.22-26. 

[127] S. Ozbay and E. Ercelebi, Automatic Vehicle Identification by Plate Recognition A Neural Network 

// World Academy of Science, Engineering and Technology, vol. 9, (2005), p. 222-225. 

[128] Korlyakova, M.O., Pilipenko, A.Yu. Neural network search for singular points in stereo pairs // 

Abstracts of NTK “Technical Vision in Control Systems - 2014”, Moscow, March 18–20, 2014 - p. 125-

127. http://tvcs2014.technicalvision.ru/docs/ collection of abstracts_TZSU_2014.pdf 

[129] Syryamkin V.I., Shidlovsky V.S. Correlation - extreme radio navigation systems. - Tomsk: 

Publishing house Tom. Univ., 2010.-- 316 p. 

[130] [130] Kokareva EA, Korlyakova M.O. Pilipenko A.Yu. The solution of the problem of stereo 

reconstruction in a neural network basis // XIV All-Russian scientific and technical conference 

"Neuroinformatics 2012": Collection of scientific papers. In 3 parts. Part 1.- M: NRNU MEPhI, 2012 - 

pp. 160-169. 

[131] Montemerlo M., Thrun S., Koller D., Wegbreit B. FastSLAM: A factored solution to the 

simultaneous localization and mapping problem \\ in Proc. AAAI National Conference on Artifical 

Intelligence, (Edmonton, Canada), AAAI, 2002. P. 593-598. 

[132] Sokolov, S.M. Boguslavsky, A.A. Intelligent image processing algorithms for solving the 

recognition problem in real time by airborne systems // Abstracts of the scientific and technical 

conference-seminar. Technical Vision in Mobile Object Management Systems. - M.: KDU. - 2011. - 

P.86-88. 

[133] V.E. Pavlovsky, V.N. Ogoltsov, I.A. Spiridonova. Tasks of driving an unmanned vehicle in the 



 

181 

 

References 

AvtoNIVA project. In the book: The Second All-Russian Scientific and Practical Seminar “Unmanned 

Vehicles with Artificial Intelligence Elements (BTS-II-2015)” (October 9, 2015, St. Petersburg, Russia): 

Proceedings of the seminar. - St. Petersburg: Publishing House "Polytechnic Service", 2015. - 140 p. S. 

107–114. 

[134] http://navya-technology.com/?lang=en. 

[135] http://dic.academic.ru/dic.nsf/ruwiki/1619790. 

[136] D.A. Kozorez, D.M. Kruzhkov. The composition and structure of autonomous navigation and 

control systems of a robotic prototype of a car. // Special equipment and communications. 2012, No. 3, 

pp. 15-18. 

[137] V.P. Noskov, I.V. Scars. Key issues of creating intelligent mobile robots. // Engineering Journal: 

Science and Innovation. - 2013. No. 3 (15). 

[138] Roboethics: the philosophical, social, and ethical implications of robotics. 

http://edurobotics.ru/archives/1028. 

[139] The Ethics of Autonomous Cars. http://www.theatlantic.com/technology/archive/2013/10/the-

ethics-of-autonomous-cars/280360/. 

[140] V.E. Pavlovsky, V.N. Ogoltsov, N.S. Ogoltsov. Low level control system for a car with a manual 

transmission. // KIAM Preprint No. 103, Moscow, 2013.28 s. 

 

  



 
 

182 
 

ROBOTICS 

 

Dr. of Technical Sci. Vadim ZHMUD. 

Didactic title: Full Professor. 

Affiliation: Novosibirsk State Technical University, Faculty of Automatics and 

Computer Techniques, Department of Automatics, Russia 

Scientific Fields: Adaptive and optimal control, Multi-channel control systems, 

Laser Physics, Robotics, Electronics 

E-mail: oao_nips@bk.ru  

 

Vitaliy TRUBIN. 

Senior Lecturer, Department of Automation, NSTU, Director of KB 

Avtomatika LLC. 

E-mail: cpm@ait.cs.nstu.ru   

 

 

mailto:oao_nips@bk.ru
mailto:cpm@ait.cs.nstu.ru

