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SUMMARY 

Rudyk A. V. Scientific foundations and principles of constructing an instrument 

system for measuring the acceleration of a mobile robot. – Qualifying scientific work, 

the manuscript. 

Dissertation for obtaining the scientific degree of the Doctor of Engineering in 

speciality 05.11.01 «Instruments and methods for measuring mechanical quantities». – 

National Aviation University, Kyiv. National Technical University of Ukraine "Igor 

Sikorsky Kyiv Polytechnic Institute". – 2018. 

 

In the dissertation the following new scientific results are received: 

1. The method for determining the parameters of mobile robot motion, according 

to which the total number of coordinates of the object in the interval of time is divided 

into groups with the same number of coordinates, and the coordinate codes in the gro-

ups are averaged, has received further development. Quantitative evaluation of the me-

thod's efficiency depending on the number of coordinates used for calculations is 

obtained. 

2. For the first time a mathematical model of the influence of working conditions 

(environment) on the coefficient of sensitivity of the measuring instrument was 

proposed. The deviation of the sensitivity coefficient of the measuring instrument from 

the nominal value, depending on the group of factors and the number of members of 

the expansion of functions in the Taylor series, is analyzed. 

3. For the first time a mathematical model of the dependence of ultrasound 

velocity in air from a group of climatic factors and wind speed was obtained. It was 

found out that the change in air temperature, as well as less significant atmospheric 

pressure and relative humidity, are significantly influenced by the ultrasonic signal. 

4. Ddetailed a generalized error equation for accelerometers SINS was obtained 

and a block diagram of the formation of errors in the output signal of accelerometers 

was drawn up. The components of the random error of accelerometers are analyzed 

and the models of formation of components of random error from white noise and 

white sequence are presented. 
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5. The method of estimating the errors of the SINS in the short time interval 

according to the values of instrumental errors of inertial sensors without simulation of 

the INS algorithm has been further developed. It has been proved that MEMS gyrosco-

pes accumulate significantly higher errors in determining the parameters of motion and 

orientation over time with accelerometers of the same accuracy class. 

6. The method for estimating the minimum value of the variance of the estimati-

on error of a constant component by the method of averaging and determining the opti-

mal averaging time has been further developed, which is important for calibration of 

inertial sensors, is developed and allows to effectively identify the structure of noise in 

the channel of the measuring instrument. 

7. Ddetailed a model of SINS errors was obtained in determining the speed and 

coordinates of a mobile robot. It is proved that the accuracy of determination of linear 

velocities and coordinates is determined by orientation errors, and the magnitude of the 

errors of the SINS depends on the dynamics of the object movement. 

8. It was first proposed to determine the parameters of capacitive MEMS sensors 

given by equivalent circuitry of resonance circuits, based on the results of measure-

ments of the phase shift between two voltages at the output of the converter and the ra-

tio of amplitudes of these voltages (the circuits of the transducers are protected by the 

patents of Ukraine №57135 and №57836). 

9. The further development of the phase-frequency method of measuring the am-

plitude of the alternating voltage, which in work is used to measure the ratio of the am-

plitudes of alternating voltages; the errors of the developed measuring instruments are 

mainly determined by the accuracy of measuring (or transforming) the time intervals. 

10. The method of selecting the sampling rate of signals of sensors and actuators 

in the control system of mobile robot with the consideration of their structural connec-

tions is improved, which allows to find the optimum values of the sampling frequenci-

es of signals and obtain the optimum survey program. 

11. For the first time a method has been developed for determining parasitic pha-

se modulation parameters when modulating the amplitude of the input signal of a band 

filter according to different laws during its disintegration. 

The practical significance of the results of the dissertation work is that: 
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1. The budget of errors of determination of pseudorange, pseudo-speed and 

pseudo-acceleration with the help of GNSS is made and the potential values of their 

total errors (6.3 m, 0.09 m/s and 0.0238 m/s2 respectively) are calculated. 

2. The mathematical models of the MEMS-accelerometer in various forms have 

been developed and it has been experimentally proved that the use of "individual" sen-

sor models increases the accuracy of the acceleration determination in (1.5÷3.5) times 

compared with the passport data. 

3. New devices of signal processing of capacitive MEMS sensors of mobile ro-

bot instrumentation devices on the basis of the generator zero method are developed, in 

which the resistance to noise is increased, and high sensitivity and partial compensa-

tion of temperature changes of the output frequency are provided. 

4. The scheme of the analog bandpass filter for effective depression of the noise 

of 40 dB with filtering up to no more than an octave is improved and the dependence 

of the coefficient of suppression of the filter jam on the spread of the parameters of all 

elements of the circuit is analyzed. 

5. It is proposed to use median and diagnostic filters based on guaranteed filtra-

tion algorithms for preliminary processing of sensor signals of the on-board navigation 

system of a mobile robot to obtain estimates of navigational parameters, "cleared" from 

interferences. 

6. The conditions for minimizing the random error at the output of the complex 

inertial orientation system are determined, the variant of numerical implementation of 

the complementary filter of the IMU is obtained and the optimal low frequency filter 

with a linear phase-frequency characteristic on the basis of the second-order FIR-filter 

is synthesized. 

7. Two variants of implementation of inertial microsystems of orientation targe-

ting on the basis of the Kalman filter (for the mobile robot control circuit and for the 

backup system), having high technical characteristics, have been tested and proved to 

be stable during prolonged operation (5 hours or more). 

8. An ultrasonic rangefinder of the technical view of a mobile robot is develo-

ped, in which the accuracy of the estimation of the parameters of motion increases due 

to taking into account the readings of sensors of climatic parameters. 
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9. The optimal structure of an artificial neural network of the Cascade-forward 

type with two hidden layers was developed, studied and analyzed to determine the dis-

tance of the MR to the obstacle, which best takes into account the complexity of the 

relationship between the information parameters and on the test sample showed high 

accuracy (mean-square MSE=1.412 mm and average absolute MAE=1.892 mm errors). 

10. A method for determining the correction coefficients for the IMU and the 

magnetometer, which are determined during calibration and used for integration into 

the code of the calculator to determine their output signals, is developed. 

11. A LNS has been developed, the accuracy of determining the parameters of 

motion and the angles of orientation of the mobile robot that allows it to be used 

autonomously to control maneuvers when moving on a safe route for short intervals of 

time, and in conjunction with other navigation devices (error detection of coordinates 

about the object in the autonomous mode 1.2 m for 10 s with straight displacement and 

2.2 m for 10 s with maneuvering; the error of working out the orientation angles 

(0.1÷0.3)o for the angles of the roll and pitch and (2÷3)o to the angle of the course). 

Theoretical and practical achievements of the work were introduced at the enter-

prises of the state enterprise "Plant 410 CA", "Kiev Automation Plant", firm "Vestra" 

(Rivne) and in the educational process at the National Aviation University (Kyiv) whi-

le teaching the disciplines "Physical bases of modern metrology" and "Metrology and 

information-measuring technique" and at the National University of Water Manage-

ment and Natural Resources (Rivne) during the teaching of disciplines "Electronics 

and microprocessor technology", "Designing of automation devices" and "Metrology, 

technological measurements and devices", which is confirmed by the relevant acts. 

The scientific novelty and practical significance of the results of work are confir-

med by three patents of Ukraine №57135, №57795 and №57836. 

The introduction substantiates the relevance of the research problem, shows the 

connection of the chosen direction with the scientific programs, plans, themes, formu-

lates the purpose and objectives of research, presents the scientific novelty and practi-

cal value of the results obtained, determines the personal contribution of the applicant, 

gives data on testing, publications on the topic of work and the use of research results. 

In the first section the characteristics of acceleration as a measured value are 
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considered, the analysis of known methods and means of acceleration measurement 

with the development of appropriate classifications, systematization of the basic tech-

nical characteristics of accelerometer sensors (accelerometers) and a qualitative analy-

sis of the influence of destabilizing factors on the process of conducting acceleration 

measurements by the considered methods are considered. It is proved that the scientific 

problem solved in the dissertation is relevant for various industries of the Ukrainian 

economy, including such leading, as instrument making, machine building and trans-

port, oil and gas extraction, agriculture, etc., where in practice the tools for measuring 

acceleration and other parameters of movement and orientation in space. 

In the second section the theoretical principles of acceleration measuring me-

thods of MR are developed and ways of improving their accuracy are analyzed. 

The method of determining the parameters of the MR motion has been further 

developed, according to which the total number of coordinates of the object in time in-

tervals is divided into groups with the same number of coordinates (two for speed, 

three for acceleration), and coordinate codes in groups are averaged. The efficiency of 

the method depending on the number of coordinates used is analyzed. 

The mathematical model of the influence of working conditions (environment) 

on the sensitivity coefficient of the measuring instrument is proposed and its deviation 

from the nominal value depending on the group of factors and the number of members 

of the expansion of a function in the Taylor series is analyzed. The error determination 

budget of pseudorange, pseudo-speed and pseudo-acceleration by long-range methods 

with GNSS is made and the potential values of their total errors are calculated. 

The mathematical model of the dependence of ultrasound velocity in air from a 

group of climatic factors and wind speed was first obtained. It was found out that the 

change in air temperature, as well as less significant atmospheric pressure and relative 

humidity, are significantly influenced by the ultrasonic signal. It is proposed to use a 

network-based architecture, in which the signals from the sensor nodes to the control 

system blocks in the already processed form are sent to reduce the load on the power 

sources and the mobile robot computing blocks. Also discussed are the use of stealth 

technologies in mobile robot systems and methods for detecting undetected objects. 

In the third section, analysis and mathematical modeling of errors of MEMS 
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accelerometers of mobile robot instrumentation systems were carried out. The mathe-

matical models of the MEMS-accelerometer in various forms (mechanical, electrical 

and circuit engineering) have been developed, an estimation of the parameters of the 

electric model has been made, its adequacy has been proved, and it has been shown 

that the use of "individual" MEMS accelerometer models increases the accuracy of the 

acceleration determination. 

The generalized equation of SINS accelerometer errors is detailed and a block 

diagram of errors formation in the output signal of accelerometers is made. The com-

ponents of the random error of accelerometers are analyzed and the models of formati-

on of components of random error from white noise and white sequence are presented. 

The technique of estimating the errors of one-channel SINS in a short time inter-

val based on the values of instrumental errors of inertial sensors without the simulation 

of the inertial system algorithm has been developed and it is proved that MEMS-gyro-

scopes over time accumulate significantly higher errors in determining the parameters 

of motion and orientation compared with accelerometers of the same accuracy class. 

The method of estimating the minimum value of the estimation error variance of 

a constant component by the method of averaging and determining the averaging opti-

mal time with the help of specialized software for calculating the variation of Alan by 

the results of the processing of information of inertial sensors during long launches, 

followed by polynomial approximation, is important in calibrating such sensors and al-

lows efficient identify the structure of the channel noise of the measuring instrument. 

Detailed a model of SINS errors in determining the speed and coordinates of a 

mobile robot, on the basis of which a generalized block diagram of the formation of 

SINS errors was developed in determining the parameters of the motion of an object. It 

is shown that the accuracy of determination of linear velocities and coordinates is 

determined by orientation errors, and the magnitude of the errors of the SINS depends 

on the dynamics of the object movement. 

In the fourth section, devices for signal processing of MEMS sensors of MR de-

vices and algorithms for their work are developed. Device for processing signals of ca-

pacitive MEMS sensors of mobile robot instrument systems on the basis of the genera-

tor zero method, which increases the noise immunity and provides high sensitivity and 



23 
 

partial compensation of temperature changes of the output frequency. It is proposed to 

determine the parameters of capacitive MEMS sensors given by equivalent schemes of 

resonance circuits, based on the results of measurements of the phase shift angle bet-

ween the two voltages at the converter output and the ratio of amplitudes of these vol-

tages (circuit diagrams of the transducers are protected by the patents of Ukraine 

№57135 and №57836). The dependence of the measurement errors of the capacitive 

MEMS sensor on the parameters of the measuring transducer has been analyzed. 

Received a further development of the phase-frequency measuring method the 

amplitude of the alternating voltage, which is used in the measure the ratio of amplitu-

des of alternating voltages. The errors of the developed measuring instruments are 

mainly determined by the accuracy of measuring (or transforming) the time intervals. 

The method of selecting the frequency of sampling signals of sensors and actua-

tors in the mobile robot control system, taking into account their structural links, is de-

veloped, which allows to find the optimum values of sampling frequencies and obtain 

the optimal survey program. 

In the fifth section, filter circuits and algorithms for filtering signals in instru-

mentation systems for measuring the acceleration of MR are developed. The scheme of 

the analog bandpass filter is developed to noise suppress by 40 dB in the low frequency 

range differs from the useful signal frequency by no more than an octave. The depen-

dence of the coefficient of suppression of filter interference on the distribution of para-

meters of all elements of the scheme is analyzed. Experimentally, the value of the com-

pression-jamming coefficient is obtained -(39÷40) dB at the steepness of the falling 

area of the amplitude-frequency characteristic of 40 dB/oct. The method of determina-

tion of parameters of parasitic phase modulation at modulation of the amplitude of the 

input signal of a band filter according to various laws at its disintegration is developed. 

It is suggested to use median and diagnostic filters based on algorithms of 

guaranteed filtration when processing data from the navigation system MR to obtain 

estimates of navigational parameters, "cleared" from interference. 

The conditions of random error minimization at the output of a complex inertial 

orientation system are determined. The variant of numerical implementation of the 

complementary IMU filter is obtained. An optimal low pass filter with a linear phase 
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characteristic of the order Ropt = 31 based on the 2nd type FIR-filter was synthesized. 

Two variants of realization of inertial microsystems of orientation based on the 

Kalman filter (for the control circuit of MR and for the backup system) with high tech-

nical characteristics and stable functioning during prolonged operation (5 hours and 

more) are developed. The method of estimating the state of the system in the "painted" 

noise is practically without increasing the computational time. 

In the sixth section, experimental research was carried out on the developed 

elements of instrumentation systems for measuring acceleration of MR, which confir-

med the convergence of theoretical and experimental results. Practical interest is the 

definition of optimal combinations of different sensors types (location, inertial, optical). 

According to the results of the analysis of accuracy in computer simulation, an 

optimal structure of the artificial neural network of the Cascade-forward type with two 

hidden layers was found to determine the distance to the obstacle, which best takes 

into account the nature and complexity of the relationship between the information 

parameters. A Simulink model of this ANN was developed, and the test quotient obtai-

ned a MSE = 1.412 mm and an average absolute MAE = 1.892 mm errors. 

The method of determining the correction coefficients for the IMU and the 

magnetometer, which are determined during the calibration, is developed and used for 

integration into the software code of the calculator to determine their output signals. 

The LNS is developed, the accuracy of determining the parameters of motion 

and orientation angles of the MR is ensured, which allows it to be used autonomously 

to control maneuvers when moving along a safe route for short intervals of time, and in 

combination with other navigation devices (the error of determining the coordinates of 

an object in offline mode 1.2 m for 10 s for rectilinear displacement and 2.2 m for 10 s 

for maneuvering; the error of working out the orientation angles (0.1÷0.3)o for the 

angles of the roll and pitch and (2÷3)o for the angle of the course). 

The general conclusions summarize the main results of the research conducted 

in the dissertation, both theoretical and experimental, obtained in laboratory conditions. 

Key words: acceleration, device system, mobile robot, accelerometer, inertial 

sensor, strapdown inertial navigation system, estimation of parameters of motion, vari-

ation of Alan, signal filtering, calibration. 
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.    ,    -

  ( ),     є -

 ,        -

 (      ).   -

   є        [20]:  

    .;
0

1 tdttt ii

t

i      

2.     ,        

 .      ,  -



57 
 

         [6]. 

3.          -

  є   ,    

     . 

     є  -
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   250 ,       ,  -
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   є   ’є    є      

,    є     є -
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    ’є     . 
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   (1…10)$     

  ,      -
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  «  – »    (IEPE – integral elec-

tronic piezoelectric)   ,   ; 

–       (Charge-

output devices)     ’є . 

   -  є  Kistler, 

Endevco, Bruel & Kjaer, Bosch, PCB Piezotronics, Honeywell  Siemens VDO. 

 -  ’     є  

         -

.  Matsushita  -    -
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       [37, 38],    
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  g (  104
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  -  '      -
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 ’є е в  ( )     

   є   (   
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     EEPROM [48].     - -

       [23]. 
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 ,  є    є    -
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2

1
4

4

1

4

3

1
2

1
4

3
33

m

m
i

m

i
ii

m

m
i

i

m

m
i

i tNtNtNtN     

  ,   є    [37]. 

2.2.           
  ’є           

ь    

2.2.1.        
’є  

,     ,   -

  [25]: 

-   ( , ,   .); 

-     (  ,    

  ); 

- ,      ’є   ( -

,    .); 

- ,    (    -

,   , ,   .). 

 є        -

 ,       -

 є    (  ),    -

  є  .   є   -

,     ,      , 

       ,    . 

    ’є    -

 ,     , є  [10, 26]: 

-  – 20  (293 ); 

-    – 99.992  (750 . . .); 

-    – 65% (     1351 ); 

-   – 1.2 / 3; 
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-    (   ) – 9.8 / 2; 

-       – 0. 

       -

  ,        -

         -

 . ,  є ,     

         

,   є 35%    [10].  -

ґ   є      -

    ,     

     . 

2.2.2.  ь     є                          

   

        ’є  -

,  є   ,    ( ). 

          tkw0  

[26],  є   k      ,  -

є  ,      tw0  є , -

    .      -

   ,  є  є     -

є   .        -

    є .      

  ,    ,    -

   tw0  є ,     . 

       ( )  

є    ,   є є  є   

,         ,  

     ’є     [25]: 

   ,,,, 21 im kfkkkfk                                       (2.16) 

   miki ,1 є   -  . 
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 ,   
ikiiii kkkk  100 ,  0ik  , 

 ik   



0i

i
k

k

k
i

      

є   -  ,  є : 

   ,1,,, 000220110 kmm kkkkkkkkkfk          (2.17) 

   020100 ,,, mkkkfk    є   ; 

k   



0k

k
k    k    

,   ik . 

    (2.17),     

       [21]: 

     ,
!

1

!

1

1 11 1

j

i
j

m

i

j
i

j

i
j

m

i
j

i

j

k
j

k
k

k

j
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                          (2.18) 

    










mi

kk
j

i

m
j

j
i

iik

kkkf

,1

21

0

,,, 
    (2.17). 

 ik      [37]: - -

 ,     -

 k . ,      ,  -

   ,  k . : 

... kkk                                              (2.19) 

 k .        -

       ’ : 

   ,,,, 21 lpik                                        (2.20) 

  p,l 1
 ,    є   . 

   l       

 : 

     ,
!

1

!

1

1 11 1
.

j

l
j

p

l

j
il

j

l
j

p

l
j

l

i
j

j

k

j
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                     (2.21) 
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   (2.20). 

  (2.19)  (2.21)   (2.18)    

      [29], є  [17]: 
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-

 є          

,    є    ; 

  



   


 



  1 1
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1 1 !

1

!

1

j
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i

jj
i

j

j

m

i
j

i

j

k
j

k
k

k

j
k    є   

   -  ; 
     




m

i

j

il

j
i

j

l
1

 є , 

    l    є   . 

         

 ik   l      j   (2.22) є    є 

    є     -

 .       . 

       1j  є  [37]: 
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; 1212 kkk     2.121.1212 kkkk  

є          [37]. 

   (2.17)  ,10 k   

,111 kkkkkk                         (2.24) 

     є   k . 

    ’є     , 

      ,  є ’є  -

,        ,  -

   .       ’є  

    ,    . 

2.3.   -  ь   

-   ( ) є   -

,           -

 ,   .    є   

 : ,      ,  -

,     .      

   ( ),  ( -

)   ( ),      є -

  ,   . -

 ,      ,   -

     [41],     -

    –   [31, 41].   -

   ,    

    ,     -

 ,     . 

         [37]: 

- ,        

 (       , -

   ,     ); 
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-      ; 

- ,     ’   ; 

-   . 

          , 

 є     . 

2.3.1. ,  ь     

 ь 

,      , є  -

    є      . -

      ,     

  є .  ,  є   -

  ,     .  -

   ,      

  (12…18) ,  ,  є    60   1000 . 

      -

 .        

(8…80) ,  є    (2,4…24) . 

     є    

     ,     

10 .        ,   

 .        -

  GPS  GLONASS       -

,      .  -

     ,     -

:       (    ). 

 ,       -

 ,    . 

2.3.2.    

 -       -

    ( ) .      є  
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     . ,  -

       10  є   

  3 .        

 (“  ”).        є 

25.4   є   108   є   .    

 ,     є    10  [37]. 

       

 ,       -

 ,  є  .  -

    1     1 .    -

            

 є     (     

є    ) [41]. 

    ,    -

     ,  є    

         -

      .   -

  є       ,  

     є      -

.          

 є 3 .  -     , 

      ’   .  -

    (    ,  

   ’є ,     , -

,    )    .   -

      є   -

 ,   GPS    BlockIIR. 

2.3.3.   ь   

    є    -

    ,      -

https://ru.wikipedia.org/wiki/%D0%9D%D0%B5%D0%B1%D0%B5%D1%81%D0%BD%D1%8B%D0%B5_%D0%BA%D0%BE%D0%BE%D1%80%D0%B4%D0%B8%D0%BD%D0%B0%D1%82%D1%8B
https://ru.wikipedia.org/wiki/%D0%90%D1%81%D1%82%D1%80%D0%BE%D0%BD%D0%BE%D0%BC%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D0%BE%D0%B1%D1%8A%D0%B5%D0%BA%D1%82


111 
 

 .    є    -

 ( ).         

є ,  є   [28]: 

 
,

2
00 NP

BB

NP

B rtt
s  

                                        
(2.25) 

 s    ; tB   rB    

        ; 0NP -

         . 

       

,
28.0

2
t

d
B

 
                                                   

(2.26) 

   . 

    є (0,5…30) , -

 – (0,1…10) / ,   – (0,02…2.5) / 2.   

       .   

   ,   -

 є  ,      -

  є   ,    -

         [37]. 

2.3.4. ,  ь    ’    

 ,   , -

          , -

          

,  є        (  

’   ).     -

є         ( -

)  ,  є    .  є  

   є   .  ,  

      є  -
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.   є        

    ,     

   ,     .   

   є     [27]. 

2.3.5.    

є         є  

            

 ,      .   -

   є  : l  (  

  є ); r ; n  (    -

,   l   r ). 

  [28]     -

    GPS,      

(    )    : 

,3.6l   ,0.3n   .8.0r      -

     ,  є  

1.27 .    є , ,    

,0.4
D̂

    [11].     є   

  2.6 ,       ( . 2.1). 

2.3.6.    ь ,  

  

     , -

  ,     -

  ,     [34].  . 2.1 -

,     є     -

    .     

     (   ).    -

,    є ,  .     -

є      . 
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  . 2.1      

 ,  є ,     -

      ,  

 . 

 2.1 

   ,                           

   

  D̂
 ,  

V̂
 , /  

â , / 2 

  2,0 – – 

 4,0 – – 

 0,5 – – 

  2,5 0,01 0,0025 

  1,5 0,08 0,022 

   – 0,04 0,008 

  – 0,001 0,0003 

  2,6 – – 

 2,0 0,01 0,003 

  6,3 0.09 0,0238 

,    є ,   -

        

    ,    .  , -

  ( )   . 2.1 є  ,  -

     [37]. 

2.4.            

  ь                          

   

        є  

,        

   .    -
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     ,    -

    1  є   0.6 / , 

        0.175%. 

2.4.1.   ь    

        

 є   TV  046.20 ,   –  -

 ( ),     o
tV 6.04.331   [18].   

 є      (-100…+200) ,  

        -

   2.9%   -100   3.5%   +200 . 

    ’є , , -

 MuRata,    є (-30…+80)  [16].   [35] 

         -

     o
tV 584.095.330ˆ    

      %138.0V   

%266.0
max.

V   є    99933.0
3
tVr ,    

      . 

   ,   -

  (-10…+30) ,  є   ,   
o

tV 592.026.331ˆ         -

  432 ppm  738 ppm  є    

0.999769,    є   [37]. 

     W     ( ) 

     [3]: 

 
.

273275.0

P

Wt
tt

o
oo

AB


  

       -

        -

  0.5 / . 
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 ,      ’є   

    ,     

, є ,    . 2.2.1 [17],    -

    
 

,5238.20
992.99

65.027320275.0
20.

o
ABt 


  -

          

        -

   2.62%   ,  є -

  0.1%     . 

       є : -

      є ,    – -

є .       ,  є 

   .     -

є   cos. BB VVV  ,  BV  ;     

       . 

    ,      

        : 

 
 

 

 
 

 
.cos

2731606.0
584.095.330,,,,ˆ

;cos
2731628.0

592.026.331,,,,ˆ

8030

3010





B

o
o

C
B

o

B

o
o

C
B

o

V
P

Wt
tVPWtV

V
P

Wt
tVPWtV

o

o













   (2.27) 

,         -

         

65%,   . 2.3 [37].  ,   ,   -

     ,  є 

    , є   -

    ,    ’є  є    

 

  ,296.063.165

cos
2730814.0

296.063.165
2

3̂

І
o

ІB

o
oІ

Nt

TNV
P

Wt
t

NTV
L














 

  (2.28) 

 N   ,  -  -



116 
 

 ; І   . 

  

                                  )                                                                      ) 
. 2.3.                            

 (-10…+30)  ( )  (-30…+80)  ( ),            

 80   120       65% 

 ,    (2.28)    -

     ,      

        (65%  100 

)  35%  100% (   )  10   90  ( -

 )   20      0.523 

/ ,         0.15%. 

,  є       -

,    І 1 ,   . 2.4. 

 

. 2.6.                 

  ,    

  ,    ,  
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 20  є     .1716.01011.3435.0 6
L    

     є   

’є   є  6 .  16-   -

є   216 ,  є   є  -

 ,      є 

 ct 0655.0102 616
max    (   6     

 t 035.06  ),      LL 25.11216
max  . 

2.4.2.        

  ь     

 ь    

      ’   

       ,  

         

 US       –   -

       .  -

      o
t ,   

P      W .    ,   -

        -

      .    = 256 

,    ,     -

  є  ,       

   US     -

.       -

  ,    
21

1

i

i
i

r

nr
t




 ,   

    200n     01.0 . 

 ,   . 2.2,   '   

      ’є -

.   o
t   є    US    
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,     ,      -

   .   P  є    

     ,      є 

 .     W     

,     є  . 

 2.2 

 є       

 
є  

 

 
 

є  
 

 
 
 

 

 
    
 

 

               
 

 

  ь     

 W PtS
or

.
 0.8945 71.4666 2.345 

 
 

 WtPS
or

.
 -0.1614 2.6463 2.345 

 
 

 PtWS
or

.
 0.1283 2.0831 2.345 

 
 

  ь    

 W PtS
or

.
 0.8569 51.4958 2.345 

 
 

 WtPS
or

.
 -0.1311 2.1301 2.345 

 
 

 PtWS
or

.
 -0.0983 1.5851 2.345 

 
 

       -

         -

 ,    –    .   

(2.27)       [37]: 

-      : 

 
 

 
 

;cos
498.281788.0

1584.095.330,,,ˆ

;cos
889.281788.0

1592.026.331,,,ˆ

8030

3010





B
o

C
B

o

B
o

C
B

o

V
PP

tVPtV

V
PP

tVPtV

o

o







 







 




    (2.29) 
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-     : 

 
 

;5931.0549.331ˆ
3010

o

C

o
ttV

o



       

 
.5851.0235.331ˆ

8030

o

C

o
ttV

o



   (2.30) 

 ,  ,     ’є -

 є  є       -

     ,       

         

    . 

2.5. ь       ь                     

 

        

    ,     -

         ( ).  

          є 

    ,      -

.      є   -

,  ’є         -

 [39].  є,          

      ,     -

   .  ,    

           

  ( ),      ( -

   ). ’  є   є  

  ,        

      (    -

) .      є , 

  .       

        ( ) -

       [37]. 

є       -

,        [32]. 
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2.5.1.  ь   

      -

 є        -

.       -

      ESC (Electronic Stability Control).   

         

     ,   є   

   ESC.       

  ,      -  

 (    )     . 

          

     ,  є -

є         -  

,  є       є  

      ,      

   .     є   

’   ,     , 

“ ”         -

  .        

      ,  є є -

         . 

      є   -

    (  GPS   ,  -

      ).    ( -

 )       [37]. 

          

     (   )  

,  є ,      ,  -

     ,    .  -

є     ,    -
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   ,    ,  , -

      є    . 

2.5.2.  ь ь   

    є     

  .       (  

Z- ),           (  Y-

),      .   є  -

 є  TRW      , 

    2012 . 

     ,  

  ,      -  (    

 ).   є  ,  -

   є      -

,  є   ASIC (application-specific integrated circuit, 

«    »)    -

 MCU   .   Yole Development [56]  2015 . 

 40%     $2,7 .   12%  -

     $1,1 .  .  

    є     ESC. 

2.5.3.      

      є 

      .    є 

,          ’є  

( ,  ),      .     

  ’  ,    ( , ),   

’є ,        (   ’є    

).         -

         ,   ,  -

      . 
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     є     -

   ,    ,   

    .       

 є        -

 ,       .  -

   є    [37]: 

-         -

      ;   , -

 , – (0,5÷5) ; 

-           ’є  -

 є       ’є  

      0.1    ;  

 ,  є  , – (5÷30) ; 

-     ’є ;   ,  -

є  ,  150 ; 

-         -

 ;    (0÷10) . 

   ,   є , є  

          -

 ,    є .   є -

,         . 

   ’ є  ’є ,   є   

        

’є .      є ,    -

    .     

   є        є -

    . 

     є -

 -   ESR (Electronically Scanning Radar)  Delphi 

Automotive      TriQuint.   

      , Delphi ESR є -
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     ,      є  

  .    (  60 ) ESR -

є  ’є   ,    (  174 ) є  

        є   

64    .  TriQuint   GaAs-    

 (76.55÷76.78)       -

,    ,    -

    0.955  [51].    2011 .  

GaAs   є       

SiGe,  є        . 

   RASIC (Radar System IC)   -

,  (VCO),    (Dielectric Re-

sonator Oscillators, DRO)         -

    (76-77) .   Infineon   

  bare-die,          

(-40…+125) °C        -

   .  Infineon RASIC є    

    Bosch LRR3 ( . 2.5). LRR3 є  -

  250   є     [54]. 

    77 ,  є -

         -

, є   Freescale   SiGe ( . 2.6) [37]. 

  Freescale      -

    .      -

 MCU   77  є , ,   '-

є ,   , , ,    -

 ,   .   є :  

  SiGe;  SiGe RF    -

є      ;   RF  

SiGe.   Freescale      -

 /  [7].   ,   
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 2D-FFT, є      (ra-

nge rate)  є    ’є .  -

 32-        Qorivva MCU   -

'   RAM       'є , -

        . 

        

. 2.5.    RASIC  Infineon    LRR3 Bosch:      

  RASIC  LRR3 ( );     ( ) 

 

. 2.6. -     Freescale   (76…81)  
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     360°     

         -

/ .    є     TRW,  -

    ,   

   360°  .    ( -

)    TRW       -

      . 

      TRW є   -

         . 

           -

 . ,    є     

      ,  

        ,  -

           

.     TRW    2015 . 

   є      є  -

   .    Bosch [52, 53], -

     (0,5…1)     -

   (25…40)%,      1    -

    .    

      .  -

     .      

  є      

’є ,        ’є ,  -

  є   .   

    (        ) -

     .     

          2  8  

.        24  

(    )  77  (  ) [37]. 
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 ’є .       

       (Bosch – 

 ,  ; Fujitsu Ten Delphy –    

; Autocruise –      (   )  

).      є    -

,     є        ( -

       ’є ).    -

  є,       -

     (0,5…20)       -

         10   45 . 

         

 ,         -

 (   )      

      . 

2.5.4.  -   

    ’є    -

             

 .     є   

    ,  Delphi     RACam,  

є   76.7   є   0.892 .  RACam 

є -   Delphi ESR    . 

RACam є       -

        123 68 38  [55]. 

   TRW є     -

      24 .   ’є   -

       є   ,  -

     ,    

   є   . 

 Continental   –  -

     CMOS- ,    20 ,  
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       [32].  -

 є  “ ”,         -

 ,       (  ’є , -

, ).   є      

     ,        -

    . 

   ’є        -

        .    

(20÷30)       ’є    -

  1%.        є 

   ’є ,      ,   

    ’є     . 

  (3D)   -   

’є   є   ,   є -

    ’є     3D- .  

є  3D 6-  (6D)    є   -

   ,    

 1g,          . 

 є     50 /      

    .     “ -

”   ,     .   

  ’ є  “ є ” –   

      [37]. 

  ,   2012 .       

     ,  -

 ,   GPS,     

  (   є   є   -

   ).       -

  є      , -

   ,     . 
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2.6.   -     ь                     

                       

  ’є  

2.6.1.        

 

-  є   ,   -

  є   ,    ’є    

   ’є . ’є ,    -

 - ,       ’є-

.   ’є  є  -   

  є      є  -

   ,     -

 -      [33]. 

    -, -,     

       [5]: 

-       - ; 

-    “ ”   -

   (    -

       - ); 

-        

( ),         . 

 -    -  є 

    ’є      -

  ( )   ( ).  -  є -

        ’є , 

   є  .   є  

      є    

  ’є .     -

  ’        

’є   ,        -
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.       -

        -

  ’є ,    ,    -

, ,     .   -

 є   ’є   ,    -

,    ’є   ,  -

         

( )      .   -

        є    -

  є   ,   є  -

         [37]. 

2.6.2.       

    є ,   -

  .       

          

   (       -

       ). 

       є    

          -

  [6],  є      

    .     

 є        . 

     ( ) -

        -

  ,  є      -

 (       -

,          -

  є ,    ). -

   є      -

     ,       
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  .       є 

     .   є  -

  ,   є  є  . 

     ( ) -

  є      , 

    .  є   -

      ( ) : 

-   ,     ,   

  (  )  ( )    

 4    ;     -
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  ( ).  є     -

є      , є  2
S   -
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  0SBa .    є    -

  є       . 

        

  tfAm 02sin  ,          -

     max.A   extr    [22]: 

.
371.0

;379.1 0max.
extr

Am fA


   

   ’       -

  (Environment),    є    -

,       ( . . 1.3.1). 

3.2.2. ь     

     , AY, AZ  -

   

nEKu
AA  ,                                                (3.14)         

 
T

A
Z

A
Y

A
X

A
uuuu    ; 


A
Z

A
Y

A
X

A

k

k

k

K

00

00

00

   є   -

; A
Xk , A

Yk   A
Zk є    , AY  AZ; 

 T

ZYX nnnn       

’     ;  –  . 

         [32]. 

 aanMKu
eAAA  ~~ ,                                       (3.15) 

  A
K

AAAA
KKKK  1

~
; A

K   A
K

     

 є   ; 
T

u
Z

u
Y

u
X aaaa  -

        -

 (    – [ ],   – [ ],   – [ ]); 
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e
a   ,      

 ’         (  -

  size effect –  ); A
M    -

,  є     ,        -

 OXiYiZi  ’      OXYZ ( . 3.10) [18]: 

.

coscossinsinsincossinsincossincossin

cossinsinsincoscoscossinsinsincoscos

sincossincoscos










A

M  

 

. 3.10.     ’   

 ,     ,        , -

 A
M      : 

 











 AA
MEM

0

0

0

100

010

001

1

1

1










,     (3.16) 

  A
M  ,  є  A

M . 

      є   [18]: 

               
       ,333

222111

rrME

rrMErrMEa

A

AAe












   (3.17) 
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000

000

001

1 E , 

000

010

000

2 E , 

100

000

000

3 E ,   EEEE  321 ; 

1r , 2r   3r  ,  ’є     ’  -

      ( . 3.10). 

    (Inertial Measurement Unit (IMU)) 

[27]   “  ”   ,    1r , 

2r   3r    .  rrrr  321   (3.17)   

       rrMa
Ae   ,                                 (3.18) 

        rr        -

 ,     є   rr    [18]. 

   (3.12)      2dim a   -

        1A
K     -

є   A
K
~

     A
K     

A
K : 

      aanMKKKuK
eAAAAAA 

 11 ~ . 

   AA
uKa ~~ 1

 , є  [31] 

  aanMKEa
eAA   01.0~ ,                               (3.19) 

   
 A

Z
A

Y
A
X

AAA
kkkdiagKKK  %100

1
  -

  є   , [%],   -
      [43]: 

%100

00

00

00

%100

00

00

00

1
00

0
1

0

00
1

















A
Z

A
Z

A
Y

A
Y

A
X

A
X

A
Z

A
Y

A
X

A
Z

A
Y

A
X

A

k

k

k

k

k

k

k

k

k

k

k

k

K . (3.20) 

    A
M     

   (3.13),  (3.19)  : 

     aanMEKEa
eAA   01.0~ .                        (3.21) 
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  є   A
Xk , A

Yk , A
Zk    -

  ,         ,    -

 є    . ,   

aK
A01.0    AA

MK01.0  ,  (3.16),  (3.21)  : 

      aaKEnMnKEa
eAAA   01.001.0~ .                (3.22) 

-        -

  . 3.11 [44].     (3.22)   : 

     
     
      .01.0101.01~

;01.0101.01~

;01.0101.01~

Z
e
Z

A
ZXY

A
ZZ

A
ZZ

Y
e
Y

A
YZX

A
YY

A
YY

X
e
X

A
XYZ

A
XX

A
XX

aaknnknka

aaknnknka

aaknnknka













 

 

. 3.11. -        

   (3.22)     , -

є     : 

    aaKEnMnKa
eAAA   01.001.0 .                   (3.23) 

   (3.23) є   є  -

,  –     , -

 –       (size effect), -

 –   ,     (3.11). 

3.2.3.      

   ,  є  -

 ,        : 

,MNARWBIWNR aaaaa                                     (3.24) 
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 W Na   ,     

(White Noise, (WN)); BIa   (Bias Instability, (BI)); ARWa -

   ( cceleration Random Walk, ARW); MNa -

  ,   -  

( )  (Markov Noise, MN). 

       -  

  , ,  ,    -

 ,     ,    -

.          

   0NTt  .    є   

      0T ,    -

     kaW N , ,2,1k     

     0 WNWN aMkaM            WNWN aDkaD   

2
W N ,        

      ,2
0

2
0

1
0

0
W NW N

N

k
W N

t

W N tTaNDTkaTDdaD  















          (3.25) 

         -

    є     : 

  ,0 tvtTt VRWW NV 
 
                                    (3.26) 

  0Tv W NVRW     (Velocity Random Walk, 

(VRW))    23dim vVRW  .  

  VRW є  gVRW dim ,  g1
 

2361081.9  .       

  g102 , IMU   –   g5010 ,  - -

   –    g20050  [32]. 

       

 [28]: 

         
 


t N

i

N

i
W N

i

j
W NW N iaiNTjaTTdda

0 1 1

2
0

1
00

0

.1 
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     : 

      

      

      
,

36

32

6

121

1

;01

23
0

3
0

22
0

3
0

24
0

1

22
0

0 0

1

22
0

0 0

W NW N
W N

N

i
W N

t

W N

N

i
W N

t

W N

tTtTtTtT
aD

NNNT

iaDiNTddaD

iaMiNTddaM






































 

 





 
  (3.27) 

        -

є        

   є ,      

  5.105.1 577.0
3

tv
T

tt VRWW NS   .                               (3.28) 

   (3.27)      -

        [44]: 

 

   
  .3

2
707.0225.1

;
3

707.0
3

707.0

0000

0
0

0
0























 






 

t

T

t

T

t

T

t

T

t

t
t

T
ttTv

T
ttTt

S

S

VRWW NS

S 








            (3.29) 

,   Gemini CAS211/291   Silicon 

Sensing Systems Ltd. є   ( ) 2341081.9100 g 
 
[5], 

   10 .      (  

cT 01.00  )  S 32.86001081.9577.0600 5.14  
 

    

   (3.29)  4.2   0.5% (   -

  є    (3.29)). 

 . 3.12      -

       100   

gvVRW 100 .  є     -

     ,   (3.28) [44]. 

  (Bias Instability, BI)     

     .  ’   f1
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  -  (Flicker noise),  є    

 











,,0

;,
2

0

0

2





B

S   0
 

 , B є   

 [7]. -  є     є  -

     ,     [35]. -

    -   є [43],     , 

       (    

       tw ).     

     є    21 ppK ,   

     f1  ( . 3.13, ).    -

   є    . 

 

. 3.12.    8-     

є     є    

     0 (     -

 ): 
 

664.0
0nT

B





 
[18]. 
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. 3.13.     ( ),   

 ( ),      ( )  -

     ( ) [32] 

   ARWa
 

є   -

  (  )   twa
dt

d
ARW  ,   tw -

         0twM .    
t

ARW dwa
0

 ,  

   є      

     є    1 ppK  ( . 3.13, ). 

    tw  є   0S ,    

   .
1

2

0
0

2


S

S
i

S ARW      

          kw
T

kaka

t

a
a

dt

d ARWARWARW
ARW 








0

1  ,   

       kwTkaka ARWARW 01   . -   -

        . 3.13,  

(  1
z      ). 

       

   +0.5     ( . 3.9).   

     tw ,  є     

  ,     .3 c   

   є     (3.26): 
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  ,0
*

tatTt ARWW NARW                                    (3.30) 

 *
W N      tw . 

-  ( )  MNa  є  -

 є  [18] 

  ,
  eDK MNMN                                            (3.31) 

 MND   [ 2/ 4];  є     

[ -1].  є        1MNT
 
[ ]. 

  -   є   

    ,22 





 MN
MN

D
S                                           (3.32) 

   є     

     .2 twDtata
dt

d
MNMNMN                              (3.33) 

        

    є   






p

D
pK

MN2
   -

 -   

        ,2

12
22

2

2













 MNMN D

i

D
SpKS            (3.34) 

 є   (3.32). 

   (3.33) є     [32]: 

      .211 00 kwDTTkaka MNMNMN                       (3.35) 

      (3.33)   

(3.35)      tw    01 T .  . 3.13,  -

  -     . 

    MNT  (    )   MND  (  

 MN )   є    ,   

     ( . 3.9)   -
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  MN   MNA.
 

    +0.5  -0.5,   -

      [1]: 

.529.0;618.1 . MNMNMNAMN T    

        

     . 

3.2.4. ь                       

-  

    -   Gemini CAS 

211/291        100 .  -

    . 3.14    . 

 

. 3.14.    -  Gemini CAS211/291 

    ,   , є   -0.5 -

  ,  є       

.  c1  є     VRWv .  

  c40040 
 

        -

 ,  є  .    
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 +0.5,  є      

  .      

 +0.5  -0.5      є ,   

       . 

     , -

  . 3.1 [44], є,   Z  є   

   ,     Y,    -

 –   50% .      ’ -

    (    Z   )  

    є  .   

    ,   є-

   ,       (   

   ,    . 3.14).   ,  

     Z є  ,     Y. 

 3.1 

     

   
  

 

  
 

 
 

4.52∙10-4 / 2 =           

= 1.63 / 2 (  670 ) 

0.0011 / 1.5
 =          

= 112 g  

6.7∙10-4 / 1.5
 =        

= 68 g  

 
Y 

4.22∙10-4 / 2 =           

= 1.52 / 2 (  110 ) 

0.0011 / 1.5
 =          

= 112 g  

7.1∙10-4 / 1.5
 =        

= 72 g  

 
Z 

3.92∙10-4 / 2 =           

= 1.41 / 2 (  620 ) 

0.0020 / 1.5
 =          

= 203.9 g  

0.0011 / 1.5
 =          

= 112 g  

3.3.    ь     

MEM -      

    є    -

         -
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  (Data Sheet)   (   ). -

           -

 (      ),   є 

     .   -

    ,     -

      є    

    ,       -

 .   є    - ,  -

 є     ,   

      ,      

[47].           

 є   ,     

   [36, 40, 41],     -

 [6],    .    -

         -

        [2],    

     .     -

          -

.         

          . 

3.3.1.   ь   

 є  ,  є    

        

[17, 18]. ’       є  -

       (   

),  ’є    (IMU).     

        є  -

 ,       -

      ’      [27]. 

 . 3.15       
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,   ’    XY,      -

  .        -

.  . 3.15     ,    

Xg   ,  Yg –  . 

 

. 3.15.    

       : 

    
 
  ,cossin

;sincos





gg

gg

YXY

YXX

VgVn

VgVn








                                 (3.36) 

 g
X

V   g
Y

V         

  XgYg;   . 

       : 

      Z ,                                                  (3.37) 

          . 

        

’      Xg   : 

  sincos YXX
nnn g  .                                       (3.38) 

 (3.36)  (3.38), є      -

 gg
XX

Vn  ,   є     : 

   ,1
; 0

0
0

0

tdtV
R

tVdtnV
t

XX

t

XX
gggg                       (3.39) 
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 R  ;  0tV g
X

   0t     . 

  (3.38)       

   ,  є     Z : 

   0
0

tdt
t

Z     ,                                         (3.40) 

          . 

’     є  ґ є   ,   -

    0t ,   0tV g
X

     0t  . 

3.3.2. ь  ь   

          

        

    ( . 3.16) [17, 18].    

       [14]: 

    

    
    
   ,1~

;cossin1~

;sincos1~

Z
G
ZZ

YYX

A
YY

XYX

A
XX

k

aVgVkn

aVgVkn

gg

gg



















                  (3.41) 

 Xa , Ya ,  Z     ; A
Xk , A

Yk , 

 G
Zk   є     ; 

 “~”  ,   . 

 

. 3.16.       

       (3.38) -
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        -

      ~  [32]: 

    
     .

~
sincossin1

~
cossincos1~





YYX

A
Y

XYX

A
XX

aVgVk

aVgVkn

gg

ggg








            (3.42) 

 ,    є   -

  ( AA
Y

A
X kkk  ),      

        

( gV g
Y

 ),  (3.42)  : 

    ~
sin

~
cossincos1~

YXX

A

X
aagVkn gg   ,      (3.43) 

   ~    . 

       є  , ,   

, (3.43)    : 

    XX

A

XX
agVkVn ggg  ~ ,                              (3.44) 

         

       

    XX

A

X
agVkV gg   .                                  (3.45) 

   (3.45)    ,  -

        [14]: 

.
1

293.0

g
g

X
X

X

A

A

V
V

a

k

k










  

   ’    
g

X
V   

g
X

VX   .                                                  (3.46) 

        -

   ( . 3.16)       

        G
ZZ

G
Z kk 1

~~1
~

.             (3.47) 

,  RV g
X

       ,  -

         : 
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  G
ZX

kRV g  .                                    (3.48) 

    (3.48), (3.45)  (3.46)   : 

       
       

   














,

;

;

0

0

0

XpVpXp

pgpaVpVkpVp

pkpRpVpp

g

ggg

g

X

XXX

A

X

G
ZX









             (3.49) 

 0 , 
0g

X
V    0X      , -

   ;  –   . 

    ,   , 

   ’    (3.49) [14]: 

 
   

 
    

 
         

 
        

  ,

;

;

22

0

22

00

22

0

22

0

22

0

22

0

G
ZX

A
XX

G
ZX

A
XX

X

G
ZX

A
XX

pp

pkpg

p

pVkpaV

p

X
pX

p

pkpg

p

pVkpaVp
pV

p

pkpp

pR

pVkpaV
p

gg

gg

g

gg
























































 (3.50) 

  Rg 00124.0637100081.9  . 

  (3.50)      -

 ,     . 

3.3.3.    

  (Systematic Error)   Sa   -

 S         -

  , ,  ,     . -

         

      A
S   G

S .  Sa   S  

         

      papa SX      pp S   , -

   (3.50)      , є : 
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     .sincos1

;cos1sin

;sincos1

2
tt

R
t

a
tX

tRt
a

tV

tt
g

a
t

SS

S
S

X

SS

g

























                  (3.51) 

 (3.51)      -

      .    -

 (3.51),      ,   , 

           
, є          

    (0…10)  (Short term) [32]: 

      .
6

;
2

;
32

tg
t

tg
ttt

G
SG

X

G
SG

V
G
S

G 



 





         (3.52) 

 (3.52) ,        -

 є    ,   –  -

 ,    –   .  oG
S 5  

       5      [14]: 

      .6.1069300;7.10300;417.0
3600

3005
300 G

X
G

V
oG 


     

 є       
     : 

       .
2

;;0
2

22

tR
t

ttt
R

t
t

A
A
SA

X
A
S

A
V

A
S

A
   


   (3.53) 

       (3.53)  

 R   ,       

    є  (      ).  -

  gA
S 100        : 

      .15.44300;294.0300;01093.6300 6 A
X

A
V

A  


    

3.3.4.   є   

 є       
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     ,      

      A
k   G

k .   -

           g
X

V .  -

         -

 ,      є  [32]: 

      ;
6

;
2

;
32

tg
t

tg
ttt

G
kG

X

G
kG

V
G

k
G 




 









 


  (3.54) 

       .
2

;;0
2

22

tR
tV

ttVt
R

tV
t

AX

A
kA

XX

A
k

A
V

X

A
kA g

g

g

 





 





 





 (3.55) 

  є   %01.0
G

k ,    -

  c
o15    5       [14]: 

      .1.1155300;55.11300;45.0300 G
X

G
V

oG      

 ,     є  -

  0.01%     ,   

 .       є  -

  %01.0
A
k    1 g,   5  [14]: 

      .15.44300;294.0300;01093.6300 6 A
X

A
V

A  


    

3.3.5.   

       -

   (ARW)   (VRW) [2, 17].   -

  ,    ,    

,       ,  

є    .      

 (     ) [32].   t2  

        1,tg    -

    є   21, ttR     [12]: 

        
t t

ddRtgtgt
0 0

212121
2 ,,,  . 
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          -

 constS 0       є      
t

dgSt
0

2
0

2   [12]. 

        2
VRWv   

   ,   є     -

є  
22

p

p


 (3.50).     є   

  t
p

p
Ltg 


cos

22

1 









  .   [12]    : 

  ARWG t
tt




 
2

2sin

2
 .                                   (3.56) 

 є         

     ,     : 

  VRWA t
t

R

v
t





 

2

2sin

2
 ;                                (3.57) 

  ARWG
V

t
t

g
t







2

2sin

2



 ;                                (3.58) 

  VRWA
V

t
t

v
t




2

2sin

2
 ;                                   (3.59) 

  ARWG
X

tttg
t










4

2sinsin2

2

3
2




 ;                      (3.60) 

  VRWA
X

t
t

v
t







2

2sin

2
 .                                  (3.61) 

     (3.56)÷(3.61)     -

        (0…10)  

 ,    ,    : 

  tt ARW
G    ;         0

3

5.1  t
R

v
t VRWA

 ;         5.1

3
t

g
t ARWG

V 



 ;   (3.62) 

  tvt VRW
A
V  ;      5.2

52
t

g
t ARWG

X 





 ;      tRt
v

t
AVRWA

X    5.1

3
. (3.63) 
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 , -  i  Analog Devices   -

 c
o

ARW 305.0  ,    5     

     ,    [14]: 

  oG 866.0300  ;           G
V 67.25300  ;           G 5.2982300  . 

      -  

 Gemini CAS211/291   Silicon Sensing Systems Ltd.  -

  ( ) 2341081.9100 g   [5]   5 : 

  01062.4300 7  

A
 ;         A

V 017.0300  ;         tA
X 943.2 . 

        -

    ,  -     

     ,    -

  -       [32]. 

3.3.6.  ь      

       

 є       [35]. 

        -

       є   

 
C

CBI

p
pK







1

2
,                                             (3.64) 

 C  ,     ,    -

; BI   . 

        : 

         

         

         ,
1

2

1

2

;
1

2

1

2

;
1

2

1

2

32

2

2

pw
pp

g
pw

pp
pX

pw
pp

g
pw

pp
pV

pw
pp

pw
pRp

p

C

CBI

aa
C

a
C

a
BI

C

CBI

aa
C

a
C

a
BI

X

C

CBI

aa
C

a
C

a
BI

g











































































                 (3.65) 
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 a
BI
    BI       ; 

a
C
   C       ;  pwa   

 pw       . 

          -

,        : 

  ;
2

3

2

1
22

2






















 
  CC

tt

CCBI
G

eett                  (3.66) 

   
;21

23
2

22

2
3








































 


 


 CC

t

C

t

C
CCCBI

G
V teett

t
gt (3.67) 

     
























  C

t

CC
CCBI

G
X e

t
t

t
gt

254
4

5

3
2420

2  

         .
3

2
2 23

32

235
t

t
te C

C
CC

t

C 


 
 









                  (3.68) 

          

BI
010   C 150     5  [14]: 

  ;514.0300G              ;63.680300 c
G

V              .7.63209300G
X   

 є        

    ,   : 

   









































a
C

a
C

t

a
C

t
a

Ca
C

a
C

a
C

a
BIA

teett
t

R
t


 





 21

23

2
22

2
3

;  (3.69) 

 





















2

3

2

1
22

2
a

C
a

C

tt

a
C

a
C

a
BI

A
V eett

 ;                  (3.70) 

   







































a
C

a
C

t

a
C

t
a

Ca
C

a
C

a
C

a
BI

A
X teett

t
t

 


 21
23

2

22

2
3

.  (3.71) 
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 241081.9100 ga
BI

    C 150     5 : 

  ;01085.3300 6  

A
        A

V 182.0300  ;         .5.24300A   

      C 1000    

      (3.66)÷(3.71)   , -

   , є  [32]: 

 












 
C

BIG t
t

5.1

5.1

;           
a

C

a
BIA

R

t
t





 



 

10

5.2

;           













 
C

BIG
V

tg
t

10

5.2

;       (3.72) 

 
a

C

a
BIA

V

t
t





 



5.1

5.1

;      













 
C

BIG
X

tg
t

126

5.3

;        tR
t

t
A

a
C

a
BIA

X 


 



 
10

5.2

.   (3.73) 

 (3.72)÷(3.73)   ,    є   

    ,   є  

  .       t   

 ,    ,    -

   (  (3.62)÷(3.63)). 

3.3.7.      

      ,   

     0
  , 0

V   0
X .  -

    ( 0 ),      

 ,     ,  : 

 
    .5.0;;

;;;

2000

000

000

000

tgttt

tgt

XV

V

XX

X

X

VV

V

V






































             (3.74) 
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2 6.9514 4.8673 9.8734 8.6153 4.3827 10.3597 7.4924 5.0473 15.8756 
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,  є     є    -

        . 

         

 є  - .      , 

    . 4.2,   . 4.3 [31]. 

      1- 8, R1-R8, 

DA1, DA2,    –   9- 12, R9-R14, DA3, 



205 
 

DA4,  –   13, R15-R20, DA5, VT1, Bat1,   -

 –   14- 16, R21-R23, DA6.   -

   DD1   ’є   ’  R24  R25. -

       DD2. 

 

. 4.3.      є  -  

 . 4.4       

є  - ,    . 4.3. 

     є  -

     ,  є -

    .     -

    є   -

   ,     . 

  RC-   ,   -

,     є   -

        

      [37]. 
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                               )                                                                  ) 

. 4.4.      є  - :  
   ( )     ( ) 

4.1.3.     -    

 ь    

 ’  є       -

     є  -    

  ,      . 4.5. 

 
. 4.5.       є  

-  

   [31]     -

      .  -

         

(XOR1),      є    

,         , 

 є      12 fff x    -
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  є    -  C : 

,
C

C
ff x

0
0


                                                     (4.1) 

 0f   0C       є  -

     ( ) . 

    ,   -  (NAND1)  

-  (NOR1),  (INV1),      -

 n,        (AND1  AND2),   

RS-  (RS-FF1)       

  ff  ,   C  є  - -

.     є   ,2 0ff
n    -

  –  [37] 

  .
C

~
C

f

Cd

dfx

2
00

0 1



                                               (4.2) 

 ,      -

    є   -  -

є    ,    , -

      , є 

     є .  -

   (  ) є      

         

 (     BUUU 6.18.04.20
max

1
minmax.3  ). 

       -

        

    . , є   -

    
xf.TK      

,
0

.
C

C
KK TfT x


                                                  (4.3) 

 TK є    . 

 (4.3)     0CC     
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 ,  є    є   

,     . 

4.1.4.     –  

     ,  

     ( . 4.6),     

  .       ( 1, R3, R4 

 DA2)     .   

є       1  [31]. 

 

. 4.6.     –  

  I ,  є     -

 ( ) DA1,    ,    2 -

є     .     ’  

,3.1343 RR     є    

 ,432 RRfCUU                                           (4.4) 

 f   . 

  є     -

 .  2  3  ,    

  .       . 4.6 

    є (0…10)      

 (0…10) .       -
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   ,   ( є    -

 ). ,       

  (   6),    .  

            

 , є   ,   : 

  .66221143 fCfCfCRRUU    

   ,  ’є    

.           0 

 10     є 0.4% [37]. 

4.2.     

   -   

4.2.1.  -     

   

 . 3.1.3      

  - ,      

  .      

 ,   , ,  

, є ,    .,  .   

 , ,   , ,   

 ( ,   .)        -

    .  є   

      [21]. 

     є   є -

,  ’    ,    є -

  є         r : .
r

Q
  

  -     є -

 -        -

   –       -

 ,        [22]. 
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є   є ’    є   

          -

  є  - .     -

 є  - ,      

    . 

 ’       є  -

         

є     ( . 4.7, ),  

     0R      

,  L , C    CL rrr   , є    

   .     

 ( . 4.7, ),    1U   2U  [28]: 

 

;
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0
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2
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2
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,

0

0

0
0

2

0

0

22
0

2
0

10

1
2

































































QR

QR

arctgi
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K e
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0

0

1

1 Qi

Q
ZK
     -

;  i
eUU     . 

     1U   2U  є [22] 

    ,argarg
0

2
0

2
0

0
211 


















 QarctgQarctgUU            (4.7) 
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     є   

.

1

2

0

0

2
0

1

2

1





















QR

Q

U

U
A




                                 (4.8) 

 

. 4.7.       

 є  - ,                

 ( )   ( )   

 (4.7) ,       

   ,    1   2    -

   0        .700
2.11.1   

 
01

2
0

2
1

1.1 


 Qtg   
02

2
0

2
2

2.1 


 Qtg ,  1.1    2.1  -

       1U   2U   -

 1   2 . ’     , є  [25]: 

 
;

2.121.11

2.111.1221
0 




tgtg

tgtg
                                 (4.9) 

  
.

2
2

2
1

2.121.112.111.1221






tgtgtgtg
Q               (4.10) 
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 ,     0    Q  є -

 -       -

    1   2 ,     -

 0 ,        1U   2U    . 

 ,     є  - ,  

    ,  -

 , , є   .,    -

    1U   2U .   -

       1 : 

.
cos

sec1
1

0

1.1

1.101.1
2

0
2

1

0

0

12
0

1.1
R

Q

R

Q

tgR

Q

QR

Q
A































  (4.11) 

 є ,   

  ,  L , є  C ,   Kr , є    , 

  2      R   

 є  -  [15]: 

 
   ;coscos 2.121.112.111.12211.1

2
2

2
101.1

1.1

01.1








tgtgtgtg

RA

Q

RA
 (4.12) 

 
  ;

cos 1.12.111.1221

2
2

2
101.1

0 







tgtg

RA
L                        (4.13) 

 
  ;

cos1
2
2

2
101.1

1.12.121.11

0 







RA

tgtg
C                            (4.14) 

 
   ;

cos 1.12.121.112.111.1221

22
2

2
101.1








tgtgtgtg

RA

Q
rK         (4.15) 

 ;222 2.121.11

2
2

2
10








tgtgQL

rK                            (4.16) 

;22
2.121.11

2
2

2
10








tgtgQ

                            (4.17) 
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.
cos 1.1

01.1




RA
QREP                                             (4.18) 

 ,     є  -

      ,  -

  1.1   2.1     1U   2U    1   2  

    (         -

   70      ),  -

     , , 1 ,  1.1  [37]. 

     є  - , 

     , -

є    ( . 4.7, ),   ,    -

 ,    0R     -

 .    ( . 4.7, )   3U   4U : 
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2 1 QirZ KK
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0
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 QarctgQarctgUU          (4.21) 

     є   
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2

0
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 (4.21),   ,    -

 (4.7),    0    Q   -

     ,    -

   (  (4.9)  (4.10)).   (4.9)  (4.10) 

 1.1   2.1     1.2   2.2 ,  1.2    2.2 -

      4U   3U    1   2 . 

       

 (  , є ,   .)  -

     4U   3U    1 : 

.
cos

sec11
1.20

1.2
0

1.2
2

0

2

1

0

0

12

0
1.2 

















R

r

R

r
tg

R

r
Q

R

r
A KKKK  (4.23) 

 (4.23),   Kr ,  ρ  -

  R  ,  L , є  C , є  -

      2    є  - -

,       [13]: 

;cos 1.201.2  RArK                                              (4.24) 

  
;

cos

2
2

2
1

2.221.212.211.22211.201.2






tgtgtgtgRA
QrK  (4.25) 

;cos 1.201.2  RArR KEP                                         (4.26) 

 
;

cos
2
2

2
1

1.22.221.2101.2

0 








tgtgRA

L                        (4.27) 

  ;
cos

1

1.22.211.222101.2

2
2

2
1

0 






tgtgRA

C                  (4.28) 

  ;222 2.221.21

2
2

2
10








tgtgQL

rK                             (4.29) 

.22
2.221.21

2
2

2
10








tgtgQ

                             (4.30) 

  (4.16)  (4.17)  (4.29)  (4.30),  -
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,  є         -

      ,   -

       . 

 ,       -

       є -

 - ,     ( . 4.7, ) 

  ( . 4.7, )  ,   (4.9), 

(4.10), (4.12)(4.18)  (4.24)(4.30),      -

   . 

     -    

     . 

4.2.2.        

   

  [29]      

    ,      

  ( . 4.8) є        

    0U   0U   ,   -

        : 

.

sin

cos 0
0

















T

U

T
ecUUm 


                            (4.31) 

       

mU  є      0U ,  -

         mU   0U . 

       -

     ( . 4.9).     -

  ( . 4.10)  1  2   -

 12 T   22 T ,      є -

    (  . 4.9 11 2  Tt , 22 2  Tt ). 

'          
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       1   2 : 

.coscos 2
2

1
10 







 








 


T

t
U

T

t
UU mm                           (4.32) 

 

. 4.8.                      

       

 

. 4.9.                 
        

 (4.32)       [29]: 

.

sin

sin

cos

cos

1

2

1

2

2

1







 







 








 







 



T

T

T

t

T

t

U

U

m

m                             (4.33) 
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. 4.10.                  

       

 ,       

є      (   ), 

    1t   2t .   -

      . 4.10    -

   (  )   1t   2t . 

4.2.3.   -    

     

 ,     -

  є  -     -

 ( . 4.7, . .1  . .2),  ,    -

   :    (  -

   0R   1R ,  
0

1
00 Ci

rZ CC 
    -

 000
LirZ LL  ),       

  ,        

       . 

        

 0R   1R  є ,     ,  

 є 0.01%  .    є   -

 ,   -     0.1%.    -

       є  . 
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 ,  є   , є  -

      . ,  

,f2   f   ,     , -

  є      (   -

     є 0.05%). ,   -

   є .    є  -

        -

      [37]. 

є        -

   (4.9)  (4.17).     

      [26, 28]: 

 
  

;
coscos2

2sin2sin

2
2

1
2

21122211

2
2

1
22

2
2
1

0

2

2

0

2

1

0
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tgtgtgtg

             (4.34) 

  ,
coscos

coscos

2
2

1
2

2211

1
42

22
42

1

2  





tgtg
                      (4.35) 

         . 

 . 4.11      

     -    

%1 .         -

    ,       -

   .      -

 є  011 k   022 k ,   є  

  ’      є  - . 

 ,   . 4.11, є   : 

-     -    
       1   2 ,  
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  ,    0  (  01 9.0    

02 1.1     25.0
0

,   01 6.0    02 5.1     7.1
0

 ( . 4.11, )); 

-     -    -
       1   2   -

   012 6.04.0   (  01 9.0    02 1.1     1.22 ,   

01 75.0    02 25.1     45.12  ( . 4.11, )); 

-  1   2        , -

    є      .700
21   

  

                                  )                                                                    ) 

  

                                  )                                                                    ) 

. 4.11. ,        
    ( , )    ( , )              

-    %1                

 1 , 2   0 : 201   ( , ); 102   ( , ) [37] 

     ( ) ( . 4.7, . 

.1  . .2)    є  - ,  -

   , є    
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-  ,   . 4.12 [14, 23],  є -

     1,  2,  3,  4,  

  5      ( ) 6. 

є   .    1 є -

    1f  (      
0

21 70 ), 

 є    2.       4  -

   5,      -

    3.  є  1f   -

    1,  –      

1U   2U  (  4U   3U ) 1.1  (  1.2 ),     – -

    1.1  (  1.2 ).   є  -

  1 (     6)    2f   4 є 

   2.1  (  2.2 )   1U   2U  (  4U   3U ),  -

 3 –  2f       1. -

        -

        6,   є   

   є  - ,  -

   .     

 
0

21 70   6 є  1    . 

 

. 4.12.   -    є  

- ,      
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    ,     -

    ,      

         

 .    [41]    -

    ,  ,    -

    ,      

      , 

         . 

       -  -

є  (  )   є  -

, ’          

    .    [42]  -

         -

-  є ,       

,      . 

4.3.     є  -

     ь   

4.3.1.    -    -

ь   

    -      

є       .  . 4.13 -

     -  ,   -

 C   0C       U   -

   0U , “ ”    ІC  [30]. 

 є       є  

 ,    ’    

     .       

  є     ,  

  є ,     .   є  -
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   є  ,     -

 є   U   0U .   є -

    є     . 

 

. 4.13.    -   

  є    ,    є -

     є  (     -

).    є   ,   є 

 ,   є   “  ”.  -

 є    .      

   ,  є   -

  ,     є  -

 .     -  

,  24-    є 18  -

    ,   є 6104  ,  -

     –  10   40  [4]. 

  -   є    

 є ,        -

         . -

 ,      є ,    

   є . 

  -     . 4.14 [30],  

     є   ,  -

, є   є , є   є  .   

     є   C    є -
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 0C .    є    є  

  -  ,  є   

,    .  ,   -

   є          

     [37]. 

 

. 4.14.   -     є  

 є          

  ,  є   , 

  ,  ,     

  . 

4.3.2.           є   

  ь    

   ,      є -

          

 є ,       .  

        

 є  ,   є    -

   .      -

       -

 є      .   -

   ,     є 

AD7745/AD7746 [51]  AD7747 [52]  Analog Devices. 

       (  
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   21 )    ±4    

 ±4     є   0  17 . 

   є   0C   C  ( . 4.15, ) є 

  є      CCkCkN  0 , 

 k є  .    ,  0C , є 

     0  17 ,   є   

C 4 . Є       in ,  in   

    (Excitation Source),  є  -

,     -  .  . 4.15,  

CDC (capacitance to digital converter) –  є    . 

        – 

є  (C D C),   є    є  0C   ( ) 

C     17  ( . 4.15, ).     є -

    C D C: 

       APDACCAPDACCkN 0 .                (4.36) 

  
)                                                             ) 

. 4.15.     є           
    AD7745 ( )    

    – є  (CAPDAC) ( ) 

,    є  0C  (є  C    

CAPDIFF є   )    APDAC 17   -

  0C   13   21 . 
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 CAPDAC   7 ,    21  

є   є  164 .     є 

21-     CDC.     -

     16-   CAP Offset Calibration 

Register      ±1    31 . 

      є -

    є  (0…20) ,   -

є   є  (  ±8 ).       

  є       [52],  

  є      : .UQ   

 є  є   ,   є  -

   (Excitation Source) EXCU ,    є  

є     0U .      -

    BEXCAEXCBAEXC UUU  ,  є   , 

        ,    -

   є     . 

  AD7745/AD7746  AD7747     -

  AEXC   BEXC ,      -

 (        ).  , 

         -

    peaktopeakEXC EU  . 

         

    є  .   

 EXCBEXCAEXC UUU        є  

  є         -

   є    : 

  21

21

.0

.0

RR

RR

U

UC

BAEXC

EXC







 ,                                 (4.37) 

 1R   2R  ,     -

 ,     є   . 
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   AD7745    -

 є    17.0    150.0     

  1R   2R    .82.8     є -

 є      є ,    

 AD7745  4  є     

є    28.35  [37]. 

    AD7745/7746,     

   ’     Gnd,   

AD7747        

 ,    є    є ,  -

 .       -

       SHLD ( . 4.16),  -

 є    ,    ,  -

є   Cin    SHLD. 

 

. 4.16.    є                                
    

      є  -

   є       ( . 4.17). 

         1I   2I  

      є    

  ,     0C   C     

0

1
1

2

TI
U m            m

TI
U

2
2

2  .                                   (4.38) 



227 
 

 

. 4.17.                              
є        

    є      

 S1…S4,       G. 

    III  21    ,  

є     є   UK [30] 

 0

0

2

ITCK
U

U

m 
 .                                             (4.39) 

    є  є є  -

 ,  0.  ,      

   U
CCC

tC
IKtU






002
.                                    (4.40) 

    ( )     tU  

є    CU ,   є    : 

 UC
CCC

TC
IKU






004
.                                      (4.41) 

   є    (4.41) 

CC

CC

kU

kU
C

10




 ,                                         (4.42) 
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 C    є     

. ; 
ITK

C
k

U

C
04

 є  [37]. 

        
 є         -

         

  І     є . 
 . 4.18    . 4.17   -

   ADuCM360/CM361 [53]   -
    є   (PGA), 

 24-  ,     
  32-  ,       . 

   G є     . 

 

. 4.18.       

є        

       

max.0 CUUKU  ,                                               (4.43) 

  BUU C 2.15.00   ; 
max.CU    . 

    1max. C    (4.42) 

є        208.0
114.2

1

1 max.

max. 






C

C
CU

C
k




 [30]. 
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   Ck      I 10 , 

    5.62   1UK   (4.41)   

    є .    

     C 32min.0     

1  (     15     8 ). 

    є    -

 (    PGA,     .).   

      . 

     є     

       CAV414/424 Analog 

Microelectronics [30, 49, 50] ( . 4.19).  1I   2I    

2R   3R     U ,  31 RUI    22 RUI   [32]. 

    G (reference oscillator): 

OSCOSC

OSC
UCR

U
f

62
 ,                                          (4.44) 

 OSCU     . 

    є  C   0C   -

  є    . 4.16. 

     є   -

  є    CAV444 [30, 51].   -

 є  -    є ,  -

    є     – -

,    є   MC CkU  . 

 ,    є ’  

  , ’      є -

 є  .       -

 є       -

.       -

       . 
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    ) 

    ) 

. 4.19.    є  –  ( )   

   ( ) 

4.4.           

            

ь    

4.4.1.        

 

           -
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     ,  ,  є   -

 ,      .   

     є   -

     [2, 45, 47].  ,  

-          -

       .   

         -

     ’    . 

        -

 [6, 12, 20, 35]   . 4.20,     ’є  , 

 -        . 

 

. 4.20.                            

  

  ’є      ( )  m  

.   -    ni 1     -

       ,  є   k 

  .    j-    

 mj 1         , 

 є      . 

  є      , 
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.   “  –  ” є   -

         -

  .        

 є     [43, 45, 47].    

 . 4.20  є     . 

        

      ,  -

    m   . 

4.4.2.                   

ь    

   [38, 39],      -

 є    ’     : 

 .222222
.

222
ijjijBijijijHijBijij KK                (4.45) 

 (4.45)   :  ni ,2,1  ,  –  

;  mj ,2,1   , m –   

; ij   ( )  ,  

є   ; ij    ij-  -

 ; BBij       i-   

  j-   є  (  i-     -

); Hij   ,  є    i-  

       j-   -

; ij        j-   

  є  -   (     j-   -

); ij.       j-  -

       -  ; AKj  

     j-   ; BijK -

є    -    j-   , 1BijK . 

 i-           
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 j-   ,   є   0BijK . -

  є       -

   .    mn       (4.45) 

 ,       [38, 45, 

47].  Hij  є     -   

ijf     ,   ij.   

    j-    ijBf   -

  .    (4.45)    . 4.20 

    mn 2   ,     

   mn     ijf : 

 HijHij Ff  ,                                                (4.46) 

        mn     ijBf : 

 ijMijB Ff . .                                            (4.47) 

    :  ijBijH ff ; .   -

    ,   [11, 39].   [11]  

   :  
maxmax. ; ijBijHij fff  ,    

  [39]    Hij   ij.   

 ,       ijBijH ff  . 

 -   (j-   )     

 m ( )  ,   є  ,    -

  -   (     j-   

).  . 4.21       -

    ,  є   : 

 
 

 .,,
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;,,
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1312111

mnmmm

n

FFFF

FFF

FFFF








                                      (4.48) 

   (4.48)   є m   
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jF ,      m    

 mnij FFFF ,,,,, 1211  .    є   -

,    є    . 
   ,   є  

 BijK .  '  -    j-   є  є -

  ,  ’   є    

 ijHf   ijBf   ,    [2, 11, 39]. 

 

. 4.21.      

  ,     -  , є 

  ,    .  -

 ,     j-   , є -

 ,       . 

    -    j-  -

  ( ijHf   ijBf )     -

      -    j-   . 
     ( . 4.21)     (4.49): 
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max332313
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nmHHnnH

mHHHH
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   (4.79) 



235 
 

      -  

         m   f  

є       f    f  : 




 
m

j
jB

n

i
iH fffff

11

.                                (4.50) 

     f   є  -

     є    
        [38].  -

  є   
min.

1

iHf
 ,     

    .    є  

       min.iHf ,    

        . 

      ( max.min. iHiH ff  ),  

   є .  max.min. iHiH ff  ,   -

   є ,       

 l        [34]: 

iHiH TfTf

f
l




 

min.min.

1
.                                 (4.51) 

   є ,      -
  ,     -     

min.iH

iH
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   ,       -

   f      (4.50)   1f : 




 
n

i
iiH lff

1
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  (4.52)  (4.54) є     
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   min.iHf    ,    

min.iHf  є  є   
f

f



 1 .  . 4.1  -

    1f       -

 (        ,   -

)    min.iHf  [35].   є   -

  : f H 151  ; f H 252  ; f H 273  ; 

f H 314  ; f H 355  ; f H 406  ; f H 607  . 
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35
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min

60

f
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1f , 

 
f

f



 1  l  

1 15 1 2 2 3 3 3 4 233 270 1.159 18 

2 15.5 1 2 2 2 3 3 4 233 263.5 1.131 17 

3 16 1 2 2 2 3 3 4 233 272 1.167 17 

4 16.5 1 2 2 2 3 3 4 233 280.5 1.204 17 

5 17 1 2 2 2 3 3 4 233 289 1.24 17 

6 18 1 2 2 2 2 3 4 233 288 1.236 16 

7 19 1 2 2 2 2 3 4 233 304 1.305 16 

8 20 1 2 2 2 2 2 3 233 280 1.202 14 

9 30 1 1 1 2 2 2 2 233 330 1.416 11 

10 60 1 1 1 1 1 1 1 233 420 1.806 7 

  . 4.22   
f

f



 1
  minf ,    

  
f

f



 1 .      -

    iHff  5.0min    > 1.   -

,    ,     -
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18l , №2  17l , №6  16l   №8  14l    . 

4.23,       –  . 4.2 [35]. 

 . 4.2 ,   №1    є -
    1.33 ,  №2 –  1.18 ,  №6 –  
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1.13 ,   №8 –  1.14 .   №9  №10  -

 є   ,  1
1

2 




f

f
.    ’  

        . 4.3,  
   . 

 

. 4.23.      :                         

) –  №1; ) –  №2; ) –  №6; ) –  №8 

  ( . 4.22)      

.       min
1

2
fF

f

f




 ,  є -

 .    ,     
 ,    . 

 . 4.3   . 4.22   ,   

 №2  №8  .     

 №8,  є     (14 )  
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   №10     -
     є     -
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   №8  1.806/1.37=1.318 ,     

minf   maxf    є 4 .      minf  

 maxf         -

  є        .  
    (4.50)   : 

;21. fKKf              ;21. fKKf                     (4.56) 

 4.2 

     ’    

№
 

 

           
   

 i

i

q
l
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  -
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f
max.

1

2 



             

  

№1 №2 №6 №8 №1 №2 №6 №8 №1 №2 №6 №8 

7 4.5 4.25 4 4.67 5 5 4 5 1.11 1.18 1 1.07 

6 6 5.67 5.33 7 6 6 6 7 1 1.06 1.13 1 

5 6 5.67 8 7 6 6 8 7 1 1.06 1 1 

4 6 8.5 8 7 8 9 8 8 1.33 1.06 1 1.14 

3 9 8.5 8 7 12 9 9 7 1.33 1.06 1.125 1 

2 9 8.5 8 7 12 10 9 8 1.33 1.18 1.125 1.14 

1 18 17 16 14 18 17 16 14 1 1 1 1 

є   (4.56)   ,   є  1K   1K  

     -     

 ,  є  2K   2K    
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f

f
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f
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f
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f       j    -
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 2  

1 15 1 2 2 3 3 3 4 1.159 18 1.33 1.541 

2 15.5 1 2 2 2 3 3 4 1.131 17 1.18 1.335 

6 18 1 2 2 2 2 3 4 1.236 16 1.13 1.397 

8 20 1 2 2 2 2 2 3 1.202 14 1.14 1.37 

9 30 1 1 1 2 2 2 2 1.416 11 1 1.416 

10 60 1 1 1 1 1 1 1 1.806 7 1 1.806 
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    (60…80)%.     
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Ь    

    ,     -

  є    ,  -
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      ( , )   є -

        

,     ,   

   .      -

  “ ”     (    -
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  ;      , -

   ;  ,     

,   ,      ). 

  ’     є    -

        

       . 

  ,    ,  -

  [18-31, 48]. 

5.1. ь   ь     

  ( )    -
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   ,     є-

      ( )       

   (35…40) , є   .   

  LC-        (  

       є -

),   RC-      

    (   – (120...140) / ). 

        RC-

,        , -

  , ,      

      .    

 ( ))          [25]. 

5.1.1.      ь          

 

   є      -

  , , 100   50  (   ), -

     ,     -

 .    (   є    -

 50   100   40 )    , -

    ( . 5.1).      

     [11].   є     

  є       50 ,     

  100  (є   ( )). 
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. 5.1.  ,     

  ’   (5.2) є : 

.;;;
1

;
1

20

1
3

1
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654

11
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k
R

k

Cb
RRR

Cb
R

a
R              (5.3) 

   є  ( )    

  є ,    ,     (5.3). 

   R4=R5    (1...20) .  

є,   (5.3) є    є k1 .    k1 -
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   ( ),  є   , 

      50      100 

    , є   (5.2)   [25]: 
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 R4 =R5=10 .      R6 -

, , R6 = 10 ,      R3: 
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   R3   192  25.2 . 
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 є  : є      ’    
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,      .  є -
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       [26, 27]: 

–          10%; 

–          10%. 

     ( є  ) 

     10% ,  : 

–   50 : K – 10% (50 ) = 0.772; 

–   100 : K – 10% (100 ) = 3.752; 

– є   : .733.13
752.3

772.0
lg20%10d 






  

     10% ,  : 

–   50 : K + 10% (50 ) = 1.523; 

–   100 : K + 10% (100 ) = 4.142; 
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– є   : .691.8
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  є      50    

   d 024.40  (5.8)    

є        .  

       є,   

 є    1, 2, R1  R3. 
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– є     100 : K – 10% (100 ) = 100.864; 

– є   : ,63.38
864.100

181.1
lg20%10d 






   

є   є  . 

      1, 2, R1  R3   

+10%     є   : 

K +10% (50 ) = 0.963; K +10% (100 ) = 99.938; ,324.40
958.99
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. 5.20.  Filter Designer ( )  Figure…: Filter Visualization Tool ( ) 
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>> x=sin(0.125*pi.*n)+0.5*sin(0.5*pi.*n); 
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>> save s 
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  ,     2  –   . 
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. 5.23.     sig3 ( )   PSD ( ) 

    є Nff 8125.71024/8000  . 
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  1p  є      -

     Process Input 1,     

      є    

 1,1IW   є       1b     netsum. 

        tansig, -
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    . 6.14. 

   ) 

   ) 

. 6.13.   ( )   ( )    

 

. 6.14.     tansig 

   є     

         

 ,   є    1
1

2
2



  n

e
a . 

   (Layer 2) є   9    , 

     . 6.13, .   є    1p    1a  

    є   1,2IW    1,2LW    

    ,    2b ,  netsum,  

  purelin     2a . 

   (Layer 3)     є   

   ,       ,  є  
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   ,    є    . 

6.3. ь     ь    

6.3.1.  ь   

  є    -   

     є     MPU 

6050 1 ( . 6.15),     PSM-6003 2 ( є -

    (2,4…3,4) ),  METEX MXC-260 3, -

  4  ’  5 ( . 6.16).     є 10°  

  0°  360°,  -  є    -

     0  240 °/ .    . 

   MPU 6050,     -

 ,    ,     [35]. 

6.3.2.   InvenSense MPU-6050 

   є     

 ,      
















,

;

;

0

0

0

azazzzyzyxzxaz

ayayzyzyyxyxay

axaxzxzyxyxxax

UakakakU

UakakakU

UakakakU

                            (6.2) 

 000 ,, azayax UUU   ; zyx kkk ,,  -

є   ; zyzxyzyxxzxy kkkkkk ,,,,, є  

 ;  azayax ,,  . 

  (6.2)       -

     є     : 

.

0

0

0


























































































az

ay

ax

az

ay

ax

z

y

x

zzyzx

yzyyx

xzxyx

az

ay

ax

U

U

U

a

a

a

kkk

kkk

kkk

U

U

U

                      (6.3) 

  є   є    

         -
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 zyx aaa ,,      .   

        -

   ( )     -

.      ,   

’       . 

 

. 6.15.     MPU 6050 

 

. 6.16.  : 1 – -                  

 є     MPU 6050; 2 –             

PSM-6003; 3 –  METEX MXC-260; 4 –  ; 5 – ’  

       -

є         -

    g.   є  ,  
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       ga  .   -

є     ±1g.     -

     .  -

       g 

є      ( )  -10 

(№64104,  9016-59),  є     01  . 

          . 

      є   

   ,    , ,   g


 

  .        

  90      .  

є  є    100 ,  є    10 -

.        -

.           -

          . -

         6.3. 

 6.3 

     

              
       

 

  ,  
   aziU  

axiU  ayiU  aziU  

    

1 0  803.418994 311.407164 17529.0496 

2 90  26.7095477 -16187.076 1032.38258 

3 180  -800.87609 115.138391 -15858.316 

4 270  -41.495309 16684.2511 596.768036 

   Y 

5 0  810.269578 328.632409 17533.8263 

6 90  16338.1112 284.113521 39.3573642 

7 180  -772.21786 48.4185509 -15854.367 

8 270  -16316.237 114.173331 1601.09744 
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      (6.2) -

   (6.4).      -

    g  9.8106 / 2.   

       6.4. 

.
8

1
;

8

1
;

8

1

;
4

;
2

;
2

;
4

;
2

;
2

;
4

;
2

;
2

8

1
0

8

1
0

8

1
0

75312486

75312486

75312486
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ayiay
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azazazaz
z

azaz
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azaz
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ayayayay
yz

ayay
y

ayay
yx

axaxaxax
xz

axax
xy

axax
x

UUUUUU

g

UUUU
k

g

UU
k

g

UU
k

g

UUUU
k

g

UU
k

g

UU
k

g

UUUU
k

g

UU
k

g

UU
k

 (6.4) 

 6.4 

    

 
  

kij = [16-   ∙ 2/ ]; Uai = [16-  ] 

X 238.1664xk  476.3xyk  208.81xzk  96.50 axU  

Y 661.8yxk  296.1675yk  142.12yzk  382.2120 ayU  

Z 595.79zxk  2.22zyk  618.1701zk  475.8270 azU  

      є    

  є     є  

   MatLab    inv()   

.

1

333231

232221

131211




































zzyzx

yzyyx

xzxyx

kkk

kkk

kkk

qqq

qqq

qqq

Q  

      : 
A = [1664.238   -3.476   81.2076;   8.6610   1675.29647   12.142;   -79.594524   -22.2   1701.61761] 

Q = inv(A) 

Q =  

            0.000599502462790131           8.64670928971148e-07            -2.86166849388068e-05 

           -3.30225503214082e-06            0.000596848075246472           -4.10125111710297e-06 

            2.79991243748909e-05             7.82717001940275e-06             0.000586284024651718 
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       -

 zyx aaa ,,      azayax UUU ,,  -

     Tzyx aaa ,,     (6.3)  -

   azayax  ,, : 

.

0

0

0

333231

232221

131211
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ay

ax

az

ay

ax

z

y

x

U

U

U

U

U

U

qqq

qqq

qqq

a

a

a

 

         

      30      , 

  MatLab,       6.5: 

A = [1664.238   -3.476   81.2076;   8.6610   1675.29647   12.142;   -79.594524   -22.2   1701.61761] 

Q = inv(A) 

U = [407.6695353;   8414.884682;   15219.39415] 

U0 = [5.96;   212.3823;   827.47479] 

result = Q*(U-U0) 

q=sqrt(result(1)^2+result(2)^2+result(3)^2) 

angle = asin(result(2)/g) 

angle*180/pi 

    ,    
   є  .    -

  є  Q     -

  є       . 
 6.5 

        

 
 -

,  

  
, 16-   

  
, / 2 

-

          
,  axiU  ayiU  aziU  xa  ya  za  

0 810.269 328.632 17533.826 0.00421 -0.00179 9.818 -0.01044 

30 407.669 8414.885 15219.394 -0.1639 4.835 8.513 29.59 

60 175.561 14453.023 9146.911 -0.1241 8.465 4.994 59.635 

6.3.3.   InvenSense MPU-6050 

    є    -
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    ω    ( , Z – zU ): 

,zzz kU                                                      (6.5) 

 zk  є   (  є ),   

 є    ,   є   -

     . 

   є    є , -

 ,  ’    ,    

    : 

,0 zzyzyxzxzzz UkkkU                              (6.6) 

 zyzx kk , є   ;  0zU   -

; z  . 

        -

,     (6.6) є   . 

,    ,    ,  є 

       .    -

     ,  -

 zyx aaa ,,       : 

,0 zzzzyzyxzxzyzyxzxzzz abababUkkkU           (6.7) 

 zzzyzx bbb ,, є       -

 (   “   g”). 

   є     -

  (6.7) zzzyzxzzyzxz bbbUkkk ,,,,,, 0      -

       . 

      є    

  ,    .1 (  ),   

 g


   .      

   90      .  -

є  є    100 ,  є    10 -
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.     є   .   

           

       .  -

    z     є -

    (1 .),      є . 

           -

      (   .1  .2). 

     (6.7)      

    zyx  ,, ,    zyx aaa ,, ,  -

         ω,  -

 .       ,     

є    ,    –   -

є          g


, 

    .  ,    -

 є  ,,, zyzxz kkk      – є  .,,,0 zzzyzxz bbbU  

        -

          

g
 .         є  

,0  zyzyxzxzzz UkkkU  

   zzzyzyxzxzz abababUU 00    . 

        ( -

 є   Z)     .0  zzzz UkU   -

  zk    0zU       z   -

   , ’   є  : 

 
;

1

2
2

1

111
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i
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zi
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i
zi

z
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ziz
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i
ziz kU
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U  

      MatLab,   -
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 є     Z (  6.6). 

clear all, clc 

N = 11; 

Wzi = [-150   150   -120   120   -100   100   -80   80   -60   60   -40   40   -20    20    0] 

Uzi = [19545.3458   15560.222   13004.185   10315.6329   7683.85481   5003.21733   2339.73414   -261.56183   

-2897.6934   -5548.0691   -8220.7701   -10853.159   -13563.432   -16117.749   -20099.488] 

sW = sum(Wzi); 

sW2 = sum(Wzi.^2); 

sU = sum(Uzi) 

sWU = sum(Wzi.*Uzi); 

kz = (sW*sU-N*sWU)/((sW^2)-N*sW2) 

Uwz0 = (1/N)*(sU-kz*sW) 

 6.6 

  є     

xk   0xU  yk   0yU  zk   0zU  

-14.532824 -373.611859 -14.3524214 300.418374 -14.34249266 -166.451145 

 є  є       
 (   “   g”): 

.
4

1
;

2
;

2

4

1
0

3124 



 







i
ziz

zz
zz

zz
zy UU

g

UU
b

g

UU
b  

  є    Z є  , -

   MatLab (      6.7): 

clear all, clc 

N = 11; 

g = 9.8106; 

odgUzi = (-116.14361   -116.90385   -117.27909   -116.40764); 

bzy = (odgUzi(4)-odgUzi(2))/(2*g) 

bzz = (odgUzi(1)-odgUzi(3))/(2*g) 

odgUz0 = (sum(odgUzi))/4 

 6.7 

  є     

xzb  xxb  0xU  yxb  yyb  0yU  zyb  zzb  0zU  

-0
.0

21
59

4 

0
.0

0
56

9
84

 

-2
60

.2
9
 

0
.0

4
92

1
5 

0
.0

5
92

0
3 

2
25

.4
2 

0
.0

2
52

8
9 

0
.0

5
78

7 

-1
16

.6
8
 

       

         i .  
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  ,    є    

є   Z ( gaaa zyx  ;0 ).      zi  -

  є      : 

.0

z

zzzz
z

k

gbUU 
   

    MatLab,  є   
 ,  . 

clear all, clc 

N = 15; 

Wzi = [-150   150   -120   120   -100   100   -80   80   -60   60   -40   40   -20    20    0] 

Uzi = [19425.1257   -19681.963   15482.1082   -15752.24   12952.4003   -13202.44   10324.5121   -10558.973   

7726.75393   -7967.0675   5089.35593   -5321.4228   2474.1904   -2704.2173   -117.08556] 

sW = sum(Wzi);   sW2 = sum(Wzi.^2); 

sU = sum(Uzi);   sWU = sum(Wzi.*Uzi);      kz = (sW*sU-N*sWU)/((sW^2)-N*sW2);     g = 9.8106; 

odgUzi = (-116.14361   -116.90385   -117.27909   -116.40764); 

bzz = (odgUzi(1)-odgUzi(3))/(2*g);     odgUz0 = (sum(odgUzi))/4 

Wdks1 = (Uzi(1)-odgUz0-bzz*g)/kz;     Wdks2 = (Uzi(2)-odgUz0-bzz*g)/kz; 

Wdks3 = (Uzi(3)-odgUz0-bzz*g)/kz;     Wdks4 = (Uzi(4)-odgUz0-bzz*g)/kz; 

Wdks5 = (Uzi(5)-odgUz0-bzz*g)/kz;     Wdks6 = (Uzi(6)-odgUz0-bzz*g)/kz; 

Wdks7 = (Uzi(7)-odgUz0-bzz*g)/kz;     Wdks8 = (Uzi(8)-odgUz0-bzz*g)/kz; 

Wdks9 = (Uzi(9)-odgUz0-bzz*g)/kz;     Wdks10 = (Uzi(10)-odgUz0-bzz*g)/kz; 

Wdks11 = (Uzi(11)-odgUz0-bzz*g)/kz;     Wdks12 = (Uzi(12)-odgUz0-bzz*g)/kz; 

Wdks13 = (Uzi(13)-odgUz0-bzz*g)/kz;     Wdks14 = (Uzi(14)-odgUz0-bzz*g)/kz; 

Wdks15 = (Uzi(15)-odgUz0-bzz*g)/kz 

       6.8. -
        -

    zii  . 

        
( )     ,   -

        -
   ( )  ,    . 

6.3.4.    InvenSense MPU-6050 

        -

  MatLab.     -

  10 .,        -

 .  MatLab       
   std().    -

         . 6.17. 
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 6.8 

      

 -
 -

 -
 zi , /  

  -
   i , /  

  -
   -

   i , /  

 X  Y  Z   X  Y  Z 

-150 -149.7543 -149.9781 -149.8478 -0.2457 -0.0219 -0.1522 

-120 -119.6212 -119.6256 -119.6116 -0.3788 -0.3744 -0.3884 

-100 -100.2933 -100.3465 -100.2131 0.2933 0.3465 0.2131 

-80 -79.9559 -80.0618 -80.0617 -0.0441 0.0618 0.0617 

-60 -60.0673 -59.9267 -60.1414 0.0673 -0.0133 0.1414 

-40 -39.8056 -39.8653 -39.9171 -0.1944 -0.2347 -0.0829 

-20 -19.6373 -19.7184 -19.8632 -0.3427 -0.2816 -0.1368 

0 0.013588 -0.003654 0.007436 -0.013588 0.003654 -0.007436 

20 20.2334 20.0129 19.8463 -0.2334 -0.0129 0.1537 

40 39.9792 39.9491 39.9158 0.0208 0.0509 0.0842 

60 60.1866 60.1149 60.2033 -0.1866 -0.1149 -0.2033 

80 80.1018 80.0238 80.0788 -0.1018 -0.0238 -0.0788 

100 100.5863 100.3816 100.3497 -0.5863 -0.3816 -0.3497 

120 119.9062 119.7367 119.9022 0.0938 0.2633 0.0978 

150 150.0168 150.0816 150.0365 -0.0168 -0.0816 -0.0365 

  ( . 6.17),  ,     
     .     -

       є . 
       MPU 6050   

10 .       -

     (    . 6.18).  . 
6.18,  ,  є      -

 (    ,       , 
   є     ).  . 6.18,  -

,      ,  -

      . 
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                                     )                                                                   ) 

   
                                      )                                                                   ) 

   
                                     )                                                                  є) 

. 6.17.     (  –  ,  –  Y,                

 –  Z)   (  –  ,  –  Y, є –  Z)  MPU 6050 

 ,       є -

    (  ),    

 .       є  

    -     . 
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                                    )                                                                    ) 

 
) 

. 6.18.   MPU 6050    ( ),   

 ( )          ( ) 

6.3.5.      InvenSense MPU-6050 

    -    

     1 .   (22±3) , 

        70 ,     -

   .        -

   MatLab,      

    «allan.m»,      . 

          -

   . 6.19,       -

 N         : 

   
   .664.0;002449.0

664.0

001626.0

;001277.0
664.0

0008482.0
;00239.0

664.0

00159.0

;009533.0;009997.0;009145.0

cBcB

cBcB

c
N

c
N

c
N

oG
A

oG
x

oG
y

oG
x

o
G
z

o
G
y

o
G
x
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                                   )                                                                    ) 

 
) 

. 6.19.                                       

 MPU 6050 (  –  ,  –  Y,  –  Z) 

    ,  - ,  

    InvenSense MPU 6050,  є ,   

          

є   ,      . 

6.3.6.   Honeywell HMC5883L 

           -

 є  ,      -

,         -

є   X, Y  Z.     є  -

    HMC5883L   

Honeywell,  є    ,  -

 ,   . [30].      

     ( ) є    

     [32]. 
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,     [33]: 

-       ( , 

    ); 

-         

  ; 

-   . 

         -

       ,   

    [31].   ,    

 ,    . 

        

 є      ( ),   

     (  ), -  

 [22],   [12],      

  ( ) є    [7].    -

         -

  (  ). 

      є-

,   є     -

      : 

-    ,   -

    ; 

- є     ,    -

     ; 

-     . 

        

   .  Honeywell HMC5883L  

     ±8 .   є  

 (GN)      0.73 /LSB ( -

    )  4.35 /LSB   GN  0  7 -
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.        2  [37]. 

 є 12  ,    є   

(Register A  Register B)      ,  

,        є  -

.     (Mode Register)    -

 :  (Continuous-Measurement Mode)  

      (Single-Measurement Mode).  

 ,    0 03÷0 08,   -

.     є      

(Output Register A  Output Register ),     є   

,    є  12-  .   -

 (Status Register)     –   (RDY)  

  (LOCK).   є   ,    

       0 03÷0 08.   ,  

 ,    є   DRDY.  -

 є          (    ) 

 ,     .    є -

  (Identification Registers),    -

      [18]. 

     2 .     

є         

    0 03 (    )   

     .   є ,  -

  ,      -

   (        – , Z, Y). 

      є   -

     ( . 6.20).     

          30  

 .  є  є    100 ,  -

є      10     -

.   6.9        -
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   :    ( . 6.20, )    

  ,  Z –  ,     ( . 

6.20, ) –      ,  Y –  . 

 
                           )                                                                       ) 

. 6.20.      

 6.9 

     

  
α,  

UX UY UZ 

.  .  .  .  .  .  

0 240,3558 232,6558 -258,4923 256,7519 -282,8714 114,7131 

30 209,1716 199,1959 -135,2888 266,9017 -284,4551 219,0599 

60 125,5631 113,8107 -44,8091 275,2361 -285,0419 295,5739 

90 11,7449 -0,6559 -11,2143 279,9059 -283,6456 325,0541 

120 -101,7102 -113,4541 -43,7399 277,8303 -280,5519 298,9297 

150 -183,9562 -194,1136 -132,7759 271,8628 -277,0101 225,2665 

180 -213,7425 -222,0211 -254,4305 262,3875 -272,8729 122,2481 

210 -182,9617 -189,2329 -376,6771 251,5309 -270,6257 17,9088 

240 -100,0683 -104,4479 -466,2854 243,4397 -269,3543 -60,2063 

270 13,9952 10,4205 -499,7591 238,7882 -270,5577 -90,3142 

300 127,5779 123,8926 -468,2123 240,2207 -273,7365 -64,6301 

330 210,3789 205,7122 -379,3324 246,4799 -277,4887 10,9891 

360 240,1131 233,0065 -257,2397 256,5758 -281,6103 114,9137 
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    (  ),     -

           -

 (  , . .1 – . .4).   ,  -

,     є   є  .  -

       є -

,        -

.         : 

.

;

;

0

0

0

zzzzyzyxzxz

yzyzyyyxyxy

xzxzyxyxxxx

UTkTkTkU

UTkTkTkU

UTkTkTkU







                                   (6.8) 

 zyx TTT ,,       ( )   -

  ; zyx UUU ,,   -

 ; zyx UUU 000 ,,  ; zzyyxx kkk ,,  

 є ; zyzxyzyxxzxy kkkkkk ,,,,,  є . 

          

   : 

,;sin;cos zyx BTBTBT                           (6.9) 

   ; BB ,     -

    . 
         -

 : .46962,18964 BB   

   (  )      -

 (6.8)  (6.9) є  [18]: 

- o0 ,   ,,0, zyx BTTBT      

.

;

;

00

00

00

zzzzxz

yyzyxy

xxzxxx

UkBkU

UkBkU

UkBkU







 

- o90 ,  ,,,0 zyx BTBTT     

.

;

;

090

090

090

zzzzyz

yyzyyy

xxzxyx

UkBkU

UkBkU

UkBkU
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- o180 , ,,0, zyx BTTBT   

.

;

;

0180

0180

0180

zzzzxz

yyzyxy

xxzxxx

UkBkU

UkBkU

UkBkU







 

- o270 , ,,,0 zyx BTBTT 

.

;

;

0270
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zzzzyz
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xxzxyx

UkBkU

UkBkU

UkBkU
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            (6.10) 
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2
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2
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2
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UU
k








        (6.11) 

          
   : 

.sin;;cos  zyx BTBTBT                       (6.12) 

   (  )       
 (6.12) є : 

- o0 ,   ,0,,  zyx TBTBT      

.

;

;

00

00

00

zzyzxz

yyyyxy

xxyxxx

UkBkU

UkBkU

UkBkU







 

- o180 , ,0,,  zyx TBTBT  

.

;

;
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zzyzxz
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xxyxxx

UkBkU

UkBkU

UkBkU







 

     є   : 

.
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;
2
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0

1800
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1800
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        (6.13) 

 є   є   [18]: 

.
2

2

;
2

2
;

2

2

01800

0180001800

zzz
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yyy
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xxx
xz
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UUU
k

B
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B
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               (6.14) 
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      : 

,0UTKU                                                  (6.15) 

  

.;;;

0

0

0

0





































































z

y

x

z

y

x

zzzyzx

yzyyyx

xzxyxx

z

y

x

U

U

U

U

T

T

T

T

kkk

kkk

kkk

K

U

U

U

U  

   6.9, є  є    -

 ,      6.10. 

 6.10 

  є      

є  xxk  xyk  xzk  yxk  yyk  yzk  

 0.012 -5.9333∙10-5 -1.1079∙10-4 -1.0709∙10-4 0.0129 -0.0019 
 

є  zxk  zyk  zzk  xU0  yU0  zU0  

 -2.6362∙10-4 -3.4507∙10-4 0.0088 8.1037 -345.3406 134.6858 

   є    zyx TTT ,,   -

 (6.15)   0
1

UUKT         6.11. 

         -

       є -

 ( . .5 – . .8).   ,  ,   

        

 360  є  ,        . 

        zyx TTT ,,  

    α    ,    

   .   є  ( . 6.10)  

      (6.15)  -
         [18]: 

.6858.1340088.0104507.3106362.2

;3406.3450019.00129.0100709.1

;1037.8101079.1109333.5012.0
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zyxx

TTTU
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 6.11 

   zyx TTT ,,    ( ) 

 
α,  

X Y Z 

.  .  .  .  .  .  

0 18965 18961 -277.33 47884 -46975 44.569 

30 16445 17023 9208.2 48982 -47275 11775 

60 9540.2 10575 16144 49547 -47376 20340 

90 27.444 1187.6 19264 49436 -47284 23550 

120 -8436.8 -8488.3 16654 48618 -47211 20409 

150 -16511 -15842 9045.3 47381 -46846 11678 

180 -18963 -18961 -277.33 46040 -46975 -44.569 

210 -16001 -17027 -9840.7 45011 -46955 -11278 

240 -9524.9 -11011 -16454 44520 -47342 -19037 

270 27.444 -1088.5 -18664 44525 -47284 -23601 

300 9482.4 7864.1 -16878 45040 -47348 -19564 

330 16457 15924 -9467 46577 -47600 -11661 

360 19003 19054 -196.84 47966 -47871 280.89 

    є ,     -

        . 

6.4.                

  

         -

       8-  -

  AVR,       -

        [34]    

   .  ’      

     , , -

 ,     . 

        

      ,   -

       ,  

        є .  -
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,  є        -

.    ,     є 20 ,  

є         є  . 

     є     

,      ,     -

       . 

   ’        

 UART      2 ,   -

    38 . 

  ,     є   

 10  (   , , -

        ).   -

  є       ,  

       . Serial.print Ax + , ;                                          vals+=Ax; vals+= , ; Serial.print Ay + , ;                                          vals+=Ay; vals+= , ; Serial.print Az + , ;                                           vals+=Az; vals+= , ; Serial.print Gx + , ;                                           vals+=Gx; vals+= , ; Serial.print Gy + , ;                                           vals+=Gy; vals+= , ; Serial.print Gz + , ;                                           vals+=Gz; vals+= , ; 
Serial.print(Mx + , ;                                          vals+=Mx; vals+= , ; Serial.print My + , ;                                          vals+=My; vals+= , ; Serial.print Mz + , ;                                          vals+=Mz; vals+= , ; 
Serial.println(time);                                            vals+=time;  

                                                                                   Serial.println(vals); 

. 6.21.     (  –   

 ,  –     ) 

 ,      -

     (35÷70) ,  є   

  .    є    

  є ,  є    [13]: 

,
2

sin1 
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 є  ; 

-    ,       

   є  . 
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       ’є -
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       ’є  [1]. 
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-      ,   є  -

   ; 

-        -

 . 

     ( ) є  

   є         

      (    

   GPS).        [19]: 

-    є  ( , , )   -

       є ; 

-    ; 

-        ; 

-   ,      ; 

-     . 

    ,       

   (  ,   )  -

 ( ,    )   [2, 16].  

  є   ,    є 

,       -

,     (     

,     ). 

6.5.2.    ь  

  [19]       -

  ,   . 6.21.       -

      є  ,    

    ( , y, Az)   (Gx, Gy, Gz)    

 ,     є   

     [20].     -
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    є     10 . [9], 

     є  ,  -

    ’є  –    , 

,   ,   .  ’       

      [14, 28]. 
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   ь   

    ь                
 

#include "p18F8722.h" 
#include <can2510.h> 
#include <string.h> 
 

#pragma config OSC=ECIO 
#pragma config OSCS = OFF 
#pragma config WDT = OFF  
#pragma config LVP = OFF 
 
void CANconfig(void) {  
Can2CAN=CAN2510Init(CAN2510_RESET & CAN2510_CLKOUT_OFF & CAN2510_RXB0_STDMSG 
& CAN2510_RXB0_STDMSG, CAN2510_BRG_4x, CAN2510_RXB0_EN & CAN2510_RXB1_EN, 
CAN2510_SPI_FOSC4, CAN2510_SPI_MODE00, CAN2510_SPI_SMPMID); 
Can2CAN=CAN2510Init(CAN2510_RESET & CAN2510_CLKOUT_OFF & CAN2510_RXB0_STDMSG 
& CAN2510_RXB0_STDMSG, CAN2510_BRG_32x, CAN2510_RXB0_EN & CAN2510_RXB1_EN, 
CAN2510_SPI_FOSC4, CAN2510_SPI_MODE00, CAN2510_SPI_SMPMID); 

  
if (Can2CAN==0) { //     
Can2CAN=CAN2510SetMsgFilterStd(CAN2510_RXB0, 0xffff, mask0); 
Can2CAN=CAN2510SetMsgFilterStd(CAN2510_RXB1, 0xffff, mask0); 
CAN2510SetBufferPriority(CAN2510_TXB0, CAN2510_PRI_HIGH); 
CAN2510SetMode(CAN2510_MODE_NORMAL); 
} 
} 
 
void setup(void){ 
ADCON0bits.ADON=0; //   
ADCON1=6; 
CANCON=0x30; 
CMCON=7;  
TRISB=255; //   INT 
TRISC=0xE2; 
TRISD=0xff; 
TRISEbits.TRISE0=0; 
TRISEbits.TRISE2=0; 
PORTC=0; 
 
//   1 
T1CON=0x35; 
 T3CON=0x9D; 
 
//   
RCONbits.IPEN=1; //    
 
INTCON2bits.INTEDG0=0; //       CAN- . 
INTCONbits.INT0IE=0; 
 
IPR1bits.TMR1IP=1; //     1 
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PIE1bits.TMR1IE=1; //     1 
 
PORTBbits.RB1=0; //      CAN 
//PORTBbits.RB2=0; 
 
mask0[0]=2; 
mask0[1]=0; 
mask0[2]=0; 
mask0[3]=0; 
 
CANconfig(); 
INTCONbits.GIEH=1; //    
INTCONbits.GIEL=1; //    
 
} 
 

     ь             
   ь   

void InterruptHandlerLow(void); 
void InterruptHandlerHigh(void); 
 
void MeasureCycle(unsigned char channel); 
 
#pragma code InterruptVectorHigh=0x08 // є      
void InterruptVectorHigh(void) { 
_asm 
  goto InterruptHandlerHigh //   
_endasm 
} 
 
void MeasureCycle(unsigned char channel) 
{ 
PORTEbits.RE0=channel; //    
PORTCbits.RC0=1; //       
PORTCbits.RC0=0; 
} 
 
#pragma code 
#pragma interrupt InterruptHandlerHigh //   
void InterruptHandlerHigh() { 
 
if (INTCONbits.INT1IF) { 
 
PORTEbits.RE2=1; //     
HiDist4=PORTD; //       
PORTEbits.RE2=0; 
LoDist4=PORTD; //       
 
INTCONbits.INT1IF=0; 
} 
 
if (PIR1bits.TMR1IF) { 
 

MeasureCycle(0); 
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PIR1bits.TMR1IF=0; 
 

} 

    ь CAN 

if (INTCONbits.INT0IF) { 
 
ReadType=CAN2510DataReady(CAN2510_RXBX); 
if ((ReadType==2) | (ReadType==3)) { 
ReadType=CAN2510DataRead(CAN2510_RXB1,&ReadID,&ReadLength,ReadBuffer); 
NextReadOp(); 
} 
if ((ReadType==1) | (ReadType==3)) { 
ReadType=CAN2510DataRead(CAN2510_RXB0,&ReadID,&ReadLength,ReadBuffer); 
NextReadOp(); 
} 
 
void NextReadOp(void) { 
if (ReadType==CAN2510_STDRTR) { 
WriteBuffer[0]=HiDist4; 
WriteBuffer[1]=LoDist4; 
CAN2510LoadBufferStd(CAN2510_TXB0, 1, ReadLength, WriteBuffer); 
CAN2510LoadBufferStd(CAN2510_TXB0, 1, 2, WriteBuffer); 
CAN2510SendBuffer(CAN2510_TXB0); 
} 
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 .1 

ь  ь     ь   

  
  
,zi  ( / ) 

  
 xiU  

  
 yiU  

  
 ziU  

-150 19545.3458 19765.6504 19425.1257 

-120 15560.222 15810.9638 15482.1082 

-100 13004.185 13299.9495 12952.4003 

-80 10315.6329 10655.8893 10324.5121 

-60 7683.85481 8041.92396 7726.75393 

-40 5003.21733 5407.43199 5089.35593 

-20 2339.73414 2794.4515 2474.1904 

0 -261.56183 225.788465 -117.08556 

20 -2897.6934 -2360.5479 -2704.2173 

40 -5548.0691 -4979.3358 -5321.4228 

60 -8220.7701 -7606.5181 -7967.0675 

80 -10853.159 -10199.424 -10558.973 

100 -13563.432 -12851.641 -13202.44 

120 -16117.749 -15373.605 -15752.24 

150 -20099.488 -19326.375 -19681.963 

 .2 

ь  ь      

   
 

  
 xiU  

  
 yiU  

  
 ziU  

0 19545.3458 19765.6504 19425.1257 

90 15560.222 15810.9638 15482.1082 

180 13004.185 13299.9495 12952.4003 

270 10315.6329 10655.8893 10324.5121 
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К  а  я аху у і х я А а а 

%  і   %  М –  і  і   ’є   lear all, clc 

clear; format short g; format compact; 

 

% і є    і   

pname='S:\\';                                    %   S:\ 

fname='allan.txt';                             % І ’    

filename=strcat(pname, fname); 

[FName, mes] = fopen(filename, 'r'); 

Ncanal = 4;                                         % Кі і  і  

Data_all=fscanf(FName, '%f', [Ncanal,inf]); 

fclose(FName); 

dt = 0.0144242327109544;         % К   ,  

 disp '==== і   і іє  SF   КШ  і N_DUS===='); 

%SF=0.0379;                                     % М  і іє  КШ, / /  

N_DUS = 3; 

 

TestData=Data_all(N_DUS,:); 

 

mas1=TestData(1,:);                   % М    ,     /  

 

[M1,N1]=size(mas1);                  % і    

 

% MmaxL=500;                             % М  і і   М  .  

% Memax=4;                                  % 10^(Memax) – і   М 

% Mlog=logspace(0,Memax,MmaxL); 

 

% є    М  і  і 
Mlog=[1:9, 10:10:99, 100:10:990, 1000:100:9900]; 

MmaxL=max(size(Mlog ;          % М  і і   М  .  

Mmax=max(Mlog);                        % М   М 

 

% і  і і і 
If Mmax > N1/2 

    disp(' Ш К :    Mmax > N1/2'); 

%         Mmax=fix(N1/2); nd  %if  Mmax 

 

% І і і і і  і  

tau=zeros(1,MmaxL); 

AL=zeros(1,N1); 

AL2A=zeros(1,MmaxL); 

 

wb=waitbar(0, '  ...'); 
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tic   %   Start a stopwatch timer 

 

for i=1:MmaxL 

         M=fix(Mlog(i));                          % M – і   

         K=fix(N1/M);                              % Кі і   

          tau(i)=M*dt; 

 

for  RK=1:K 

        AL(RK)=mean(mas1((RK‐1 *M+1:RK*M));       % М  і    і 
end 

 

        Sum1=0; 

        for  RK=1:K-1 

        Razn=AL(RK+1)-AL(RK); 

        Sum1=Sum1+Razn*Razn; 

end 

 

        AL2A(i)=(1/(2*(K-1)))*Sum1; 

        AL2A(i)=sqrt(AL2A(i)); 

        % disp(M); 

 

     %if (i<10) | (rem(i,10)==0) 

               waitbar(M/Mmax,wb,strcat '  , M=',num2str(M))); 

     %end;  % if 

 nd     %for  i=1:MmaxL 

 

close(wb); 

t_Allan=toc;  %Read the stopwatch timer. 

disp(strcat('    і  =',num2str(t_Allan),' c')); 

 

% ========= і  ========= 

scrsz = get(0,'ScreenSize') 

figure('Position',[70  70  scrsz(3)/1.5  scrsz(4)/1.5]);%hold on; 

loglog(tau,AL2A,'b','LineWidth',2), 

grid, set(gca, 'FontName','Arial Cyr','FontSize',16) 

% title(['Allan Deviation']); 

title(['Allan Deviation for gyro # ' num2str(N_DUS)]); 

xlabel('\tau , sec'); 

ylabel('\sigma_A , deg/sec'); 
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    є  

    

                                )                                                                   ) 

   
                                )                                                                   ) 

. .1.      є : 

 –  hf ,    ;1.0;2;1 N mmm    

 –   ,f   ;1.0;2;05.0 Nch mmm    

 –  Nf ,    ;1.0;1;05.0 ch mmm    

 –  mf  ,   Nch mm 1.0;2;1;05.0    
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                                )                                                                   ) 

  

                                )                                                                   ) 

  

                                )                                                                   є) 

. .2.      є : 

 –   ,hf   ;1.0;2;45 N mmm
o    

 –  Nhf ,    ;1.0;5.0;45 mmm
o    

 –  mhf  ,   ;1.0;2;5.0;45 N mm
o    

 –  Nf ,    ;1.0;05.0;45 ch mmm
o    

 –  mf  ,   ;1.0;2;05.0;45 Nch mm
o    

є –  mNf  ,   ch mm
o 1.0;5.0;05.0;45    
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