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Abstract—In this paper, we consider the construction of an asynchronous control system for semiconductor converters 
for nuclear magnetic resonance. The relevance of research in this direction, main problems that arise during the construction 
of these systems are shown. Derived the mathematical model of the inverter, on the basis of which a control system with 
asynchronous pulse-width modulation is constructed. Proposed an equivalent converter circuit with a constant structure, 
constant parameters, and an equivalent EMF generator. Established correspondence between the equivalent circuit of  
the converter and its mathematical model in the form of differential equations. On the basis of mathematical equations,  
a structural diagram of the converter with a control system was developed and the principle of operation of the device was 
described according to it. To develop an algorithm for the control system, the dependence of the frequency change relative 
to the resonant frequency on the phase shift between the current through the filter and the voltage on the antenna circuit is 
determined. For which the model was built in Simulink and the corresponding simulation was carried out. Numerical  
dependences of reference signal frequency change and phase shift were obtained. The increase in efficiency of device for 
nuclear magnetic resonance is considered due to the use of multilevel inverters with tuning the frequency of operation to  
the frequency of the resonant circuit. Simulation of a three-level diode-clamped inverter showed that when the capacitance 
of the resonant circuit changes and, therefore, the resonant frequency of the circuit, the input current increases. The work 
obtained specific numerical dependencies. Time diagrams of voltages and currents on the main elements of the converter 
are given, which illustrate the implementation asynchronous pulse-width modulation in the control system. After working 
out the automatic frequency control algorithm, the increase in current consumption can be leveled off. The simulation results 
also show that it is possible to reduce the amplitude of the third harmonic. The disadvantages of the proposed system include 
the fact that the frequency of the converter is adjusted at each subsequent period of its operation. At the same time,  
the parameters of the filter can change again, which leads us to believe that adjusting the frequency will never give a 100% 
result, but will only allow to get as close as possible to the set parameters of the sounding signal. The work also indicates that 
it is possible to improve the spectral composition of the probing voltage generated by the converter by using more levels of 
a diode-clamped multi-level inverter. However, increasing the number of levels reduces the action speed of the system and 
complicates the control system itself. Therefore, the need to maintain a balance between the number of levels of the inverter 
and the complexity of the system is indicated. 

Keywords: nuclear magnetic resonance; multilevel inverter; asynchronous pulse width modulation; mathematical model; 
control system; THD 

 

I. INTRODUCTION 
Maintaining the energy balance in the world is not 

only the most important, but also a very difficult task,  
because maintaining the currently achieved level of oil 
production, and even more so increasing it in  
the modern conditions of growing demand for energy  
resources, is also a non-trivial task. The success and  
effectiveness of the application of new oil production 
technologies in such conditions largely depends on  
the reliability and completeness of information about 
the physical properties of mineral deposits. One of  
the most effective and modern methods is nuclear mag-
netic resonance (NMR) [1]–[5]. NMR logging has earned 
a special place among other research methods due to its 
unique accuracy and complexity [6]–[9]. 

When developing systems for NMR, strict require-
ments are put forward for the accuracy of the envelope 
voltage (5%) and harmonic composition of the output 
probing voltage. One of the ways to meet these require-
ments is the use of multi-level inverters, which gives  
advantages in the power load of circuit components and 
greater possibilities of formation a various form of  
the output probing voltage. At the same time, a compro-
mise is necessary between the complexity of the circuit 
(the number of inverter levels) and the harmonic compo-
sition of the output voltage. 

The maximum power of the probing voltage, as well 
as the reduction of the content of higher harmonics, is 
achieved by the use of asynchronous pulse width modu-
lation (asPWM) in the control system [10]–[19]. 
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The purpose of the article is to develop a mathemat-
ical model of a multilevel inverter of the NMR-based log-
ging system and its control system with automatic fre-
quency adjustment to the frequency of the resonant cir-
cuit. 

II. METHODS OF OBTAINING  
A MATHEMATICAL MODEL OF THE CONVERTER 

Let's consider the formation of the equations of  
the mathematical model of the converter of the logging 
system using the example of a three-level inverter [20]–
[25], the diagram of which is given in Fig. 1. 

A stepped bipolar voltage with zero pauses is formed 
at the output of the inverter. When transistors 1VT  and 

2'VT  are ON, a voltage 2
U  is formed at the output, and 

when 1'VT  and 2'VT  are ON — voltage ( 2
U ). To form a 

zero pause on the load, it is necessary to turn on 1VT  and 

2VT . 

During the operation of the device for nuclear mag-
netic resonance, the parameters of the oscillating circuit 
and the emitter change, which, in turn, causes a change 
the Larmor resonance frequency. Therefore, it is neces-
sary to adjust the frequency of the converter to ensure  
a quasi-resonant mode to reduce dynamic losses. 

In order to implement the asPWM, it is necessary to 
obtain mathematical equations that will describe  
the currents and voltages on the elements. Let's estab-
lish the correspondence between the equivalent circuit 
of the converter and its mathematical model in the form 
of differential equations. The equivalent circuit of  
the converter with a constant structure, constant param-
eters and a generator of the equivalent EMF ( )e t , which 

can take the values 2
U , — 2

U  and 0, is shown in  

Fig. 2. 

According to Kirchhoff's first law, for the first node: 

 ( ) ( ) ( ) ( )= + +
2 20 L C Ri t i t i t i t  (1) 

Considering the current direction ( )0i t  and  
the direction of the first loop as indicated in Fig. 2,  
according to Kirchhoff's second law, write: 

 
( ) ( ) ( ) ( )⋅ + + =

1 2
0

1 C C
di t

L U t U t e t
dt

 (2) 

For the second and third circuits, taking into account 
the direction of the currents ( )22I t and ( )33I t , as well as 
the directions of the branch currents, as indicated in the 
diagram, we write: 

 ( ) ( )=
2 2C LU t U t  (3) 

 ( ) ( )=
2R LU t U t  (4) 

Let's express the current ( )2Li t  from (1): 

 ( ) ( ) ( ) ( )= − −
2 20L C Ri t i t i t i t  (5) 

Taking into account that 

( ) ( ) ( )
( )

= = = 1
1 10 1· C

L C
dU t

i t i t i t C
dt

 and 

( )
( )

= 2
2 2· L

L
di t

U t L
dt

, write: 

 

( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

   − −      = = = = − − =   
   = − −    

22 2
2 2

1 2 2

0 0
2 2 2

2 2

2 1 22 2

· · ·

1
· · · ·

C RL C R
C L

C C C

d i t i t i tdi t di tdi t di t
U t U t L L L

dt dt dt dt dt

d U t d U t dU t
L C C

R dtdt dt

 (6) 

Considering (6), let's write equations (2) and (3) in  
the form of a system: 

 

Fig. 1 The diode-clamped three-level inverter 

 

Fig. 2 The equivalent circuit of the converter with a constant struc-
ture, parameters and a generator of the equivalent EMF 
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( )
( ) ( ) ( )

( ) ( ) ( )
( )

 + + = − − − =

1
1 2

1 2 2
2

2

1 1 2

2 2
2

2 1 2 22 2

· ·

· · · · · 0

C
C C

C C C
C

d U t
L C U t U t e t

dt
d U t d U t dU tL

L C L C U t
R dtdt dt

 (7) 

Let's mark =1 1 1·L C a ; =2 1 2·L C a ; =2 2 3·L C a ; 
=2 4/L R a . 

It is obvious that for any structure of the passive part, 
the equivalent circuit of the converter with a constant 
structure, parameters, and generator of the equivalent 
EMF is described by a linear differential equation with 
constant coefficients and a piecewise continuous  
periodic function in the right-hand side. 

Let's enter new variables: 

 
( )

( )
( )

( )= =1 2,C CdU t dU t
x t y t

dt dt
. (8) 

Than: 

 
( ) ( ) ( ) ( )

= =1 2
2 2

2 2
,C Cd U t d U tdx t dy t

dt dtdt dt
. (9) 

Considering (8) and (9), we pass from the system of 
two differential equations of the second order (7) to  
the system of four differential equations of the first order 
with variables ( )x t , ( )y t , ( )1CU t , ( )2CU t : 

 

( )
( )

( )
( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

 = = + + = − − − =

1

2

1 2

2

1

2 3 4

,

,

· ,

· · · 0 .

C

C

C C

C

dU t
x t

dt
dU t

y t
dt
dx t

a U t U t e t
dt

dx t dy t
a a a y t U t

dt dt

 (10) 

After mathematical transformations and simplifica-
tions, we write system (10) in matrix form: 

 
( ) ( ) ( )= +· ·

dХ t
A Х t B e t

dt
, (11) 

where 

     =       

1

2( )
( )
( )

C

C

U

U
X t
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       − −=     + − − −   

1 1 1
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1
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1

·
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a
a
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Let's write down the final mathematical model in  
matrix form:  

 

( )

( )

( )

( )

( )
( )

                                     − −= ⋅ +                    +      − − −            

1

1
2

2

1 1 1 1

2 1 2 4 2

1 3 1 3 3 1 3
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0

0
· · ·

C

CC
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UdU t
Udt

a a a ax tdx t
a a a a ay tdt

a a a a a a ady t
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( )

 ⋅ 

e t  (12) 

III. RESULTS 
To implement asynchronous pulse-width modulation 

when developing the structure of the control system, it 

is necessary to supplement the mathematical model of 
the converter (12) with equations for the feedback  
voltage fbU , the voltages of the output arms of  

the inverter 1inU  and 1inU  and their ratio. 
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where ( ){ }max
n

f t  – the maximum value of  

the module of the probing voltage ( )f t  in the n -th  
period, it  – moment of voltage change fbU . 

System (13) is the basis for the development of  
the control system of the converter with asPWM. 

The structural diagram of the converter control  
system with asynchronous pulse width modulation is 
shown in Fig. 3. 

The structural diagram includes: AB – accumulator 
battery; PS – power source; I – inverter, L – load,  
VS – voltage sensor, R – rectifier, AS – amplitude sensor, 
C – comparator, SVG – sawtooth voltage generator,  
PG – pulse generator, A – adder, PD – pulse distributor, 
BA – buffer amplifier. 

The voltage from the battery AB is supplied to the in-
verter I. The multi-level inverter forms the sensing 

voltage according to the control pulses. The stepped  
voltage from the inverter is converted into an amplitude-
modulated sine wave using resonance filters. To ensure 
the quasi-resonance mode of operation of the device, it 
is necessary to generate a probing voltage with an accu-
racy of 5% [3]. For this, it is necessary to monitor  
the amplitude value of the modulated sinusoid on each 
half-cycle of the converter. The VS voltage sensor is  
a voltage divider, the voltage from which, after rectifica-
tion, is fed to the AS amplitude sensor. 

Fig. 4 shows the time diagrams of the three-level  
inverter circuit with asPWM. 

The voltage fbU  from the amplitude sensor is com-

pared with the USVG on comparator C. Since in asPWM 
systems the control angle is counted each time from  

 

Fig. 3 The structural diagram of the converter control system with 
asynchronous pulse width modulation 

 

Fig. 4 The timing diagrams of the three-level inverter circuit with 
asPWM 
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the moment of the control pulse of the previous interval, 
the sawtooth voltage generator begins to unfold each 
subsequent period from the beginning of the previous 
control pulse. Thus, control pulses are formed at the out-
put of the comparator, which are summed with the out-
put pulses from the generator PG. The PD switching unit 
is designed to distribute control pulses across transistors. 
The BA amplifies the pulses to the required level to open 
the power transistors of the multi-level inverter. 

In the event that, according to the SVG voltage,  
the duration of the pulse will exceed the duration of  
the period, its duration will be − δ,T  where T – duration 
of the standard period, δ  – some minimum time interval 
to ensure a pause before the start of the next control 
pulse. 

Timing diagrams illustrating the implementation  
of asPWM in the control system (see Fig. 3) are shown  
in Fig. 5. 

The use of such a control system, which works  
according to the obtained mathematical ratios, allows 
you to ensure the necessary THD (Total Harmonic Distor-
tion) indicators [26]–[30]. To check the performance of 
the system, a model of the converter with asPWM was 
developed in the MATLAB® Simulink® environment.  

The value of the phase shift at a change the frequency of 
the reference signal within ±10% was obtained (Table 1). 

Simulations have shown that changing the capaci-
tance of the resonant circuit by 4% (and therefore  
the resonant frequency of the circuit changes by 2%, 
from 500 kHz to 490 GHz) leads to an increase input cur-
rent by 9.09% from 1.21 A to 1.32 A. Automatic fre-
quency adjustment algorithm allow to level the increase 
in current consumption. The amplitude of the third har-
monic also decreases from 17% ( 3mU ) to 6% ( 3`mU ) of 
the amplitude of the fundamental (Table 1). 

TABLE 1 DEPENDENCE OF THE FREQUENCY CHANGE FL ON THE PHASE SHIFTAND  
REDUCTION OF THE THIRD HARMONIC AFTER WORKING OUT AUTOMATIC  

FREQUENCY ADJUSTMENT ALGORITHM 

,
L

f Hz  ∆ ,f Hz  ϕ ,  3 ,%mU  `
3 ,%mU  

490000 -10000 19,12 17,21 6,27 
491000 -9000 17,50 16,36 6,25 
492000 -8000 15,66 15,21 6,26 
493000 -7000 13,69 13,87 6,24 
494000 -6000 11,87 12,46 6,24 
495000 -5000 9,75 11,34 6,23 
496000 -4000 7,98 10,23 6,24 
497000 -3000 5,90 9,11 6,23 
498000 -2000 4,04 7,98 6,22 
499000 -1000 2,01 7,12 6,22 
500000 0 0,09 6,13 6,21 
501000 1000 -2,01 7,11 6,21 
502000 2000 -4,01 8,01 6,22 
503000 3000 -5,90 9,02 6,23 
504000 4000 -7,89 10,13 6,23 
505000 5000 -9,71 11,41 6,24 
506000 6000 -11,77 12,47 6,24 
507000 7000 -13,52 13,94 6,25 
508000 8000 -15,39 15,27 6,26 
509000 9000 -17,11 16,38 6,26 
510000 10000 -18,79 17,28 6,27 

 

CONCLUSIONS 
The obtained mathematical model of a multi-level  

inverter for nuclear magnetic resonance allows designing 
a control system of the converter based on asPWM. 

The frequency adjustment allows to reduce current 
consumption by 9.09% and reduce third harmonic of  
the probe voltage from 17% to 6%. The obtained simula-
tion results also show that it is possible to reduce  
the amplitude of the third harmonic when using a three-
level inverter and an algorithm with automatic frequency 
adjustment by 11 percent. 

 

 

Fig. 5 The timing diagrams of the control system 
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Формування спектрального складу  
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ядерного магнітного резонансу 

 

А. В. Заграничний,  0000-0003-2373-1896  
Національний технічний університет України  
«Київський політехнічний інститут імені Ігоря Сікорського»  00syn5v21  
Київ, Україна 
 

Анотація—У даній роботі розглянуто побудову асинхронної системи керування напівпровідникових перетворюва-
чів ядерного магнітного резонансу. Обґрунтовано актуальність досліджень, вказано основні проблеми та складнощі, які 
виникають при побудові таких систем. Виведено математичну модель інвертора, на основі якої побудовано систему 
керування з асинхронною широтно-імпульсною модуляцією. Запропоновано еквівалентну схему перетворювача з пос-
тійною структурою, постійними параметрами та еквівалентним генератором ЕРС. В роботі встановлено відповідність 
між еквівалентною схемою перетворювача та його математичною моделлю у вигляді диференціальних рівнянь. Для 
розробки алгоритму системи керування визначено залежність зміни частоти відносно резонансної частоти від зсуву фаз 
між струмом через фільтр і напругою на антенному контурі. Для чого була побудована модель у Simulink та проведено 
відповідне моделювання. Отримано чисельні залежності зміни частоти опорного сигналу та фазового зсуву. В статті  
розглянуто підвищення ефективності пристрою для ядерного магнітного резонансу за рахунок використання багаторів-
невих інверторів з налаштуванням частоти роботи. Моделювання трирівневого інвертора показало, що коли ємність 
резонансного контуру змінюється, а отже, і резонансна частота контуру, вхідний струм збільшується. Після відпрацю-
вання алгоритму автоматичного підлаштування частоти збільшення споживаного струму можна нівелювати. Наведено 
часові діаграми напруг і струмів на основних елементах перетворювача, які ілюструють реалізацію асинхронної широ-
тно-імпульсної модуляції в системі керування. Отримані результати моделювання також показують, що можна змен-
шити амплітуду третьої гармоніки. До недоліків запропонованої системи можна віднести те, що частота перетворювача 
регулюється на кожному наступному періоді його роботи. Робота також показує, що можна покращити спектральний 
склад зондувальної напруги, що генерується перетворювачем, використовуючи більше рівнів багаторівневого інвер-
тора. Однак збільшення кількості рівнів знижує швидкість дії системи та ускладнює саму систему управління. Тому вка-
зано на необхідність дотримання балансу між кількістю рівнів інвертора та складністю системи. 

Ключові слова: ядерно-магнітний резонанс; багаторівневий інвертор; асинхронна широтно-імпульсна модуля-
ція; математична модель; система управління; THD 
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