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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

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.

l. 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

The maximum power of the probing voltage, as well
as the reduction of the content of higher harmonics, is
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a special place among other research methods due to its
unique accuracy and complexity [6]-[9].

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-
guency adjustment to the frequency of the resonant cir-
cuit.

1. 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

A stepped bipolar voltage with zero pauses is formed
at the output of the inverter. When transistors V7; and

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

when VT'; and VT', are ON — voltage (% ). To form a

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

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-

o=
vo, 172 ( q/ c L

- T l
vr /4\
= Vo, ! 1
R, T, 3L,
v

s

1, L
eff) /77{f/ T [2 /22/7‘) Lz /33(”/ R
icplt) i plt) iplt)

current  direction ig(t) and

the direction of the first loop as indicated in Fig. 2,
according to Kirchhoff's second law, write:

di(t)

" +Ug, (t)+UC2 (t)=e(t) )

For the second and third circuits, taking into account

Considering the

1

the direction of the currents I, (t) and /33(t), as well as

the directions of the branch currents, as indicated in the
diagram, we write:

lish the correspondence between the equivalent circuit UC2 (t) :UL2 (t) 3)
of the converter and its mathematical model in the form U 4
of differential equations. The equivalent circuit of ( ) L (t) )
the converter with a constant structure, constant param- Let's express the current iy, (t) from (1):
eters and a generator of the equivalent EMF e(t) , which
can take the values %, — % and 0, is shown in ' (t)=10 (t)_’CZ (t)_IR (t) ©)
Fig. 2. Taking into account that
dUc, (t)
According to Kirchhoff's first law, for the first node: io(t)=iy, (t)=ic, (t)= Cl.d—lt and
io(t)=iy, (t)+ic, (t)+ig(t (1) di, (t
° g ( “ ( 7 ) ULZ (t) =1y IL;( ) , Write:
Ue, (£)=U, (£)=L di, (t) _, d[ io (t)~ic, (t)—iR(t)J | dio (t) dic, (t)_diR(t) _
@ b TR dt 2l gt dt dt
(©)
d?u,. (t d*u, (t du,. (t
] P e () 14 (0)
dt? dt2 R dt

Considering (6), let's write equations (2) and (3) in
the form of a system:
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d*Ug, (t)
L1'C1'T+Ucl (t)+Uc, (t)=e(t)
(7
2 2
L-C d UC1 (t) L,-C d UCZ (t) LZ dUCZ (t) U (t)—O
2°C1 ) - —Uc =
dt? dt? R dt 2
Let's mark L;)Ci=0;; LiCi=0a,; L,C,=a3; duc (t)
o=
Lz /R = 04 . dt - ’
It is obvious that for any structure of the passive part, (J/Uc2 (t)
the equivalent circuit of the converter with a constant dt —y(t), 10
structure, parameters, and generator of the equivalent dx(t) (10)
EMF is described by a linear differential equation with an— +Uc, (t)+Ug, (t)=e(t),
constant coefficients and a piecewise continuous J (t ) J ( )
. . . . . _ . Ix(t y t
periodic function in the right-hand side. - . N o~ _‘74‘y(t)_Ucz (t):O.

Let's enter new variables:

duc, (t) .
dt

o 220w

Than:
d?Ug, (1) _dx(t)  d'Uc, () _ay(t)

’

9
d? dt dt? dt ©)

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), U, (t), Ue, (t):

1. RESULTS

To implement asynchronous pulse-width modulation
when developing the structure of the control system, it

duc, (t)| _
dt
dug, (t)
a || 1 1
dx(t) a 0
t 0 0 t;
dy(t) a,°03 a,°03
L dt ]

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

ax(t
¢=A-X(t)+8-e(t), (11)
dt
where
UC1
U,
X(t)=| ©
x(t)
i yit) i
0 0 1 0 0
0 0 0 1 0
1 1 1 1
A=| -—— -—— 0 —|,B=| =
a1 a1 0 0
a, a+a, 0 a,
0,03 0,03 a3 0,03

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

0| o |
0 1 Ue, 0
U
L Gl L - e(t) (12)
a; x(t) aq
o %l |y(t)] | @2
as | | 0103 |

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

the inverter U;,; and U;,; and their ratio.
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e(t)=Uin +Uipny-
where max{|f(t)|}‘ - the maximum value of
n

the module of the probing voltage f(t) in the n-th

period, t; —moment of voltage change Ug, .

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

The structural diagram includes: AB — accumulator
battery; PS — power source; | — 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 |. The multi-level inverter forms the sensing

AB |—» |

l T : Amplitude value sensor

PS BA c
Ut
T Uina TUSVG
U
PD SUM_ A L~ svG
U PG
in1

dU(;t(t) ),

duzlzt(t) - y(0);

d);(tt) _i.ucl (t)+al1 U, (t)_i,e(t);

d);(tt)z_af-zg,-ucl t acl,:azz U, (t)—iy t +alf]3 e(t);

1,nT+t, StﬁnTH(T+t,);

Uim = n+1
—l,T(T+t,-)_tS(n+1)T+t,-;
1,nTStSnT+1T;

Uina =
1, ce<(ne)T;

(13)

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.

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

The voltage Ug, 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
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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 T -8, where T — duration
of the standard period, 8 —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 ) are shown
in

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.

U Tau
VG :
T 3T 3T s 5T
int ; . ; . ! t
Uin2| t
vl ] L :
Upi| : : : : / t
Upiz] : 1 : : i t

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-
qguency adjustment algorithm allow to level the increase
in current consumption. The amplitude of the third har-
monic also decreases from 17% (U,,3 ) to 6% (U",,3) of

the amplitude of the fundamental (Table 1).
TABLE 1 DEPENDENCE OF THE FREQUENCY CHANGE Fi ON THE PHASE SHIFTAND

REDUCTION OF THE THIRD HARMONIC AFTER WORKING OUT AUTOMATIC
FREQUENCY ADJUSTMENT ALGORITHM

f, /Hz Af,Hz 0° Ups, % U‘m3 %
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.
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dopmyBaHHA CNEKTPaNbHOro CKNaay
BUXIAHOI HANpPyru nepeTsoptoBayiB
AA0EepPHOro MarHiTHOro pe3oHaHcy
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HauioHanbHUI TEXHIYHWUI YHiBEPCUTET YKpaiHK

v

«KMIBCbKUIM NONITEXHIYHWUIN IHCTUTYT imeHi Iropst CikopcbKoro» R 00syn5v21
Kuis, YKpaiHa

AHomayia—Y paHiit poboTi po3rnsHyTo No6yA0BY aCMHXPOHHOT CUCTEMU KepyBaHHA HaniBNPoOBiAHMKOBUX NepeTBOpPIOBa-
YiB AAEPHOro MarHiTHOro pesoHaHcy. O6rpyHTOBaHO aKTyabHICTb A0CNIAMKEHb, BKAa3aHO OCHOBHI Npo6aemu Ta cKnagHoLwi, AKi
BUHMWKaIOTb Npu nobyaosi Takux cuctem. BusegeHo matemaTMuHy moaenb iHBepTopa, Ha OCHOBI AKOi NobyaoBaHO cuctemy
KepyBaHHA 3 aCUHXPOHHOIO LUMPOTHO-IMNYNbCHOO MOAYAALLiEl0. 3aNPONOHOBaHO €KBiBa/IEHTHY CXeMy NepeTBOploBaYa 3 noc-
TiINHOIO CTPYKTYpOIO, NOCTiIHHMMM NapameTpamu Ta eKBiBasieHTHUM reHepaTtopom EPC. B po6oTi BcTaHOBAEHO BignNOBigHICTD
MiK eKBiBaJIeHTHOIO CXeMOI0 NepeTBOploBaYa Ta KOro MaTemMaTMYHOIO MoAennto y Burnagi andepeHuianbHUX piBHAHb. Ana
PO3pPO6KKU aNropuUTMy CUCTEMM KepyBaHHA BUSHAUYEHO 3a/1€KHICTb 3MiHU YacTOTU BiAHOCHO PE30HAHCHOI 4acToTH Big, 3cyBy $as
MiX cTpymom yepes ¢inbTp i HaNpPyrow Ha aHTEHHOMY KOHTYpi. [nA Yoro 6yna nobyaosaHa mogenb y Simulink Ta nposeaeHo
BignoBiagHe mopentoBaHHA. OTPMMAHO YUCe/IbHI 3a/1eXKHOCTi 3MiHM YacTOTU ONOPHOro curHany Ta ¢asosoro 3cyBy. B crarTi
PO3rNAHYTO NigBULLEHHA ePEeKTUBHOCTI NPUCTPOIO ANA AAEPHOrO MArHiTHOrO pe3oHaHCy 3a paXyHOK BUKOPUCTaHHA 6araTtopis-
HeBUX iHBEPTOPIB 3 HanalWTyBaHHAM YacTtoTu pob6oTu. MoaentoBaHHA TPUPIBHEBOrO iHBEPTOPa MOKAa3ano, L0 KON EMHICTb
PE30HAHCHOrO KOHTYPY 3MIHIOETLCA, @ OTKe, | Pe30HaHCHA YacToTa KOHTYpY, BXiAHUIA cTpym 36inbluyeTbea. Micna signpauto-
BaHHA a/IrOPUTMY aBTOMAaTUYHOIO NiANALLTYBAaHHA YacTOTH 36i/blIEHHA CNOXMBAHOIO CTPYMY MOXHa HisentoBaTtu. HasegeHo
4YacoBi Aiarpamu Hanpyr i CTpymiB Ha OCHOBHUX e/leMeHTax NepeTBoploBaYa, AKi iICTPYIOTb peanisauilo aCUHXPOHHOI WKpPOo-
THO-iMNYNbCHOI MoAaynsALii B cuctemi KepyBaHHA. OTpUMaHi pe3ynbTaT MoAeloBaHHA TaKOX MOKa3yloTb, WO MOXKHA 3MeH-
WWUTU aMNANITYAyY TPETbOoi rapMOHiKu. [0 HeponiKiB 3aNpPONOHOBAHOI CUCTEMU MOXKHA BifiHECTHM Te, L0 YAacTOTa NepeTBopioBaya
PerynoeTbcA Ha KOXKHOMY HacTynHOMY nepioaji oro po6otn. Po6oTa TakoXK MOKas3ye, WO MOXKHA NOKPALLUTU CNEKTPANbHUI
CKNaA, 30HAYBa/IbHOI HaMpPyry, WO reHepyeTbCA NepeTBopioBaYem, BUKOPUCTOBYIOUM binblue piBHIB 6araTopiBHeBOro iHBep-
Topa. OAHaK 36iNblIEeHHA KiNIbKOCTI PiBHIB 3HUKYE WBUAKICTb Al CMCTEMM Ta YCKNAAHIOE CaMy CUCTeMY ynpaBaiHHA. TOMy BKa-
3aHO Ha HeobXigHicTb AoTPUMaHHA 6anaHCy MiXK KiNbKiCTIO piBHIB iHBEepTOpa Ta CKAAAHICTIO cUucTeMM.

Kntoyoei cnoea: AdepHo-mazHimHuli pe3oHaHc; 6azamopieHeauli iHeepmop; acUHXPOHHA WUPOMHO-iMNYA6CHA MOOYA-
yisa; mamemamuyHa modesns; cucmema ynpaeniHHA; THD
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