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Summary. Analysis of two-section resonant DC-to-DC converter with phase power control is carried
out in this paper. Two-section converter is considered as a boundary case of the multi-section converter with
only one controlled section and other uncontrolled sections. The converter sections are parallel resonant
half-bridge voltage inverters with a common resonant capacitor connected to the load through a matching
transformer, center-tapped rectifier and smoothing filter. One of the sections is the reference, relative to
which the phase shift of the output pulses of the other section is adjusted. The switching frequency of the
converter is constant, which improves its electromagnetic compatibility. Analysis is carried out by the
fundamental harmonic approximation method. Analytical expressions for voltage and current phasors in both
sections of the converters have been established. The dependence of the converter power on the phase shift
between the pulses of the half-bridge inverter sections was obtained. The dependence of the efficiency of the
converter on the power was analyzed. It is shown that the efficiency slightly decreases when the power is
reduced in a wide range of powers and only at powers less than 10% of full load power it drops sharply. The
problems of operation of section transistor switches in their zero-voltage switching mode is considered.
Verification of the conducted analysis was carried out by simulation of the converter circuit using the PSIM
program for modeling power electronics devices. The simulation results are in a good agreement with the
analysis results.

Key words: two-section resonant inverter, zero-voltage switching power, phase control, power,
efficiency.
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Statement of the problem. Resonant DC-DC converters (DCRC), which have been
used in power electronics for about four decades and have gained significant popularity in
recent years, are a class of switch converters of electrical energy parameters, one of the
main parts of which is a resonant tank, which takes part in the energy processing and
determines the properties of such converters [1-4]. DCRCs are used in such applications as
chargers [5, 6], wireless energy transmission systems [7, 8], power sources of radio-
electronic equipment [9, 10], drivers of LED light sources [11, 12]. In general, DCRC
consists of a switch network (an inverter that converts the input DC voltage into rectangular
pulses), resonant tank and a rectifier with a filter. To ensure galvanic isolation and the
necessary voltage transfer ratio between the resonant tank and the rectifier, a transformer is
placed. The main advantage of such DCRCs over PWM converters is their ability to provide
«softy switching of power transistors at zero voltage or at their zero current at the switching
time interval [13, 14]. Therefore, the switching losses are significantly reduced, which
makes it possible to increase the efficiency of converter. On the other hand, it allows to
significantly increase the operating frequency, and therefore to reduce the value of the
reactive components of the resonant tank and the rectifier filter. As a result, DCRCs have
significantly better mass-volume parameter, i.e., higher power density compared to PWM
converters. Along with this, the smoothness of the sine wave shape, due to the filtering
property of the resonant tank, unlike the pulses of PWM converters, improves the
electromagnetic compatibility of the DCRC.
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Analysis of the available investigation results. A significant part of DCRC
research is devoted to easy-to-implement resonant converters — series (SRC) [15, 16],
parallel (PRC) [17, 18], series-parallel (SPRC) [19, 20]. In the role of a switching network,
a highly efficient and compact half-bridge inverter [2, 18] is most often used, or bridge
inverter [21]. In order to obtain higher output power, a multi-section structure of DCRCs
are used, which consists of separate half-bridge resonant sections that work on a common
load [22, 23]. In such a structure, the most expedient is the use of half-bridge SPRCs, since
the addition of the power of each of the sections in the common load occurs in the mode of
current sources, the role of which is performed by resonant inductances L (Fig. 1). At the
same time, there is no need for auxiliary means of balancing the currents (powers) of
individual sections.

Control of the output power of DCRC is mainly carried out by changing its switching
frequency. At the same time, the switching frequency varies widely, which causes the
disadvantages of such power control and requires additional efforts to maintain
electromagnetic compatibility, to solve the problems of filtering, utilizing of power
switches and magnetic components. Using the multi-section structure of DCRC, it is
possible to eliminate these drawbacks by changing the phase shifts between the output
pulses of individual half-bridge resonant sections when they operate at a constant frequency.
Therefore, the study of such multi-section structures is of interest to scientists in the field
of power electronics.

In this work, a two-section resonant DC-DC converter with phase power control
is analyzed, considering it as a boundary case of a multi-section resonant inverter. A
similar two-section converter is considered in [24], but in its analysis it is assumed that
the phase shifts of the voltages of the resonant sections are mutually opposite and the
same in magnitude, which goes beyond the concept of power control of multi-section
DCRC and complicates the application of such an analysis for multi-section converters,
where the phase shifts in inverter sections can be arbitrary (not the same) and independent
of each other. In a multi-section converter, only one section can be taken as a reference
(uncontrolled), relative to which the phase shifts of other (controlled) sections are
adjusted. Then, by turning off the «redundant» sections, it is possible to provide less
output power with a correspondingly smaller number of sections, which makes it
possible to increase the efficiency of the multi-section converter at medium and low
powers [23].

For the analysis of a two-section resonant DC-DC converter as a boundary case
of a multi-section converter with phase control, this approach is proposed, in order to
further develop it for the analysis of multi-section on-load tap-changers with an arbitrary
number of sections.

The objective of the paper is to investigate the parameters and characteristics
of two-section resonant DC-DC converter as a partial (simplest) case of a multi-
section converter with phase power control while ensuring its constant operating
frequency.

Setting objectives. The diagram of a two-section resonant converter is shown
in Fig. 1. Each of its sections is a series-parallel resonant inverter, which consists of a
half-bridge inverter on transistors M1, M2 (M3, M4), the outputs of which are connected
to a common resonant capacitor C through a coupling capacitors Cs and an inductances L.
An almost sinusoidal alternating voltage of the capacitor C is applied to the primary winding
of the transformer T. Voltage of secondary winding is rectified by diodes D1, D2, and then
through a smoothing filter LtCs is applied to the load R. A transformer with a turn ratio of
n:1:1 matches the loaded rectifier with inverter part and provides galvanic isolation of
converter.
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Figure 1. Two-section resonant converter Figure 2. Half-bridge pulses

The voltages at the midpoints of half-bridges A1 and A2 are periodic rectangular pulses
ua1 and ua2 respectively (Fig. 2), shifted by controlled angle p=0- rad. Let's take the ua1 pulses
of the first (reference) section as the reference ones, relative to which the phase shift of the ua2
pulses of the second (controlled) section is carried out. The amplitudes of these pulses are equal
to the supply voltage E, and their duty-cycle D is close to 0.5. To ensure zero voltage switching
(ZVS) of transistors the operating frequency should be higher than the resonant frequency of
the inverter, and a dead-time delay should be provided between the closed states of the transistor
switches in each half-bridge [2, 13]. Multi-section converter may have several regulating
sections, each of which may have its own phase shift [22].

Presentation of the main material. To simplify the analysis of the DCRC, we will
assume that all its components are ideal, lossless, and the parameters of both resonant inverters
are identical. Taking into account the filtering property of the resonant tank, we will analyze
the inverter using the fundamental harmonic analysis (FHA) [2].

The equivalent circuit of the two-section inverter is shown in Fig. 3. The capacities of
the coupling capacitors Cs are large enough, so they are absent in this scheme. According to the
FHA method, the first harmonics of voltages ua1 and uaz are represented by equivalent sources
of sinusoidal voltages. The complex amplitudes of the sources of these voltages in the
uncontrolled and in the controlled sections, respectively, are equal to:

2E -
E.=—, E,=Ee"”. (1)
T

m

The equivalent resistance R; of the inverter load (Fig. 3) is the input resistance of the rectifier
with the load, reduced to the primary winding of the transformer. For a rectifier with the middle
point of a transformer with ideal components, the resistance R is determined by the expression [25]:

lo
L Ie li
Ene Je ¢

Figure 3. Converter equivalent circuit
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R = : )

For the analysis, we will use the following notation and the relationship between the
parameters.
Resonant frequency:

- ©
2= @

Q=—". (5)

o is the operating frequency; Q = @/ w, is the relative operating frequency.

The impedance of the parallel connection of resistance R;i and resonant capacitor C
(Fig. 3) is equal to:

1 Qz
e + L 20+ i0Q) (6)
R.

1

;:

The complex amplitude of the voltage across the resistance R; is represented by the
expression:

2
in i Em - : +Epel? - ! _
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&~ 7 1920 QZ, Q

The maximum value of the transfer function of the inverter according to the voltage of
the first harmonic will occur at the phase shift ¢=0:

’\ii max‘ 1

Mlmax = =

En J(1‘92)2+(8J2 : ©))

where ‘\ii max‘ — module of the maximum value of (7).

At the same time, the quality factor, which provides the maximum voltage across the
load of the inverter, is equal to:
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Complex current 1, of the uncontrolled section is equal to:
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Complex current 1, of the controlled section is described by the expression:

1 1. 1 . 1. 1
—j ——=Q [cosp+—sinp——— |+ J|| Q——— [SInp+ —CoSp
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Complex current Ic of the resonant capacitor is given by the expression:
lc=jzz—QL_Ji= ZZE o sm(p+j(1+co£s;o) W)
0 7Ly j(l— QZ)_
Q
The current in the equivalent resistance Ri is equal to:
Vi  2E l+cose-—jsing
TR 2Qz, . 2y Q (13)
. j(1-02)-2

Using expressions (10 + 13) the dependences of normalized amplitudes of the currents
I, Iy, 1,, |, (reduced to factor 2%2 ) as a function of a phase shift are calculated and shown
0

in Fig. 4. The inverter parameters are 9=1.08 and Q=2.7.
The inverter power is determined by the following expression:
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Figure 4. Dependencies of inverter current modules Figure 5. Dependencies of inverter normalized
on the phase shift power on the phase shift
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Vil 2E? 1+cosg
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Maximum power of the inverter (at ¢=0) is as follows:

2E? 2

2 2 15

7 QZy (1_02)2_'_((2] . (15)
Q
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Figure 5 shows the dependence of relative power p:i of inverter versus
phase shift. The power is adjustable from 100% to O when changing the phase shift from 0
to 180°.

The efficiency of the inverter without taking into account the rectifier and transformer,
Is determined by the expression:

1

n = ,
I +1,120+ 118 (16)

1+
2R,

where ro, r,, rc — correspondingly equivalent loss resistances of uncontrolled and controlled
sections and capacitor C.
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Figure 6. Dependencies of inverter efficiency on the normalized power

Fig. 6 shows the dependence of the efficiency on the relative power calculated
for the same parameters ©2=1.08, Q=2.7, and the equivalent loss resistances are

92 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 2 (110), 2023 https://doi.org/10.33108/visnyk_tntu2023.02


https://doi.org/10.33108/visnyk_tntu2023.0

Anatolii Lupenko, Leonid Movchan, Ivan Sysak

ro=r, =2,5 Q, r.=0,05 Q. As can be seen from this figure, when the relative power is
reduced from 100% to about 10%, the efficiency decreases slightly and only at powers
lower than 10% it drops sharply. Thus, the inverter provides effective regulation in a wide
power range.

One of the conditions for the ZVS of transistors is to ensure a positive phase
shift between the voltage and current of the transistor. Let's find the expressions for
these phase shifts through the real and imaginary parts of the expressions for the complex
powers of each of the sections. The complex power of the uncontrolled section is equal
to:

E2
7t QZ, (1-0%7)- jg

. Q . 2
sinp+2—+ j{1-cosep—2Q
o )

1 .
§0 = E Enlo = (17)

The phase shift between voltage and current in an uncontrolled section can be
determined through the arctangent of the ratio of the imaginary part of expression (17) to
its real part, namely:
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The complex power of the controlled section is equal to:
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The phase shift ?» between voltage and current in the controlled section is equal
to:
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According to expressions (14), (16), the dependences of the phase shift ¢o and
phase shift ¢, between voltages and currents on the phase shift ¢ for different values of
the Q factor, respectively, in the uncontrolled (Fig. 7) and in the controlled (Fig. 8) sections
are constructed. These dependences agree well with the results obtained in [24]. As a result
of the computational experiment, it was established that at frequency values Q<1.08
the phase shift ¢, in the control section becomes negative, and therefore, ZVS is lost.
Therefore, in the two-section converter, the switching frequency should not be greater than
this value.
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voltage and current in uncontrolled section on the voltage and current in controlled section on the phase
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The second condition of ZVS is the provision of a time delay between the closed states
of the transistors, sufficient for the charge-discharge of their parasitic capacitances [13, 14].

Verification of analysis results. Based on the results of the analysis, a procedure was
developed for calculating the parameters of the converter, which satisfies the specified values
of supply voltage E, power P and voltage Vo in the load. The calculation procedure is described
for converter with the following data P=60 W, E=110 V, Vo0=26 V, namely:
1) Load resistance R =V /P =11.3Q; 2) let us assume that transformer turn ratio is n=4; 3)

by expression (2), we determine the equivalent load resistance of the inverter Ri=223 Q; 4) the
amplitude of the voltage across the resistor Ri: Vi, =2PR = 167 V; 5) the maximum value of the

transfer function M, =Vin/ E,, =2.39; 6) take 2 =1.08; 7) from expression (9) we find
Q=2.81; 9) assuming the resonance frequency f,=100 kHz the inductance is determined
L = 2R, /(27 f,Q)? = 265 uH; 10) the capacity is determined C =2/ (w?L) =19.1 nF.

Using the PSIM 9.0 program, the simulation of DCRC with the parameters calculated
above was carried out.

Vi

200
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-100
-200

Vo
30

20
10

0.00892 0.00894 0.00896
Time (s)

Figure 9. Simulation results: upper trace — resonant capacitor voltage; down trace — load voltage
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Table 1

Results of calculation and simulation of output voltage for various phase shifts

. Output voltage Vo, V
¢0) Calculation Simulation
0 25.98 26.31
30 25.10 25.36
60 22.50 22.78
90 18.37 18.65
120 12.99 13.23
150 6.72 6.86
180 0 0.09

The results of simulation for shift ¢=0 are presented in fig. 9, namely: the upper
oscillogram is the voltage across the resonant capacitor (amplitude Vi=169 V); the lower
oscillogram is the output voltage (Vo=26.31 V). Table 1 shows the results of calculation and
simulation at different values of the shift ¢. Thus, the obtained simulation results are in
good agreement with the results of the analysis.

The conducted analysis can be extended to multi-section resonant inverters
with phase power control. The issue of rational selection of the operating frequency at
which the ZVS of transistors is guaranteed in the entire power range of the converter,
as well as the study of ways to increase the efficiency of the converter, require further
research.

Conclusions. A steady-state frequency-domain analysis of two-section resonant
DC-to-DC converter with phase power control have been given. The maximum power
of converter occurs during in-phase operation of the inverter sections. The inverter
provides a wide range of power regulation in the load from maximum to zero when
changing the phase shift between sections from 0 to 180°. The efficiency of the
converter slightly decreases in the range of powers from 100% to 10% and only at
powers less than 10% it drops sharply. At the same time, a change in the phase shift
between the sections causes a change in the phase shift between the voltages and
currents in its sections, which can put the inverter into capacitive mode of operation.
Therefore, to ensure zero voltage switching of transistors it is necessary to select the
operating frequency of the inverter by conducting a computational experiment at which the
phase shifts between voltages and currents are guaranteed to be greater than zero. The
conducted analysis can be extended to multi-section resonant inverters with continuous
phase power control.
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V]IK 621.314

AHAJII3 IBOCEKIIMHOI'O PE3OHAHCHOI'O IEPETBOPIOBAUYA
HAIIPYT'HU 3 ®PA3OBUM PET'YJIIOBAHHAM INOTY/KHOCTI

Amnarouiii Jlynenko; Jleonix MoBuan; IBan Cucak

Tepnoninbcokuu Hayionanrbhuu mexHivHuu ynigepcumem imeni leana Ilynios,
Tepuonins, Ykpaina

Peziome. Poboma npuceéauena auanizy  BUCOKOEPEKMUBHO20 — 0B0CEKYINIHO20 — PE3OHAHCHO20
nepemeopiosaya NoCMitiHoi Hanpyau 3 Pa3o08uM pecyio8aHHaM HOMYICHOCMI 68 WUPOKOMY OIanasoni npu 1o02o
pobomi na cmaniii yacmomi. Kooicna i3 ineepmopnux cexyiti nepemeopiosaia 6UKOHaHa 3a cxemoio napaneabHo2o
PE30HAHCHO20 HANIEMOCHOB020 [HBEPMOPA HANPY2U 3i CRITbHUM iX PE3OHAHCHUM KOHOEHCAmMOPOM, AKUU Yepes
Mpanchopmamop, UNPIMASY i3 CepeOHbOI0 MOUKOIO i 321A0NCYBANLHUL Pilbmp Ni0 '€OHAHO 00 HABAHMANCEHHSL.
Insepmopmny yacmumny nepemeopiogaya po32iaHymo AK SpaHutHuil UNadok 0aeamocekyiino20 pe3oHaHCHO20
ingepmopa, 8 AKoMy 00HA 13 CeKyill € ONOPHOI0, GIOHOCHO GUXIOHUX IMNYIbLCIG SAKOI 30IUICHIOEMbCA Pe2yt08anHs
@azoeo2o 3cy8y euxionux imnyavcie inwol cexyii. Yacmoma xomymayii nepemeopiosaua € NOCMIUHOW0, WO
NOKPAULYE 11020 eIeKMPOMASHIMHY CYMICHICIY Y NOPIBHANHI 3 NEPEmEoPrO8auamMy 3 YACHOMHUM Pe2YTIO8AHHAM.
AHaniz BUKOHAHO MeMOOOM OCHOBHOI 2apmoHniku. Bcmanoeneno ananimuuni eupasu 0 KOMNIEKCHUX HANPYe ma
cmpymie y 0box cekyiax nepemeopiogaua. OmMpumano pezyuosanrbHy Xapakmepucimuky — 3aiedHCHiCmb
NOMYJHCHOCMI nepemsoprosaya 6i0 azos020 3Cy8y MidC IMRYIbCAMU HANIBMOCIOBUX IHBEPMOPHUX CeKUYil.
Posenanymo numanus pobomu mpaH3ucmoprux Kiouie cekyill y pexcumi ix KomMymayii 3 Hy1b08010 HANPY2OI0.
Dazosuil 3cy8 MIdNC CEKYIAMU NpU pPe2ylo8AHHI NOMYNCHOCMI GNIUSAE HA (PA308ULL 3CY68 MIdC Hanpyeamu i
cmpymamu y 1020 cexyisax, wo Modce nepesecmu ineepmop 8 emuicruil pexcum pobomu. Tomy npu npoexmyseanni
nepemeopiosaua 015 3a0e3nedenus KOMymayii Kuouie npu Hynbogil Hanpy3i neoOXiOHo WAAXOM NPOeedeHHs.
00UUCTIOBATLHO20 eKcnepuMenmy eubpamu poboyy 4acmomy iHeepmopa maxoio, 3a Akoi ha3osi 3cyeu Mixe
HAanpy2amu i cmpymamu € 2apanmogano oineuiumu 6io nyis. Ilpoananizoeano sanesxicnicme KK/ nepemsopiosaua
6i0 nomyocnocmi. Iloxasano, wo KK/ nesnauno smenutyemvcs npu 3MeHUIEHHI NOMYICHOCMI 6 WUPOKOMY
dianazomi nomysjcrhocmel i auuie na nomyxcHocms,x menwux 3a 10% 6io maxcumanvhoi, pisko naoae. [Iposedero
sepuikayio 3anpPoNnoHO8AHO20 AHANI3ZY WUIAXOM IMIMAYIUHO20 MOOENO8AHHS CXeMU Nepemeopsaid 3d
oonomozor PSIM-npoepamu moodenioganns npucmpois cunogoi enekmponiku. Pesynemamu mooeniosanns 0obpe
V32000/CYIOMbCA 3 PE3YTbMAMAMYU AHATLIZY.

Knrwuosi cnosa: 0socexyiiinuili pe30HAHCHULL NepPemeoprosay, KOMymayis Npu HYIb08ill HAnpysi,
nomyoicHicms, gpazose pecynosanns, KK/J.
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