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Abstract: Analysis of two-section resonant DC-to-DC converter with phase power control, which is the basis
of the matrix LED light source driver is carried out. Two-section converter is considered as a boundary case of the
multi-section converter with one controlled section and other uncontrolled sections. Analysis is carried out by the
fundamental harmonic approximation method. Analytical expressions for complex voltages and currents in the
converter sections are determined, its control characteristic is obtained. It is shown that the converter power can be
controlled within the range from the maximum value to zero. The problems of operation of section transistor switches in
their zero-voltage switching mode is considered. The verification of the proposed analysis by means of converter
simulation is carried out. The simulation results are in good agreement with the analysis results.
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1. Introduction

Matrix LED light sources are becoming widespread in modern lighting systems, due to their high light output,
the ability to create powerful lighting systems, long service life, small size, ease of implementation of lighting devices
for both indoor and outdoor lighting [1]. They make it possible to build high-quality dimming energy-efficient lighting
devices. Matrix LED is powered by drivers - power electronics devices that form a comfortable electromagnetic
environment for both matrix LED and electrical network. The main stage in the chain of power conversion in such
drivers is a DC-DC converter with controlled output voltage (current) to operate the matrix LED. Therefore, the
investigation of approaches to the design of such DC-DC converters is of great interest to the scientists.

2. Analysis of the available investigations

A considerable part of investigations of DC-DC converter for LED drivers is devoted to DC-DC converters
with pulse width modulation (PWM) control. The driver with Buck-Boost converter which simultaneously performs the
function of power factor correction of the driver is considered in paper [2]. In papers [3, 4], a Buck converters which
operate in a wide range of input voltages are considered as a LED drivers. In paper [5] a Flyback converter and in paper
[6] a modified SEPIC-converter are considered as well. The main disadvantage of PWM converters is relatively low
efficiency due to switching losses in power switches. Since the switching losses are proportional to the switching
frequency, the operating frequencies of such converters are relatively low, which restrain the improvement of their mass
and volume parameters.

In papers [7, 8] drivers of LED light sources with resonant DC-DC converters are considered. Such converters
have a high efficiency due to low switching losses in power switches (“soft” switching) and better electromagnetic
compatibility. Thus, in paper [7] the driver is implemented on the basis of a half-bridge resonant inverter, but such
driver does not provide light source dimming, which limits its use by individual lamps. In the driver [8], a full-bridge
resonant inverter with wide range power control by means of changing the phase shift between the rectangular pulses of
the inverter arms is used as DC-DC converters. This driver is well suited for controlling of matrix LED in high-quality
lighting systems, but its maximum power may be limited by the power of transistor switches and magnetic components.
In order to remove this limitation, we can apply the approach proposed in paper [9], which consists in the parallel
operation of N (N - number of sections) individual half-bridge resonant inverter sections on a common load. The
maximum power of such inverter is proportional to the number N of its sections. The power control in such inverter is
carried out by changing the phase shifts between rectangular pulses in individual sections.

In this paper, two-section (N=2) resonant DC-DC converter with phase power control is analyzed as a
boundary case of multi-section resonant inverter [9]. A similar two-section converter is considered in paper [10], but in
its analysis it is assumed that phase shifts of the resonant sections are mutually opposite and identical in modulus, which
complicates the application of such analysis for multi-section converters, where phase shifts in inverter sections can be
arbitrary (non-identical) and independent of each other. In multi-section DC-DC converter, only one section can be
taken as reference (unregulated), relatively to which the phase shifts of other (regulated) sections are controlled. Then,
by switching off the “redundant” sections of multi-section converter, it is possible to realise a step-continuous phase
power control which provides less ouput LED power with a smaller number of sections, making it possible to increase
the efficiency of the multi-section converter at medium and low power [11].
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In this paper, such approach is proposed in the analysis of two-section DC-DC converter as a boundary case of
multi-section DC-DC converter with phase control, for its further development in the analysis of multi-section resonant
converter with arbitrary number of sections.

The objective of the paper is to investigate the parameters and characteristics of two-section resonant DC-
DC converter, made on the basis of two half-bridge resonant inverter sections, while ensuring constant operating
frequency.

Statement of the problem. Two-section resonant converter is shown in Fig.1. Each of its sections consists of
half-bridge inverter on transistors VT1, VT2 (VT3, VT4), the which outputs are connected to parallel resonant capacitor
C by means of coupling capacitors Cs and inductors L and the primary winding of transformer 7. Half-bridge voltages
at nodes 41 and A are periodic rectangular pulses (Fig. 2), shifted by controlled angle p=0-+x rad. The amplitude of
these pulses is equal to the supply voltage E, and their duty-cycle is close to 0.5. Almost sinusoidal alternating voltage
of the resonant capacitor C is applied to the rectifier through the transformer T with transformer turns ratio n. The
rectifier output voltage is supplied to the load R (LED matrix) through the filter LC.
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Fig. 2 Output voltages of half-bridge
sections

Fig. 1 Two-section resonant converter

Let us analyze the inverter by means of fundamental harmonic approximation, taking into account the filtering
properties of the resonant circuits.
Statement of basic materials. The equivalent circuit of two-section inverter is shown in Fig. 3.
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Fig. 3 Equivalent circuit of two-
section inverter

In this circuit, the half-bridge square-wave sources are represented by fundamental harmonic voltage sources.
The complex amplitudes of these voltage sources in reference and controlled sections are equal relatively to:

E =25 E =Ee. 1)
T

The inverter effective load resistance R. in Fig. 3 is the resistance of rectifier loaded by matrix LED reduced to
the transformer primary winding. The effective resistance Re. of the center-tapped rectifier (Fig.1) with ideal
components is determined by the expression [12]:
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Switching and conductive losses in transistors and losses in inductors in each section may be taken into
account by resistances r, and losses in the capacitor by resistance r¢ (Fig. 3). These losses are considered to be
significantly less than the power in the load, so these losses are neglected in order to simplify the analysis.

The parameters of the inverter and the relationship between them are shown in Table. 1: wq is resonant
frequency; w is the inverter operating frequency; Z, is characteristic impedance of resonant tanks; Q is quality factor; Q
is relative operating frequency (the ratio of the inverter operating frequency w to the resonant frequency wo).

Table 1
Inverter parameters and the relationship between them
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The impedance at nodes a, b (Fig. 3) is equal to:
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The complex voltage amplitude at nodes a, b is represented by the following expression:
2 .
>E 0, E, - ! +E, e - ! -
TP - = 1 1QZ, J1QZ, E l+cosp—jsing @)
~ab T 2 5 R - :
Zgi+l 2 - 10 d (1—!22)+j9
i Z 1QZ, QZ,

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

U ab max 1
Mlmax = E | = ’ (5)

RERE

U, max| is the modulus of the maximum value of the complex voltage (4).
The quality factor of the resonant tank, which provides the maximum output voltage is equal to:

where

M, Q
Q — Imax = ) (6)
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The phasor of current |, of the reference section is equal to:
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The phasor of current of the inverter controlled section is described by the following expression:
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The phasor of current 7. of the resonant capacitor is represented by the expression:
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The phasor of inverter output current (in effective resistance Re) is equal to:
_Us _ 2E l+cosgp—jsing (10)

L. R, 7Qz, j(l—QZ)—%

Using expressions (7 + 10) the dependences of normalized amplitudes of the currents 1., 1,, 1,, I, (reduced

to factor 2%2 ) as a function of a phase shift are calculated and shown in Fig. 4. The inverter parameters are Q=1.08
0

and Q=2.7.
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Fig. 4 Normalized amplitudes of the currents Fig. 5 Inverter normalized power versus phase
versus phase shift shift

The inverter power is determined by the following expression:

u,l. 2
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Maximum power of the inverter (at ¢=0) is as follows :
_ 2E° 2 (11)
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The dependence of the inverter normalized power p = % on the phase shift is shown in Fig.5. The inverter

power is regulated within the range from 100% to 0 when changing the phase shift whithin the range from 0 to 180°.
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The complex power supplied by reference section is equal to:
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The phase shift between voltage and current in the reference section is equal to:
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The complex power supplied by control section is equal to:
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The phase shift ¢, between voltage and current in the control section is equal to:
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According to expressions (13), (15) the dependences of the phase shift po and the phase shift ¢, between
voltages and currents relatively in the reference (Fig. 6) and controlled (Fig. 7) sections on the phase shift ¢ between the
sections at quality values Q=1, Q=3, Q=5 are shown. These dependences correspond to the results obtained in paper
[10]. As a result of the computational experiment, it is determined that at frequency values ©2<1.08, the phase shift ¢,
in the controlled section becomes negative at some interval of phase shift ¢,. Therefore inverter turns into capacitive
operating mode and transistor zero-voltage switching becomes lost. Thus, in the case of two-section converter, the
switching frequency should not exceed this value.

The efficiency value 7 is determined by the following expression:

(16)

where 1o, I, are the amplitude (or current) values of the inverter currents .
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Based on the carried out analysis, the parameters of the driver with two-section resonant voltage converter for
power supply of EPSX-VF88 LED matrix are calculated. The matrix has nominal voltage 26 V and current 2.3 A. The
converter is implemented on IRF730 transistors and MBR10100 diodes. The converter input voltage is £=110 V; the
transformer turns ratio is n=4; operating frequency is f=110 kHz; inductance is L=239 pH; the capacity of the resonant
capacitor is C=17.5 nF.

Simulation of the converter is carried out by means of the circuit simulator MicroCap-10. The simulation
model is presented in Fig.8. In this model, the LED matrix EPSX-VF88 is replaced by resistor R=11.6 Q. In order to
take into account the losses in the inductors, 0.5 Q resistors are connected with them in series.
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Fig. 8 The simulation model

The simulation results are presented in Fig. 9, that is: the upper oscillogram is voltage on the resonant capacitor
(amplitude is 156 V); the middle oscillogram is voltage (26 V) on the LED matrix; the lower oscillogram is converter
efficiency (0.96). The simulation results are in good agreement with the results of the analysis.

The carried out analysis can be extended to multi-section resonant inverters with continuous phase power
control in one regulated section and step control by switching off the redundant sections when the inverter operates at
medium and low power. Further research is required for the rational choice of the inverter operating frequency, at which
the transistors zero-voltage switching is ensured in the entire converter power range.
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Fig. 9 Simulation results

3. Conclusions

The maximum inverter output power occurs during in-phase work of inverter sections. The inverter provides a
wide range of power control in the load from the maximum value to zero when changing the phase shift between
resonant sections from 0 to 180°. At the same time, the change of the phase shift between the sections causes the change
of the phase shift between voltages and currents in its sections, which can turn the inverter into capacitive operating
mode. Therefore, to ensure zero voltage switching of transistors in the whole power range, it is necessary while
designing the inverter to select the inverter operating frequency in such a way that the phase shifts between voltages and
currents are greater than zero by performing the computational experiment. The carried out analysis can be extended to
multi-section resonant inverters with continuous phase power control with one controlled section and step control by
switching off the redundant sections when the inverter operates at medium and low power.
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