ACTA TECHNICA CORVINIENSIS - Bulletin of Engineering
Tome VI (Year 2013) - FASCICULE 1 [January-March]

IS5N 206 7-3809

" Branislav DOBRUCKY, % Mariana BENOVA, > Slavomir KACSAK

ANALYSIS OF LCTLC RESONANT CONVERTER QUANTITIES

FOR DIFFERENT OUTPUT

":3- DEPARTMENT OF MECHATRONICS AND ELECTRONICS, UNIVERSITY OF ZILINA, SLOVAKIA
2 DEPARTMENT OF OF ELECTROMAGNETIC AND BIOMEDICAL ENGINEERING, UNIVERSITY OF ZILINA, SLOVAKIA

ABSTRACT: The paper

ysis, simula
of power resonant converter integrated with LCLC

synthe. 1
lfter HF transformer felgle]

rectifying output. The output voltage of LCTLC in the basic AC direct mode is

sinusoidal one with harmonic distortion rou

possibility of non-symmetrical control of t
over-loaded rectifying mode with DC output is given, as well as transfer and transient

properties analysis,
models confirmed by experimenta

non- lmearlt%/ including.
results of both modes are given in the paper.

% ly 5% in the whole range of the load with
e

converter. A novel detailed analysis of

Simulations based on Matlab/OrCad

KEYWORDS: resonant-mode power supplies, DC/AC converters, LCLC resonant filter

INTRODUCTION

One of the progressive alternative, by which it is able
to reach requested parameters of high power
density, high efficiency and with low EMI/EMC
influence, is LLC resonant converter topology ([13]-
[15], [7]). These converters are developed and
manufactured since 90’s and their topology has many
advantages [13], [14].

Nowadays, targeting increase of power density and
efficiency, the new topologies of resonant converters
are being developed [1], [2], [6], [7], [13]-[16]. Even
those topologies consist of more resonant
components compared to LLC converter. The
magnetic components can be integrated and can have
small dimensions as well as low consumption. These
structures, upgraded with parallel resonant circuit
and with synchronous MOSFET rectifier operated in
inverse regime, can achieve efficiency of 95,5 % with
power density of 95W/in3 and switching frequency up
to 2,3 MHz [1], [13]. A LCTLC resonant converter can
provide both types of AC or DC power supply, and it
is usually used as power supply for either HV
rectifiers (vacuum displays and CRTs, [2], X-ray
devices [8] or fluorescent lamps [1], or HF

cycloconverters or matrix converters [11]).

BASIC TOPOLOGY OF LCTLC INVERTER
The basic scheme of LCTLC resonant inverter is shown

in Figure 1.
Ly Cy T :
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Figure 1. Block scheme of LC TLC resonant inverter
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It consists of input supply, LC series resonant filter
(with parameters L{; and C;), HF transformer (HV or
normal MV), and LC parallel resonant filter (L;; and
C;) and multifunction output. The HF transformer can
also be connected after the LCLC filter, if necessary.
A. Input supply possibilities

Basically, input supply of the LCTLC can be
considered by three ways, i.e.:a) full-bridge DC-AC
inverter, b) half-bridge one with centre type of the
DC source,c) DC-DC buck converter.

B. Multifunction output possibilities

Output of LCTLC can be loaded by simply RL load -
direct AC output or rectified RL load - rectified DC
output, respectively, Figure 2a, b or AC output
with variable or constant frequency LV, Figure 2c.
Other possibility is connecting of cycloconverter or
matrix converter to the LCTLC.
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Figure 2. Basic connections of LCTLC output
C) Proposed connection of LCTLC resonant inverter
The basic scheme of proposed LCTLC resonant
inverter is shown in Figure3. It consists of DC/DC
buck converter, LC series resonant filter (with
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parameters L;; and C;), HF transformer (HV or normal
MV), and LC parallel resonant filter (L,; and C;). The
HF transformer can also be connected after the LCLC
filter, if necessary.
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Figure 3. Basic scheme of proposed LCTLC resonant
inverter

DIRECT AC OUTPUT MODE ANALYSIS OF LCTLC
INVERTER

The following analysis is oriented, contrary to [2],
[17] on design analysis of LCLC components,
investigation of transfer- and transient properties,
and also influence of non-linearity of inductors. Since
the input voltage of LCTLC uy(t) involves certain DC
component voltage this component has been omitted
due to series capacitor, and investigated circuit are
sup-posed to be supply by AC rectangular voltage

Figure4.
L=~ C2
T RL

Figure 4. Equivalent scheme of LCTLC circuit
with R-L load
The parameters of the HF transformer [2], [17] are
included into resulting component parameters, and
then:
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Using suitable numerical method or directly Matlab
functions the time waveforms of the quantities of
LCTLC inverter can be obtained, Figure 5.

When input Upc voltage is varying then RMS value of
fundamental harmonic will be also varied. To be
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constant the asymmetric control of duty cycle of S1,
S2 has to be provided [9], [12].
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Figure 5. Simulated waveforms
of LCTLC inverter (p.u.)
A) LCLC Elements Design Synthesis Criteria
From the different point of view one can obtain:
O minimum voltage and current stress of the storage
elements in the steady-state |Z,1;| = |Z¢c121;q=1
O minimum total harmonic distortion: THD< 5 % (we

need to know the
characteristic)

O minimum voltage and current stress of the
accumulate elements in transient states (we need
transient analysis).

Resonant frequency of L;, C; and L;, C, should be the

same as basic fundamental frequency of the

converter and is requested by load demands. So,

based on Thomson relation [18]

impedance frequency

o 1T 1
© L1C1 LZCZ
or, respectively
1 1
Lw., = =Lw, = 3
e res C1 e wres C2 ( )

wherew;,s is equal 2 ztimes fundamental frequency of
the converter. Theoretically, @el; and other
members of (3) can be chosen from wide set. Not to
exceed nominal voltages and currents of the
accumulative elements we take value of the nominal
load |Z,|. Then whereq,, q.quality factors are ratio
of impedance of components L;, C; or L,, C, to the
nominal load impedance.

_ P 1
1= 2
wresU1 q1 (4)
P
¢ = : q
2 2
wres U2
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Figure 6. Output voltage of LCLC under load
disconnection in the middle of half period [18]
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B) Transient analysis of LCTLC

Analysis was done in works [4], [9]. Transient
phenomena were simulated for two sets of filter
parameter values: basic values of the filter
parameters (i.e. quality factor q (Q) of the filter
equal one), and for quality factor equal two, when
resonant reactances (w.sL) and capacitances (1/ wesC)
are equal 2-multiply of the nominal load |Zy|, Figure
6.1t is possible to simulate transient phenomena with
considering non-linear function L = f(i;) as is shown in
[5].

As can be seen in Figure 6 for q; = 0.6 andq, = 1 the
over voltage during load disconnectis+7.5 % regarding
to maximum value of output voltage in steady-state
only. By selecting appropriate values of quality
factorsqq, qythe voltage stresses can be minimized
(<UMnom+5 %)'

Voltage transfer characteristic of LCLC filter U,/U;,
(Bode diagram) is shown in Figure 7.
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Figure 7. Voltage transfer characteristic
of LCLC filter U,/U;

The output voltage at equality of w.s andw, is
almost constant; small difference is caused by
voltage drop on passive resistances of inductor L; and
capacitor C;.
C) Experimental verification of direct AC output
mode
Basic measurement of input and output voltages of
the LCTLC under no load are shown in Figure 8, with
following parameters:L,; = 14.61 uH; L, = 14.61 uH; C;
=99nF; C;=99nF; U=6.00V; ri=0.1Q ;r,=20kQ; f
=132 kHz;JIjLL= 12.EZ_5 Q (full load); L, = 174 uH
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Figure 8. Experimental input and output voltages in no-
load operation. a) input voltage; b) output voltage

Used apparatus and devices:

Signal generator Agilent 33521 30 MHz;

Power linear amplifier Krohn-Hite 7500;

Transformer used: Type Flyback;

Poye =2 W;fr = 132 kHz; L,= 0.6 uH;

Ui2=5-15 Vs (Ni/N;=1:1)

Settings: U;=6V; fsw= 132 kHz.

Results of measurement of input and output voltages

and input current of the LCTLC are shown in Figure 9.
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Figure 9. Experimental results: input and output

voltage under full load

Since the output quantities are in good agree with

simulation ones, the input voltage is due to non-zero

impedance of DC source only 4.4 V (average value)

under full load instead 6 V at no-load.

There are four different topologies for LCTLC with

output rectifier A); B); C); D), Figures 10, 11, 12, 13

for extended analysis in overcurrent loading rectifier

mode.

Topology for positive half-period of input voltage
and positive rectified output

A) Uc, is positive and grater than threshold
voltages of D,, D, diodes, Figure10.

Since uc,voltage is positive (> 2Ur) then all equations
(2a) - (2e) are valid. As a consequence of resonant
phenomena in the circuitry the ucvoltage will cross
zero level when current ic; charges capacitor having
negative polarity:

CH2 2,004

(3)

i, =1, -(,-1)

(R} L1 C’" i|_|_ D1

KR

o —0

Figure 10. Diagram for positive half-period of input

voltage and positive rectified output

B) UC2 is negative and greater than diode
threshold voltages of D2, D3 diodes, Figure 11
When the uc,voltage becomes negative the D,,
Dsdiodes are opening and therefore Eqgs. (2d), (2e)
will be changed into (6a,b):

du,, 1. 1i 1 u +1i (6a)
dt C2 L1 C2 L2 rZCZ c2 C2 LL
di, R,.. 1
A My 6b
dt L "L (6b)
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That means the C, capacitor will be overcharged by
inductors energy back to positive polarity.

iCZ =iLL+(iL1'iL2) (7)
To be negative again (and voltage too) sum of the
currents i 4, i, and has to be negative one. When the
sum on the right side is zero, the capacitor current
ic;becomes zero (and voltage uc; too).

if i,=zi,+i, then i,<0 (8

The process can be repeating periodically until
fulfilling of above condition or can be finish after one
period depending on inductors energies. These

circumstances are depicted in Figure 12.
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Figure 11. Positive half-period but negative uC2
voltage

After fulfilling of condition (8) the i, current stays

nearly constant (see both Figures 12a and 12b).

Interesting is that during steady-state the ‘zero

voltage’ period will be placed symmetrically to T/2-

axis (see Figures 15a,b and 16b).

input voltage
input current

150 ———————F——————————

| | | | | output current
! ! ! ! ! capacitor current
100 : : : : L capacitor voltage
| | | | I inductor current
3 ! ! ! ! | output voltag
=) O T N __oulput woltag
S - I L | /
£ -~ < - — 7 v/
g | R N N
g | | | | SN
o s0b---L L _L__ Ll
> | | | | N -
| | | | NG T
| | | | [N |
A0 ---F---r---r---rp -~ T T %
| | | | | | "
| | | | | | |
-150 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
time (p.u.) a)

03 Sus l0us 15
B §(Dl:C,D3:A) ¢ V(Vl:+,0) © -I{CZ}*100 I(L2)*100% -I(R3)*100* I{R1}*100 wc].:zb)

Figure 12. Time waveforms during uc, crossing zero a)
using MatLab, b) using OrCAD environment

Topology for negative half-period of input voltage
and positive rectified output

The similar processes will be doing during negative
half-period of input voltage.

C) Uc, is negative and greater then threshold
voltages of D,, D; diodes

] L1 g, ||_| 'iL? ||_|_

: - C,
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.

Figure 13. Diagram for negative half-period of input
voltage and positive rectified output

D) Uc; is positive and greater then diode threshold

voltages, Figure14.

The length of zero rectified voltage depends on

following factors:

O loading of the rectifier; greater load cause
longer zero voltage

O ratio of L, and L, inductances (parameter of
LCTLC circuit)

O value of i s at instant of uc, voltage zero crossing

O time constant of the load (ratio L,/R;)

'LT L1 cl

RS I TR )

Figure 14. Negative half-period but positive uC2
voltage

Note that ‘zero voltage’ period can also occur under
normal operation of LCTLC depending on its
parameters, and almost always during overloading.
On other hand, the mechanism causing ‘zero voltage’
has also a benefit: it restricts overcurrent due to
decreasing of output rectified voltage average value
as shown in Figures 15a,b and 16b.
Experimental Verification of Extended Analysis in
Overcurrent Loading Rectifier Mode of LCTLC
Following parameters have been used for simulation
and experimentation: L, = L, = 14.60 uH; C; = C; = 99
nF; Ri=12.25Q; L, = 174 uH
Transformer used: Type Flyback P, = 2 W; fr = 132
kHz; L,= 0.6 uH; Uy ;=5- 15 Vs (Ni/Ny = 1:1)
Signal generator type of: Agilent 33521 30 MHz
Power linear amplifier type: Krohn-Hite Model 7500
Schottky diodes BAT 41: 0.45 V/Tj = 25°C(1V/200 mA)
Settings: U; = 5V, foy = 132 kHz, R, = 12.25 Q (full
load) - 6.15 Q (2-fold overloading).
There are shown overloading waveforms in Figures
15a and 15b - simulation, and in Figure 16b -
experimental verification, at steady-states with
nominal R-L load (‘cose’ = 0.8).
Verification of rectifier mode at steady-states with
pure resistive load is presented in Figure 16a.
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Figure 15. Simulation experiments for overloaded
rectifier mode: in Matlab (a) and OrCad (b)

environment
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Figure 16. Rectifier mode under R load (a)- and

overloaded rectifier mode under R-L load (b) of

LCTLC - oscilloscope view

As one can see from achieved results the output
voltage is not constant but depends on value and
character of the load. Using asymmetrical control
[9], [12] is possible to control of output voltage or to
hold it on constant value. Dependency of
fundamental harmonic of uy(t) input voltage on

control anglep or duty cycle, respectively is given by
relation:

UiO) 2 - teos(e).....t= 2sin ) 19
where control angle pfis equivalent to the width of
pulse.

The voltage (its fundamental harmonic) is then trans-
formed throw the resonant LC circuit to the output
of LCTLC convertor. Using simply control voltage loop
the output can be regulated in the range from zero
up to maximum value (2/-UpcN¢/Ny; where N;/N; is
transformer ratio).

Using controlled rectifier with MOSFETs instead of
Schottky diodes could be also possible a classical
phase shift control.

Another way how to control of output voltage is to
use voltage transfer function of LCTLC which gain
depends on used switched frequency - that means:

frequency control.
There has been described in the paper two modes of
LCTLC converter:
O direct AC (HF) mode,
O rectifying DC mode (with output SD or MOSFET
rectifier).
At the first one the LCTLC converter with HF output
mode is used as power supply source of high
frequency voltage for industrial applications (e.g.
hardening of materials, demagnetisation in bearing
production). Quality of the output voltage is very
high, total harmonic distortion can be lesser then 5%.
The second mode of LCTLC uses Schottky diode or
MOSFET rectifier for DC output. This mode with
Schotky diode was intensively analysed in the paper
mainly regarding to overloading when occurring ‘zero
voltage’ period in output voltage.
Both modes are verified by Matlab ‘equational’
simulation, OrCad circuital simulation, and by
experimental testing with good results. The analysis
results showed very good transfer and also functional
properties of LCTLC:
O output voltage is stable and constant, practically
independent on the loading,
O during overloading a ‘zero voltage’ period is
gene-rated; output voltage decreasing, and
consequently output current is restricted.
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