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Abstract

The Objective of this paper is to give more insight into CCM Operation of the LCL Converter to obtain op-
timum design using state-space analysis and to verify the results using PSPICE Simulation for wide variation
in loading conditions. LCL Resonant Full Bridge Converter (RFB) is a new, high performance DC-DC con-
verter. High frequency dc-dc resonant converters are widely used in many space and radar power supplies
owing to their small size and lightweight. The limitations of two element resonant topologies can be over-
come by adding a third reactive element termed as modified series resonant converter (SRC). A three ele-
ment resonant converter capable of driving voltage type load with load independent operation is presented.
We have used embedded based triggering circuit and the embedded ‘C’ Program is checked in Keil Software
and also triggering circuit is simulated in PSPICE Software. To compare the simulated results with hardware
results and designed resonant converter is 200W and the switching frequency is 50 KHz.

Keywords: Continuous Current Mode, High-frequency Link, MOSFET, Zero-Current Switching, Resonant

Converter

1. Introduction

In Converter applications solid-state devices are operated
at very high frequency. So the switching losses are more
than the conduction losses [1] and it becomes a major
cause of poor efficiency of the converter circuit [2,3].
This leads to the search of a converter that can provide
high efficiency [4], lower component stress [5], high
power, high switching frequency, lightweight as well as
low cost and high power operation [6]. In order to keep
the switching power losses low and to reduce the prob-
lem of EMI, the resonant converter is suggested
[7-9].

The resonant converter is a new high performance
DC-DC converter [10]. A resonant converter can be op-
erated either below resonant (leading p.f) mode or above
resonant (lagging p.f) mode. The most popular resonant
converter configuration is series resonant converter
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(SRC), parallel resonant converter (PRC) and series par-
allel resonant converter (SPRC). A SRC has high effi-
ciency from full load to very light loads [11,12]. Where
as a PRC has lower efficiency at reduced loads due to
circulating currents [13,14].

The limitations of two element resonant topologies can
be over come by adding a third reactive element, termed
as modified SRC. SRC has voltage regulation problems
in light load conditions [15,16]; to over come this prob-
lem the modified SRC is presented. The LCL-resonant
converter using voltage source type load has nearly load
independent output voltage under some operating condi-
tions [17]. These converters are analyzed by using
state-space approach. Based on this analysis, a simple
design procedure is proposed. Using PSPICE software
simulates the LCL-Resonant Full Bridge Converter. The
proposed results are improved power densities in air
borne applications.
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2. Modified Series Resonant Converter

A Series Resonant Full Bridge Converter (SRC) modi-
fied by adding an inductor in parallel with the trans-
former primary is presented. This configuration is re-
ferred to as an “LCL Resonance Full Bridge Converter”.
A three element (LCL) Resonance Full Bridge Converter
capable of driving voltage type load with load inde-
pendent operation is analyzed. In such a converter has
load independent characteristics, there is no analysis or
design procedure available. It is shown in this project
that these type of converter requires a very narrow range
of frequencies control from full load to very light loads
and can operate with load short circuit while processing
the desirable features of the SRC. The resonance con-
verter operating in the above resonance (lagging power
factor) mode has a number of advantages (e.g. No need
for lossy snubbers and di/dt limiting inductors). There-
fore, the proposed converter configuration in the above
resonance mode, State-space approach is used for the
converter analysis. A modified SRFB Converter with
capacity output filter has been presented.

3. Circuit Description

The resonant tank of this converter consists of three re-
active energy storage elements (LCL) as opposed to the
conventional resonant converter that has only two ele-
ments. The first stage converts a dc voltage to a high
frequency ac voltage. The second stage of the converter
is to convert the ac power to dc power by suitable high
frequency rectifier and filter circuit. Power from the
resonant circuit is taken either through a transformer in
series with the resonant circuit (or) across the capacitor
comprising the resonant circuit as shown in Fig.1. In
both cases the high frequency feature of the link allows
the use of a high frequency transformer to provide volt-
age transformation and ohmic isolation between the dc
source and the load.

In Series Resonant Converter (SRC), the load voltage
can be controlled by varying the switching frequency or
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by varying the phase difference between the two inverts
where the switching frequency of each is fixed to the
resonant frequency. The phase domain control scheme is
suitable for wide variation of load condition because the
output voltage is independent of load.

The basic circuit diagram of the full bridge LCL reso-
nant converter with capacitive output filter is shown in
Figure 1.

The major advantages of this series link load SRC is
that the resonating blocks the DC supply voltage and
there is no commutation failure if MOSFET are used as
switches. Moreover, since the dc current is absent in the
primary side of the transformer, there is no possibility of
current balancing. Another advantage of this circuit is
that the device currents are proportional to load current.
This increases the efficiency of the converter at light
loads to some extent because the device losses also de-
crease with the load current. Close to the resonant fre-
quency the load current becomes maximum for a fixed
load resistance. If the load gets short at this condition
very large current would flow through the circuit. This
may damage the switching devices. To make the circuit
short circuit proof, the operating frequency should be
changed.

The filter circuit has some disadvantage. It is a ca-
pacitor input filter and the capacitor must carry large
ripple current. It may be as much as 48% of the load
current. The disadvantage is more severe for large output
current with low voltage. Therefore, this circuit is suit-
able for high voltage low current regulators.

4. State — Space Analysis

4.1. Assumptions in State Space Analysis

The following assumptions are made in the state spare
analysis of the LCL Resonant Full Bridge Converter.
1) The switches, diodes, inductors, and capacitors used
are ideal.
2) The effect of snubber capacitors is neglected.
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Figure 1. DC- DC converter employing LCL full bridge operating in CCM.
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Figure 2. Equivalent circuit model of LCL RFBC.

3) Losses in the tank circuit and neglected.

4) Dc supply used is smooth.

5) Only fundamental components of the waveforms

are used in the analysis.

6) Ideal hf transformer with turns ration n =1.

The equivalent circuit shown in Figure 2 is used for
the analysis. The vector space equation for the converter
is:

X =AX +BU (1)
i, 0 (-VL) 0
i Vcs = 1/ Cs 0 0 + Vcs(t )
dt| .
i, o 0 0

Table 1. Different mode of operation.
Mode m n So id
1 +1 +1 ON >0

2 0 +1 ON >0
3 -1 +1 ON >0
4 +1 -1 ON >0
5 0 -1 ON >0
6 -1 -1 ON >0
7 0 - OFF 0
8 +1 - OFF 0
9 -1 - OFF 0

The sum of the zero input response and the zero state
response.

X®=[o®) [X(©)1]1+L" (¢ (s) BU ()] @)

The transition matrix

o) = L [o (9)] ®)

= L' [(SI-A) -1] )
(ST-A)=S;+S &2

=S (S, + d2) a0

where &=1/VLC
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i,,(1)

£, (1)

where m and n take values as shown in Table 1 repre-
senting different modes of continuous and discontinuous
conduction.

However, in the discontinuous conduction mode 7, the
converter operates like a simple SRC with resonant fre-
quency, fo and ir=ig,. It is interesting to note that in all
six continuous conduction modes, the voltage Vip is
clamped and the current iy, is independent of the other
two state variables. As a result, the 3™ order matrix (1)
can be reduced to second order equation for which the
solutions are readily available [2].

The state equation describing period tp_; <t <tp

mVg = Ls (di y/dt) + nVo-Vc ?2)
(diLy/dt) = (m/Ls)Vg — (nVo/Ls) — (1/Ls)Ve (3)
(dVey/dt) = (1/Cs) irs “@
(dip,/dt) = (nVo/Lp) 5)

State matrix: X = AX + BU

(m/Ls) (—n/Ls)

0 0 Ve
Ve ©)
0 n/Lp
S —SIC 0

Adj[SI-A]=| SiLs S$* 0

0 0 S'+d°
S =8/IC 0
= ! S/Ls S’ 0
S(S* + &%)
0 S’+a’
S/IS*+a&’ —1Cs(S*+ad*) 0
HS)=| VLs(S* +&*)  SKS*+&*) 0
0 0 /s
cos it —sindyt/Csey, 0
P(t)=| sincyt/Ls &, cos dt 0
0 0 1

<. Zero state response, = L [(¢ (s) B [U (s)]]
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SIS* +é&* —1Cs(S*+@*) 0 || m/Ls —n/Ls| | Vg/S (mVg—nVo)Zossina (1—1,_,)
=L VLs(S*+&*) SIS’ +d*) 0 0 0 = | mVg—nVo[l—cosd(t—t, , )]
0 0 /8 0 n/Lp VolS Vol/Lp(t—t, )
xO=[ ¢®[x()] + L'[$()BUE)]]
i, (t) cosayt(t—t, ;) sing (t—1, )/Lsay 0 i (t=1,,) (mVg —nVo)/Zossina,(t—t, )
Ves(t) | =| —sin, (1 -1, ,)/Csa, cos & 1(z-¢,)) 0 Ves(t=t,,) |+| mVg—nVo[l-cosa (-1, )]
i, (?) 0 0 1 i, (t—1,) nVo/Lp(t—t, )
I 14(t) =cos d1 (t-t,1) ILs(tp-1) + (sin & 1(t-t,1) / Ls d1) VCs(t,.1)+ (( mVg-nVo) / Zos) sin @ (t-t,.1) an)
I 1o(t) = I (1) cos[@d1(t - t,.)] + [((mVEg —nVo —Ves (t,.1) / Zos ] sin[@os(t - tp-1)] (12)
Ves(t) = ips (tp-1) Zos sin [Mos (- tp.1)]  +(m Vg -nVo) [1-cos d;(t-ty.1)] + Ves (t,.1) cos [@;(t-ty.1)] (13)
iy () =i, (tpy) T (n/Lp) Vo (t-ty,) (14)
where, t,; is the time at the start of any, ccm. t, is the time at the end of the same ccm.
Similarly, the solutions for the discontinuous conduction mode are: irs = ir.
(1) = ipp(t) = ips (tp1) cos [do (t—t ) ]+ [(mVE-Ves (t,.1) / Zo) sin( t - t,1)] s)
Ves(t) = s (t51) Zo sin [do( t - t,.1)] + mVg[1-cos[do(t - t-1)]] + Ves(ty.1) cos (o (t -t 51)] (16)
where D is the duty cycle= 1 /(Ts/2)
From Mo equation, it can be concluded that the output 2) Minimum input voltage =100V
voltage is not dependent on the load resistance and con- 3) Minimum output voltage =125V
verter gain follows a sine function. These results are 4) Maximum load current =16A
completely validated experimentally by plotting the 5) Maximum overload current — =4A

variation of Mo with duty ratio. At the optimum normal-
ized switching frequency f,,, m, is independent of varia-
tions in the load resistance for all pulse widths. The de-
viation increases with reducing values of load resistance
or increasing values of load current for the given voltage.
This arises because of sensing resistance of 0.5 Q used in
series with the resonant element for monitoring its and
also finite resistance offered by diodes and MOSFET’S
in conduction. In order to maintain the output voltage
constant at desired value against the variations in the
load resistance and supply voltage variations, the pulse
width has to be changed in a closed-loop manner. How-
ever, the required change in pulse width to maintain con-
stant output voltage against load variations and constant
input voltage is very small.

5. Design Procedure
5.1. Design: (Operating Switching Frequency =
50khz)

It is desired to design the converter with the following
specifications:

1) Power output =200W
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6) Inductance ratio (K;) =1
The hf transformer turns ratio assumed to be unity.

The load resistance:
R = Maximum output voltage / maximum output current.

=100/1.6
=62.5
= 63Q
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Figure 3. Variation of voltage gain with the duty ratio.
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The input rms voltage to the diode bridge:
V) =22V, /n 17
The input rms current at the input of the diode bridge
=[z/2N2 11, (18)
The reflected ac resistance on the input side of the di-
ode bridge is
R, =V,/1,

Vi /1, = (2N2V/z) 1 (21242 1,
:(2x/§V0x2x/§ )/72'><7r><[0
Voll, =8V, /nl,
For maximum power output

L./Ci=8R, /7

19)

20

21
=8x75/n’
=60.8Q2

Since the switching frequency is 50 KHz

12JL 1 C =50%10°
JL, =60.8JC:
JE =L, 1608
12 /L, x\JL, /60.8=50x10°

60.8/27xL_=50x10°

22

from this

11
fy =1 2G| @3)
L =185uH
Cs =0.052uF

From the availability of the capacitors, is in chosen as
0.05uF.The inductance Ls is obtained as 202uH. In the
experimental setup, the actual inductance used is 200uH,
which is close to the designed value.

6. Simulation of LcLResonant Full
Bridge Converter

The simulated circuit of LCL Resonant Full Bridge
Converter is shown in Figure 4.

Power MOSFET, are used as switches M1, M2, M3
and M4 in the converters for an operating frequency of
50KHz. The anti parallel diodes, D1, D2, D3 and D4
connected across the switches are not need because they
have inherent anti-parallel body diodes. The forward
current and the reverse voltage ratings of the diode are
the same as the current and voltage ratings of the MOS-
FET. The internal diode is characterized by forward
voltage drop and reverse recovery parameters like a dis-
crete diode.

The resistor, inductor, capacitors, the power diodes
and the power MOSFET’S are represented by their
PSPICE Model. MOSFET IRF 330 is selected as the
switching device which meets the peak current and volt-
age requirements.

185uH

Mo M “
i Oz fEra

W = Oy H4800 WA = 0 H
WE= v - W2 = 10w | -
T0=0 Wi TO=1
TR = .1n: TR = .inZ'
TF=.1ns_L TF = .1nz

Py = 1.95us Py = 1,950
PER = EDUS_TD PER = 20uz|

— L
T 100de
M 0 il 04
& o

W = Oy H4500 RFED | TN4500
=10 |l J -] W= Oy -
TO =10z [\3 LRI LY
TR = .1n: =0
TF = .1ns TR = .1nz

P = 1.95us TF =.1nz
PER = 20z | Py = 1 Bduz

PER = 20us
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Figure 4. LCL resonant converter circuit.
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READ
ab.cdl

‘ ASSIGN a,d FOR PORT 0

ASSIGN b,c FOR PORT 1

—

‘ PORTO=1,PORT 1=0

¥
| DELAY FOR 2US I

¥
| PORTO=0,PORT 1=1

‘ DELAY roa 218
I |

Figure 5. Flow chart for embedded controller 89C51.

DIN 4001 is chosen as the power diode which meets
the requirements. Using the datasheets for the POWER
MOSFET IRF 330 and the power diode — DIN 4001,
given in appendix (A), the various parameters of the
model are calculated and used in the circuit file. The
simulated waveforms of Vi, Vi,, Ve, I, I, Vag and
Vo found to agree with the analytical results to an appre-
ciable degree.

7. About Keil

It is software, which is used to check the embedded C
program and results that whether the program is correct
or not, which is shown in Figure 6.

8. Conclusions

A modified SRC which employs a LCL-Resonant Full
Bridge Converter circuit and operating above resonance
(lagging power factor) mode has been presented. This
converter with a voltage type load shows it provide load
independent operation above the resonance frequency.
So, the switching power losses are minimized. This new
DC-DC converter has achieved improved power densi-
ties for air borne applications. This converter analyzed
by using state space analysis is presented. The LCL
resonant full bridge converter is potentially suited for
applications such as space and radar high voltage power
supplies with the appropriate turns ratio of high fre-
quency transformer. Another good feature of this con-
verter is that the converter operation is not affected by
the non idealities of the output transformer (magnetizing
inductance) because of the additional resonance inductor
LP.

Table 2. Comparison of PSPICE simulation, theoretical & experimental results obtained from the model for a 133W, 50 KHZ

DC-DC LCL resonant converter.

(Ls =185pH, Cs = 0.052 pF, C =0.0087 pF, Lp = 200 pH, Co = 1000 pF, Load L=10pH, E=10V, Input Voltage = 100 V)

Load Resistance Load Current

Simulation Result

Theoretical Results Experimental Results

(Ohm) (ampere) (Volts) (Volts) (Volts)
1 1.5625 127.9 125 127
20 1.556 128.5 125 127.5
30 1.554 128.7 125 128.1
50 1.55 129 125 128.7
100 1.548 129.2 125 129
200 1.548 129.2 125 129
300 1.548 129.2 125 129
400-1K 1.548 129.2 125 129

Copyright © 2009 SciRes.
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From Table 2, it is known that the hardware result for
open loop LCL resonant converter varies from 127 V to
129V. But theoretical result should not go beyond 125V.
So there is a scope for future extension.

The LCL-resonant full bridge converter is simulated
by using PSPICE software. The simulation is carried out
for 120uS which is equivalent to six cycles, and simula-
tion results are obtained. The triggering circuit of
LCL-RFB converter is also simulated by using PSPICE
software. The hardware implementation of triggering

circuit and the power circuit are obtained and the results
are compared to the simulation results.

9. Scope of Future Extension

Analysis, design, simulation and fabrication of closed
loop LCL resonant converter.

Comparison result of open loop and closed loop LCL
resonant converter.

File Edit Project Run  Options Tools Window Help

@

= 2] (7] EEE EE] B

TPRO1.C
#include<reg51.h>
maing{)

{

int a,b,c,d,i;
PA=a,b;

Pi1=c,d;

PO=1;
for{i=1;i<{=200;i++);
PB=0;

P1=1; Source File: PRO1

For{i=1;i<{=200;i++);

3 Object File: PRO1.HEX

Project Status (PRO1.PR1) 5'

=10 %]

Total Time: 00:00:01

Status: Make Successful -- HEX File Created

il

]

Figure 6. Program result for embedded controller output using Keil software.

Figure 7. Prototype model -embedded control of LCL resonant converter.
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Figure 8. Experimental results of gate voltage (X axis represents time in micro seconds and Y axis represents Gate Voltage.
The amplitude is 5V. If M1 & M4 conduct 0-20ps then M1 & M4 are in OFF State. If M2 & M3 conduct 20us - 40ps then M2

& M3 are in OFF State).
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Figure 9. Experimental results obtained from the model for a 133W, 50 KHZ DC-DC LCL Resonant Converter output volt-
age =127.5V (Ls = 185uH, Cs = 0.052 pF, C = 0.0087 pF, Lp = 200 pH, R= 2022, Co = 1000 pF, Load L=10pH, E=10V, Input

Voltage =100 V).
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