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Optimal Design for LCL-SRC Type

, _ Adel M. Dakheel
Electrical Engineering Department-University of Basrah

Abstract

The LCL Series Resonant Converter (LCL-SRC) type offer nearly load- independent output
voltage under some operating conditions . By this way the output voltage can be regulated against
o wide load and line variations with a small variation of switching frequency.

In this paper a simple method for optimization of LCL-SRC is presented. This method takes
the stored energy as a theoretical index to obtain the minimal size of the converter inductors L
and L, which contribute significantly to the converter size and weight.

The R,.-method for the analysis of resonant converter is discussed. This method was found
fairly accurate for operation above resonant [frequency.
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1.introduction

At the preseni time ,the series and
parallel resonant converters are very popular
converter circuits used for high: frequency
applications. They offer many potential
advantages over the conventional pulse width

medulation (PWM) power converters , such

as reduced component stresses , less

electromagnetic interference (EMI) problem ,
smaller sizg;md lighter weight [1]. Because
of their high efficiencies and power density

,series resonant converter (SRC) are widely
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used throughout the aerospace industry. But
this topology does not have load independent
output voltage under some operating
conditions . This paper proposed a novel type
of LCL series resonant converter (LCL-SRC)
with an approximately load independent
output voltage under some operating
conditions. Therefore, the output voltage can
be regulated against wide load range and line
variation of switching frequency.
Furthermore ,the load-independent operation

occurs in the lagging input-current mode,
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which is the most preferred ‘mode of
operation of a resonant converter. The price
for these advantages is the form of the shunt
inductor Ly .that adds some size and weight
to the converter.
Figure(1) shows a half-bridge LCL-
QRC. In the design of the converter, a
suitable chmce of switching frequency (and
therefore s the resonant frequency on which
the resonant components depend),full quality
factor Q—woLllRL,where w, is the resonant
frequency and Ry is the foad resistance, and
the ratio of shunt —to-serics inductance
(K=1o/ly) are required.  These three

quantities indicate the performance of the

converter.
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Fig.1. Half bridge LCL-SRC Type

Conventionally, the procedure for the
design of the converter will be simplified if a
mathematical relation for optimal condition
expresses them. In this paper a simple
method for optimization of the LCL-SRC is

roposed.
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2.LCL-SRC Resonant  Converter
Analysis

The classical ac-analysis techniques
will be used to derive the characteristics of

LCL-SRC type the resonant component has

“the effect of filtering the higher harmonic

voltages so that , essentially ,a sine wave of

current appears at the input of the resonant

 ¢ircuit[2] and by this method we can replace

the transformer, rectifier and . filter by
equivalent ac-resistance. From Fig2, the
LCL-SRC uses a capacitive output filter and
therefore drives the rectifier with a current
source. In this case the a.c. source current and

the output currents are,

1 (rms) = —=1, (1)

22

2‘/_ SN2 (rms) )

2
I o = '—_]f’ =
i
where Ip is the peak value of the input
current and I is the output current. A square
wave voltage appears at the input to the

rectifier with

E, (rms)= ;’\’/—_5 E, 3)

where E, is the output voltage

For this case the equivalent ac-resistance is

given by Is A QVQ

Fig.2. Drive Rac model
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'Rac =7 'RL (4)
The DC-gain of the converter is derived from
Fig.3 as: - |
L C
_._NY'Y\-{ |
B , |
Vi Lz Rac VO

Fig.(3) Ac equivalent circuit for LLC-SRC

1 SLR,

Z,=8L +—=+ (5)
SC SL,+R,
otz
V, erl
B S'LR.C
SLLC+S'(LCR,_+LCR)+SL,+R_
6)
where 7, = —Tofte %)
SL,+R,,
\
define K =—‘iri
Ll
w L '
Q — 01
R, >
W, = -z = 2, ®)
LC
Z, = J
C

Where Zy is.the characteristic impedance
Equation (6) can be rewritten as

H
)
R (T
8 w, AW, 8 Aw,

Equation (9) can be plotted for a certain
inductor ratio and for different quality factor.

Figure(4) shows the DC gain plotted against
S

F (F normalized switching frequency=7s)

for K=2 and for two different quality factor
Q=0.05 and Q=0.5. From this figure, it can
be noted that the converter operates over
load

switching frequencies near the series resonant

nearly independent DC gain for

frequency.
0.6 T , |
Q=0.05-------
Q=0. §
04 T T -]
M(F) e

N /

0
0.5 1 F 2

Fig.4 DC-Gain in LCL-SRC for K=2

Figure(5) shows the DC gain plotted for K=5
for two different quality factor Q=0.05 and
Q=0.5.
For

independent vanishes. Therefore, the normal

higher quality factor the load

choice of operating frequency is equal to

frequency the resonant

1
= e =2 s
(w, LC )

frequency for the specified operating

condition.
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Fig.5 DC-Guin in LCL-SRC for K=5

Figure(6) shows DC gain variation in SRC
from this figure we can note that there isa
very poor regulation in this type of converter
and for any disturbance in the switching
frequency the output voltage changes also in
a high range. This problem is disappeared in

LCL-SRC.

Q=4 ——

M(F %
0.5 - i .y

Fig.6 DC-Gain for SRC

3.Current taken from the source as a
function of quality factor

The current taken from the source can be
taken as a factor of efficiency estimation for
the converter . Figure (7) shows this relation

as a function of quality factor for the SRC

2.5

Q)
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shows the current taken from the source as a
function of quality factor for the LCL-SRC it
can see that the current decreases as the
quality factor increases. therefore the
efficiency in LCL-SRC type becomes higher
for lower values of quality factor this is
because the losses will increase as the source
current increases ,the main part of losses are
the heat and conduction losses [4] and these
types of losses are associated with the source

current.

0.6 ,

Fig.7 Current taken from the source as a

function of quality factor in SRC

4.0Optimization of the two inductors
The physical size of an inductor is
indicated by the area product . quantity
associated with the energy of the inductor E.
The current density and peak flux density
govern the area product. For a specified
operating condition these factors are fixed,
thus one can use the energy as a theoretical

index of the physical size of an inductor.

When compared this figure with Fig.8,which |
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Fig.8 Current taken from the source for

LCL-SRC as a function of quality

Sactor

In this section a simple method for
optimization of the LCL-SRC is proposed to
obtain the value of quality factor Q for a
given K at w=w, ,s0 that the sizes of
inductors Ljand L; are minimum.

The total energy stored in inductors Ly and L,

is

1 1
E:EIZIJL] +512L2L2 (10)

Where I, and I, are the inductors currents.
So to find the currents in the first and second
inductors we can use circuit analysis to find
the normalized current in the first inductor

as[5]

I i HES
" T [%i]gx(%j +u+1<)[i}z +(i;)[: )QK +1

(11)

replacing each S by jw, ,the normalized
current in the first inductor is

2 \ll ) ((ﬂ—;]"g)z

IPRE - e (12)

and the normalized current in the second
inductor

%)
22 W,
l.’.IH = _;;__ 3 3 3 2
Pl BT
8 w, w, 8 Aw,
(13)
Putting each S=jw,
22 1
IIL2n|=—;T—E (14}

Substituting eq.(12) and eq.(14) in eq.(10)
yields

1+K+ ((f—z]QK}
8 2 V.

K*Q 7' w,R,

4]

& =

where V; is the input voltage. Defining base
energy as

2 ¥
E, = == : 16
b 7[2 Wo RL ( )
the normalized energy is given by
2 2
1+K +[(%]QK} |
£= an

K'Q

Figure(9) shows the variation of the stored
energy in the two inductors as a function of

quality factor.

_____________,____,_________._.___.-—.——-—-———--—-———-1-—
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Fig.9 Stored energy in the two inductors as
a function of quality factor

It can be conclude that for a given inductor
ratio and 2 certain value of quality factor the
stored energy will be minimum and this value
of quality factor can be compared from
eq.(18) as

8 JVI+K
Qﬂpﬁ:? K

(18)

For lower values of K the curve has smooth
curvature and conversely for higher values of
quality factor there is a sharp curvature in the
curve at the optimum value of quality
factor[5].
5 . Choice of the inductor ratio

The formula of Eq.(18) give the
optimum value of Q, which is a function of
K. therefore, to complete design of LCL-
SRC, the proper choice of K is a must. There
is no clear out demarcation between a good
and bad - choice. It governed by the
rcquirements and specifications of a circuit.
If Kis hlgh the mrcmt tends to become as
convention SRC . By this way we get better
part-load .efﬁcwrrcy, ‘but the regulation
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requires wide. range of frequency variation.

. On contrary the lower value of inductor ratio

_ will force the system to loss: the part ~load

efficiency , but" the required frequency
variation is significantly lower.

From eq.(18) which give the optimal value of
quality factor in eq.(12)and eq.(14) yields

zfm

] = (19
2.( Jl + K
l Rﬂc’l = K (20)
Dividing eq.(19) by eq.(20) yields
I
AL 2+K 1)
I 1+k
At no load condition and from eq.(14)
2V2 1
!ILZIJ‘I = (22)

nK

Therefore , the per unit-redugtion in the
inverter output current from full load to no

load is given by

R(Ky=1~ (23)

1
V2+K
The efficiency of the converter is indicated
from the inverter current at full load ,
Q=Qopti- Equation(23) can be plot to depicate
the load efficiency of the converter as shown
in Fig.10. From this figure it can be noted
that inductor ratio increases, the inverter
output current decreases and the per-unit
reduction in the current increases. By

acknowledgment  of such information a
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better full load and part-load efficiency for
higher values of K can be realized. However
the required frequency variation for the
regulation of output voltage against line and
load variation also decides the value of K. In
practice , the converter load can vary from
no-load to full load ,and the input-line
voltage can vary within the range usually
specified.
6.Design of the proposed LCL-SRC
The design of the proposed converter
is  performed with the

requirements:

following

200

5 Amp (input)
0.5 Amp (output)

100 Watt

2 4 6 8

Fig.(10) Normalized inverter output current
and the per unit-reduction from full

-load to no load as a function of K

Half bridge configuration is chosen for fow
output power . K=5 is chosen for higher part
~load efficiency and to limit the frequency

variation for regulation. For K=5 the

proposed method gives Quui=0.4. at the
specified minimum the load value of Q is
0.004 the DC-gain can be plotted for these
specification. When the quality factor equal
to 0.4 and 0.004 .Also in this figure there are
two levels of DC-gain Mpa and Mpig
corresponding to the maximum line voltage
and minimum line voltage. The nominal DC
gain is Mp, =0.56 . It can be seen that for the
specified line and load wvariation ,the
switching frequency needs to be varied by
0.7 from w, .

04 1 r

Vol Vi
T~

M
T
e
}

Fig.(11) Normalized output voltage for the

proposed converter

The natural frequency may be selected to be
90 kHz and the circuit element can be
summarized as in Table(1)

__Table(l)

=Proposed Yalue

90KHz
0.1pF

L, "3127pR

I - .0.156pH
N| 2N2 1:10
Switching Frequency 0.7w,

Variation :
Total Energy(mJ) 0.3
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7.Conculution :

The method of designing LCL-SRC
with optimal sizes for inductors is presented.
Simple and fast method concerned to take the
energy stored in the two inductors as a
theoretica! index to obtain their
sizés.

A comparison between conventional
QRC and the proposed converters  is
presented , this comparison shows that the
proposed converter has many advantages as
compared with the conventional one as in
that it has smaller size, light weight and
solves the inherent disadvantages of the
conventional type.

Design examples is given 10 show the
performance of this converter, with a

specified optimal design condition as given

in table.1
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