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Abstract- In the field of using renewable energy such as the PV system, the batteries are connected to the buses with bi-
directional DC-DC converters for ensuring a stable energy supply. Therefore, the bi-directional power conditioners have a key
role in renewable power systems. In this paper, bi-directional LLC resonant converter as the power conditioner is proposed.
The ac analysis and operating characteristics of bi-directional LLC resonant converter are investigated. Finally, experimental
results are shown to confirm the validity of the proposed converter.
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1. Introduction

With the depletion of fossil fuel reserves and the
increase in pollution, renewable energy systems such as the
PV system have been carried out. In these applications, the
batteries are connected to the buses with bi-directional DC-
DC converters for ensuring a stable energy supply.
Therefore, a bi-directional DC-DC converter is one of the
most important topics for power electronics [1, 2]. The bi-
directional DC-DC converter tends to require high efficiency,
low noise and small size etc. The LLC resonant converter is
one of the profitable converters to achieve above demands,
because of soft-switching operation and simple circuit
construction [3-6]. Fig. 1 shows the circuit diagram of bi-
directional LLC resonant converter.

In the analysis of the LLC resonant converter, the
Fundamental Harmonics Simplification technique (FES) is

usually used. So far, the detail analysis of the LLC resonant
converter for forward operating mode has been discussed.
However, the reverse direction mode of the LLC resonant
converter is less well argued so far, and its operating
characteristics have not been clarified yet. This paper
presents the ac analysis of bi- direction modes by using FES
method.

2. Analysis of Resonant Topology

The operating characteristics of resonant network can be
evaluated by AC analysis based on the FES method. And it is
analyzed by using the f-matrix. The ac equivalent model of
the bi-directional LLC resonant converter is shown in Fig. 2

[7].
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2.1. AC analysis of Forward Direction Mode

When forward direction mode, the f-matrixes are
multiplied from left side of ac equivalent model.

Forward direction mode Reverse direction mode
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Fig. 1. Bi-directional LLC resonant converter.
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Fig. 2. AC equivalent model of LLC resonant converter.
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The load resistance R, which connected between port 2-
2’ of AC equivalent model of the converter is converted AC
equivalent resistance as follows ;

8
Rac=—RL
d 2

From eq. (1), the operating characteristics of forward
direction can be derived as following equations of (3)-(5).

1 SLm(SZLrCr +1)

Zo_F= ©)
- 2 2(Lm+Lr)Cr+l
5 3Ly Cr+52(Lim-+Ly )Crn®Rac-+sLm-+n?Rac 4)
in_F=
- $2LnCr+n2Cy Ryc
2
s“LmCrnRgc (5)

$3UmLrCr+s?(Lm+Ly )Crn2Rac-+sLm+n°Rac

Output impedance: Z, g, Input impedance: Zj, ¢ and
Voltage conversion ratio: Mg

Fig. 3 shows the impedance characteristics and the
voltage conversion ratio of forward direction mode using eq.
(3)-(5). As shown in Fig. 3 (a), the two resonance peaks of
output impedance appear at fsr (series resonant peak) and fpr
(parallel resonant peak). On the other hand, only one
resonance peak appears between fsr and fpr in the input
impedance. One of the advantages of LLC resonant converter
is soft switching operation (ZVS turn-on of primary side
switches and ZCS turn-off of secondary switches). In order

to achieve the soft switching operation,
frequency range should be set optimal.

the switching

For the ZCS operation of secondary side switches, the
range of switching frequency fs is fs<fsr. Moreover, the
range of switching frequency fs is fs>fzin (fzin : peak
frequency of input impedance) for ZVS operation of primary
side switch network. Hence, the range of switching
frequency for soft-switching operation (ZVS & ZCS) is
fzin<fs<fsr.
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Fig. 3. Operating characteristics of the forward direction
mode.

As shown in Fig. 3 (b), the peak of conversion ratio of
forward direction mode is dumped at heavy load, and the
peak frequency is sifted to high frequency side. The
movable range of the peak frequency is fpr<fs<fsr. From
analysis results, in the forward mode, the operating
characteristics depend on load resistance and resonant
parameters largely.

2.2. AC Analysis of Reverse Direction Mode

When reverse direction mode, the f-matrixes are
multiplied from right side of ac equivalent model.

10
{vzHl o} g ] (6)
In reverse direction mode, the rectifier operation

becomes voltage doubler. Therefore, the AC equivalent
resistance is derived follows ;

=)
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Rie=—Re 7)

From eq. (6), the circuit characteristics of reverse
direction mode can be derived as following equations of (8)-
(10). Output impedance: Zo_R, Input impedance: Zin_R and
Voltage conversion ratio: MR

2
sTLCr+l
7 — r~r
0_R=gc. ®)
1 SsLerCr‘FSZLmCrRac‘FSLm
Zin_R: 2 (9)

n Sz(Lm+Lr )Cr+SCrRac+l

M, =

1 SCF Rac
. (10)

s’L,C, +sC R, +1

Fig. 4 shows the impedance characteristics and voltage
conversion ratio of reverse direction mode using eg. (8)-(10).
As shown in Fig. 4 (a), only one resonance peaks appears at
fpr in the output impedance. On the other hand, there are two
resonance peaks appear at fsr (series resonant peak) and fpr
(parallel resonant peak) in the input impedance. The
frequency of all resonance peaks of both impedance do not
depend on load resistance. In reverse direction mode, the
frequency range of fs>fsr is good for soft-switching
operation (ZVS turn-on of secondary switches). Fig. 4 (b)
shows the voltage conversion ratio of reverse direction mode.
As shown in Fig. 4 (b), the peak frequency does not change
from fsr. Also, the peak voltage conversion ratio does not
change, and does not depend on load resistance as well.
Furthermore, the voltage conversion ratio does not depend on
magnetizing inductance due to eq. (10).  Hence, operation
near the series resonant frequency fsr is good range for
reverse mode.

3. Analysis of Circuit Operation

In this section, the circuit operations of the forward
direction mode and the reverse direction mode are
investigated in detail, respectively.
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Fig. 4. Operating characteristics of reverse direction mode.

3.1. The circuit operation of forward direction mode

The key waveforms and operating states of the forward
direction mode are shown in Fig. 5 and 6, respectively. The
operating switching frequency is between the series resonant
peak fsr and the peak frequency of input impedance fzin in
this case. In a half switching cycle, the operation of the LLC
resonant converter for forward direction mode can be divided
into six states [8-11].

State 1 - This state begins when MOSFET Q, turn off.
During this period, the current id1 flowing through MOSFET
Q: is negative, and it discharge Qi parasitic capacitor to
ensure ZVS operation. This state will be end with the voltage
of MOSFET Vg being zero and the voltage of MOSFET
Vs2 being the power supply voltage Vin.
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Fig. 5. Operation waveforms of the converter (forward
direction mode).
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Fig. 6. Operating mode of LLC resonant converter (forward
direction mode).

State 2 - The current id1 flows through the body diode
of Q1 in this state. This state will be end when the gate signal
of Q1 is inputted.

State 3 - This state starts when Q; turns on under the
zero voltage. The drain current of Q, flows from reverse side
because of negative resonant current. The energy stored in
the inductance Lr and Lm and the resonant capacitor C, is
fed back to the input terminal, discharging C,. This state will
be end to the resonant current reaches to magnetizing current.

State 4 - When the resonant current reaches to
magnetizing current, the diode D1 turns on. In this state,
power is fed back to the input side and power is inputted to
the output side. This state will be end with the current iy, of
Q1 being zero.

State 5 - This state starts when the resonant current i,
direction is reverse to positive. The current iy flowing
through Q; become positive. The energy is supplied from the
input terminal, charging C.,.

State 6 - This state starts when the resonant current
equal to magnetizing current. The current iy; flowing through
D1 become zero. The energy flows from the input terminal,
charging C, and the inductance L, and L.

For the next half switching cycle, the operation is same
as analyzed above.

3.2. The Circuit Operation of Reverse Direction Mode

The key waveforms and operating states of the reverse
direction mode are shown in Fig. 7 and 8, respectively. The
operating switching frequency is higher than the series
resonant peak fsr in this case. In a half switching cycle, the
operation of the LLC resonant converter for reverse direction
mode can be divided into five states.

State 1 - This state begins when MOSFET Q, turn off.
During this period, the current id1 flowing through MOSFET
Qs is negative, and it discharge parasitic capacitor of Q, to
ensure ZVS operation. This state will be end with the voltage
of MOSFET Vg being zero.

State 2 - The current id1 flows through the body diode
of Q, in this state. The gate signal of Q; is inputted to turn on
Qj under the zero voltage.

State 3 - This state starts when Qy turns on under the
zero voltage. The drain current of Q; flows from reverse side
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because of negative resonant current. This state will be end
to the resonant current reaches to magnetizing current.

State 4 - When the resonant current reaches to
magnetizing current, the diode D; turns on. The drain current
of Q, flows from reverse, continuously. This state will be end
to the resonant current reaches to zero.
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Fig. 7. Operation waveforms of the converter (reverse
direction mode).

Ve 1Q,

|diodeT _ *

+ -
Vids2

Vis1 Jllin

v

gsl

Vo —

UV

.

+

a1

(a) Circuit diagram of the converter
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Fig. 8. Operating mode of LLC resonant converter (reverse
direction mode).

State 5 - This state starts when the resonant current i,
become positive. The current ig; flowing through Q; become
positive. The energy is supplied from the input terminal,
charging the capacitor C, and is outputted to the output
terminal through D;.

For the next half switching cycle, the operation is same
as analyzed above.

4. Experimental Results

In order to clarify validity of operating characteristics of
forward and reverse direction modes, the prototype circuit is
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implemented. The circuit parameters and specifications are
shown in Table 1. In this case, the resonance peak fpr and fsr
are around 150kHz and 270kHz, respectively.

4.1. Forward Direction Mode

The output voltage characteristics are measured as
shown in Fig. 9. As shown in Fig. 9, the gain peak frequency
of voltage characteristics is changed by load resistance.

Table 1. The circuit parameters and specifications.

Value
Signs Parameters Forward mode Reverse
mode
Vi Input voltage 48V 12V
Turns ratio of
n 3
Transformer
Ln Magnetizing inductance 37uH
L, Leakage inductance 16uH
C, Resonant capacitance 22nF
50
45 PN == 400hm
40 [\ ~—300hm-|
=200hm |

%35 /Fk

&30 \ Y ==100hm

§ 25 Y
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o

515 3 -

E e . m
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100000 150000 200000 250000 300000
Switchign Frequency (Hz)

Fig. 9. Voltage gain of forward direction mode.

The peak frequency shifts to high frequency range at
heavy load, and the peak value of gain curve decrease at
heavy load. These characteristics are the same as analytical
characteristics. Figure 10 and 11 show the experimental key
waveforms of forward direction mode. The operating
condition is 20W load. In this case, the switching frequency
is 200 kHz and 300 kHz, respectively. From experimental
verifications, the operating frequency range for ZVS
operation is fzin<fs<fsr.

4.2. Reverse Direction Mode

The output voltage characteristics are measured as
shown in Fig. 12. As shown in Fig. 12, the gain peak
frequency of voltage characteristics is not changed by load
resistance, and the slop of gain curve is decreased at light
load. In this case, the peak frequency is around 270kHz.
These characteristics are the same as analytical
characteristics. The peak value of voltage gain is slightly
changed because the voltage drop is changed by load current.
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Fig. 10. Experimental waveforms of the converter operating
at 200 kHz (fs < fsr)and 20W load for forward direction
mode.
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Fig. 11. Experimental waveforms of the converter operating
at 300 kHz (fs = fsr)and 20W load for forward direction
mode.
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Fig. 12. Voltage gain of reverse direction mode.
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Figure 13 and 14 show the experimental waveforms of
the converter operating for reverse direction mode. From Fig.
13, the converter operates under ZVS operation when the
converter operates at resonant frequency fsr. Also, turn-off
surge voltage of switches is close on zero. From Fig. 14, the
ZVS operation is confirmed when the converter operates at
upper resonant frequency. However, when the converter
operates at other frequency except in resonant frequency,
turn-off surge voltage of switches is occurred, because the
current phase of rectifiers shifts depending on switching
frequency.

Vo RPN
0>E : N g
Li
| ' S 1 Vg : 10V/div
o o . 1 Vg : 20V/div
0> Iz : 2A/div
Vak : : :
. ol 1. Ve : 100V/div
Iy, 2A/div

ldioge P : M Vak : 20V/div
0= : ol lgiode - 2A/div

Time : lus/div

Fig. 13. Experimental waveforms of the converter operating
at 300 kHz (fs = fsr)and 100W load for reverse direction
mode.
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Fig. 14. Experimental waveforms of the converter operating
at 350 kHz (fs > fsr)and 100W load for reverse direction
mod.

5. Conclusion

In this paper, operating characteristics of bi-directional
LLC resonant converter is presented. This paper presents
operations and ac analysis of the converter by using FES
method. Impedance characteristics and voltage conversion
ratio of bi-directional LLC resonant converter is confirmed.
Moreover, the circuit operations of bi-direction mode are
investigated in detail. From experimental results, it is
confirmed that the voltage conversion characteristics are
similar to analytical characteristics. From experimental
waveforms, the soft-switching operation is confirmed.
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