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Abstract—This paper proposes an improved bidirectional LL.C
resonant topology with a new control scheme. All the switches
in the proposed topology can achieve soft switching. Compared
with traditional isolated bidirectional dc—dc converters such as
dual active bridge converter, the reverse energy and turn-off loss
are reduced dramatically, and the conversion efficiency can be
much improved. With the proposed new control scheme, the power
flow direction and output power of the proposed converter can be
changed automatically and continuously, which is attractive for
energy storage systems to balance the energy and to keep the dc-bus
voltage constant. Performance of the proposed circuit is validated
by the experimental results from a 1-kW prototype. Over 97%
efficiency is achieved at full load condition based on the prototype.

Index Terms—Bidirectional, energy storage system (ESS), high
efficiency, LLC, resonant converter.

1. INTRODUCTION

S energy saving and environment protection become more
A and more important, lots of research efforts have been car-
ried out in order to utilize the energy in a clean and efficient way.
The renewable energy resources, such as photovoltaic (PV) and
wind power, are the most promising ways for clean electric
power generation. However, the intermittent nature of these re-
sources introduces issues like system stability, reliability, and
power quality. Energy storage systems (ESSs) are required to
deal with such intermittent outages for grid-tied and offgrid ap-
plications [1]-[3]. Batteries and super capacitors are the most
popular energy storage components considering the price and
performance. Fig. 1 shows a typical distributed generation (DG)
system with renewable energy resources and ESSs. The ESSs
should have bidirectional power flow capability to store the
excess energy generated by renewable resources, and release it
when the renewable energy is not sufficient or during peak times
of energy consumption [4]-[6]. So, the bidirectional dc—dc con-
verter is a key component in ESSs to enable the bidirectional
power flow.
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Fig. 1. Typical DG system with ESSs.

Generally, bidirectional dc—dc converters for ESSs should
have high-power density, high efficiency, and high reliability.
Various bidirectional dc—dc topologies have been proposed and
studied in the past decades [7]-[27]. For safety consideration,
the galvanic isolation is usually required. Among these isolated
topologies, the dual active bridge (DAB) converter has attracted
lots of research interests due to its simple structure, wide range
soft switching capability, and high efficiency [14]-[21]. The
DAB converter has two bridge type switches in each side of
the transformer, and the phase shift angle between the primary
side switches and the secondary side switches determines the
power flow direction and its output power [14], [15]. However,
it suffers from high reverse energy and high turn-off power
loss which deteriorate the overall efficiency [21]-[25]. A lot of
methods have been proposed to further improve its efficiency
and performance. An improved DAB topology with reduced
reverse energy and simple control scheme was proposed in [21],
but the topology lost the bidirectional power flow capability.
Several control methods with two or more phase shift angles as
control variables were proposed to minimize the reverse energy
in [22]-[25], but the control methods were a little bit complex
and the turn-off loss was still high.

The turn-off power loss is related to the turn-off current,
which can be reduced by operating the DAB topology in res-
onant mode with an extra resonant capacitor, i.e., dual bridge
series resonant converter [26], [27]. However, it can only oper-
ate under buck mode which is not suitable for wide input/output
range applications like ESSs. A new bidirectional SRC for wide
voltage range application with clamped capacitor was studied
in [28], but the topology itself is complex due to the complex
auxiliary circuits.
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Fig. 2.

Proposed bidirectional LLC resonant converter.

Among the resonant converters, the LLC resonant converter
has superior performance compared to the series resonant con-
verter (SRC), especially for buck/boost operation capability,
narrow switching frequency variation range, and higher effi-
ciency [29]-[32]. Most of the researches on LLC resonant con-
verter are focused on unidirectional de—dc applications, and very
little research work on bidirectional LLC resonant converter was
reported in the literature. A bidirectional LLC resonant topology
for vehicular applications was proposed in [33]. The topology
was still a traditional SRC during backward operation, which is
not preferred for wide voltage range application. In [34], a bidi-
rectional CLLC resonant converter with two resonant tanks in
the transformer primary side and secondary side, respectively,
was proposed. The extra resonant tank increased both the cost
and volume of the converter, and the voltage gain was reduced
compared with the traditional LLC converter. Furthermore, it
uses the dead-band control and the output voltage cannot be
regulated continuously. And the current in the output side has to
flow through the body diodes of the switches which may cause
high conduction loss.

This paper proposes a new bidirectional LL.C resonant con-
verter with a new control scheme for ESSs applications. The
circuit diagram is shown in Fig. 2. The detailed operating prin-
ciple is presented in Section II. The theoretical analysis of the
proposed topology is given in Section III. Section IV presents
the experimental results from a 1-kW prototype with 75 V-
130 V input and 400-V output.

II. PRINCIPLE OF OPERATION

The proposed bidirectional LLC resonant converter is shown
in Fig. 2. The energy storage element is in the transformer pri-
mary side and the dc bus is in the secondary side. For bidirec-
tional power flow, two active bridges are adopted in the proposed
topology. It should be noted that a half-bridge structure can also
be used. An extra inductor L,,» is added between point C and
point D.

In this paper, the forward mode means the battery delivers
energy to the dc bus, which is a discharging mode. And the
backward mode is a charging mode. The voltage gain G is the
ratio of dc-bus voltage referred to the primary side to the battery
voltage, which is equal to V,/nV;, where n is the transformer
turns ratio as shown in Fig. 2.

For G > 1, the auxiliary inductor L,,,, resonant inductor
L, and resonant capacitor C,. form the LLC resonant tank, and
the transformer magnetizing inductor L,,; is used to help to
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achieve ZVS for MOSFETs in the primary side. For G' < 1, the
resonant inductor L,, resonant capacitor C,. and transformer
magnetizing inductor L,,; form the LLC resonant tank, and
the auxiliary inductor L,,» is used to help to achieve ZVS for
secondary side switches. If L,, o (referred to the primary side)
is equal to L,,1, the parameters of resonant tank are exactly
the same, and the converter is symmetrical, which means the
operation is also the same.

The control scheme is very important to achieve the desired
characteristics of the proposed topology. The most straightfor-
ward control scheme is turning ON and OFF the primary side
switches and secondary side switches with same switching fre-
quency [35]. The diagonal switches M1/M4 and M2/M3 in the
input bridge are switching with 50% duty cycle and comple-
mentarily without considering the dead time. The gate drive
signals for M5/M8 and M6/M7 in the output bridge are the
same as those for M1/ M4 and M2/M3, respectively, which
can be regarded as the synchronous control. The switching fre-
quency is used to control output power as traditional LLC reso-
nant converter. Thus, the high conduction loss and poor reverse
recovery problem of MOSFET body diodes in the output side
can be avoided. And the current in the output side is always in
continuous conduction mode (CCM) even when the switching
frequency is below the resonant frequency, which is different
from traditional unidirectional LLC converter. Moreover, the
output characteristic such as voltage gain is also different.

The voltage gain of traditional unidirectional LLC resonant
converter with diode rectifier in the ouput side is givenin (1) [36]

G- = ()

VIR = 22 + Q2w — Ly

where k = L,,2/L, is the inductance ratio, Z, = /L, /C, is
the characteristic impedance, f, = 1/27\/L, - C, is the reso-
nant frequency, f; is the switching frequency, x = f,/ f, is the
normalized switching frequency, R, is the equivalent dc-load
resistance, and Q = 72 Z,. /8n? R, is the quality factor.

The voltage gain of the proposed bidirectional LLC converter
with the synchronous control method is given in (2) [35]. The
output current is always in CCM with the synchronous con-
trol method when f; < f,.. And the equivalent output current
has a phase angle ¢ leading to the output voltage. Therefore,
the equivalent load in the fundamental harmonic approxima-
tion analysis model is complex impedance instead of a resistor.
And the phase angle ¢ can be used to represent the impedance
angle of the equivalent output impedance. When the switch-
ing frequency is above or equal to the resonant frequency, the
operation with synchronous control method is the same as a
traditional LLC resonant converter with diode rectifier, and the
equivalent load can also be seen as a resistor, so ¢ is O when

fs = fr 135]
G:

1

. . N2 ‘ .

Q2 (z? 1)
cos p2 a2
@3]
A plot of these two voltage gains is shown in Fig. 3. It is
seen that the voltage gain of the proposed topology with the
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Fig. 4. Ratio of the reverse power to the output power with the synchronous
control scheme.

synchronous control scheme is same as the traditional one when
fs > [, but it is much lower than the traditional one when
fs < f,.Since ¢ will increase with the decreasing of the switch-
ing frequency, the maximum voltage gain is limited due to
large reverse power. The reverse energy exists for the output
voltage and output current are not in phase, which means part of
the energy is transferred back and forth between the output side
and the input side, so the conduction loss will increase. For sim-
plicity, the reverse energy per unit time can also be represented
by the reverse power. The ratio of reverse power P, to the output
power P, is given in (3), which is shown in Fig. 4 [35]. It is
seen in Fig. 4 that the reverse power will also increase when ¢
increases, which means more energy is reversed from the output
side in a switching period, and it will result in higher conduction
loss

Ts
2, lepi(t) eicp:(t)]dt
Pb f@Z?JTS [vepi(t) e icpi(t)]

_ sing — pcosp
== . .
Po [ [uepa(t) e icpi (t)]dt

N 27 cos ¢

3)

From Fig. 4, itis clear that the reverse energy will become very
large when the switching frequency keeps decreasing in order
to get a high voltage gain. And the high reverse energy finally
limits the voltage gain. The dc-bus voltage cannot maintain
when the battery voltage drops during discharging mode due to
limited voltage gain. So, the synchronous control method is not
suitable for bidirectional LLC converter need wide operating
voltage range.
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Fig. 5. Gate drive signals of the proposed control schemes. (a) G > 1.
(b)G < 1.
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Output regulating method using the proposed control scheme.

Generally, for a typical DG system, the dc-bus voltage should
be regulated to a constant value. And the converter should
automatically switch between the discharging mode and charg-
ing mode according to the energy consumed by the load and
generated by the generators. Also, it is preferred that the bidi-
rectional dc—dc convetrer can operate in buck/boost mode due
to the large terminal voltage variation of the ESS.

To meet these requirements, this paper proposes a new con-
trol scheme for the proposed bidirectional LLC topology. With
the proposed control method, the converter is always operating
below the resonant frequency f,.. All the MOSFETS in the con-
verter are switching with same frequency, but the pulse width
of gate drive signals for primary side MOSFETSs and secondary
side MOSFETs are different according to the voltage gain G.

The gate drive signals with different voltage gain are shown
in Fig. 5, in which 7, is the resonant period formed by L, , C,,
and 75 is the switching period, and Fig. 6 shows the flow chart
of how to regulated the ouput power with different voltage gain.
When the output voltage is deviated from the desired value, if
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the required voltage gain is above 1, the on time of secondary
side MOSFETs is fixed to half the resonant period 7,/2 as
shown in Fig. 5(a). The switching frequency increases when the
output voltage is higher than the desired vluae and decreases
when the output voltage is lower than the desired value. If the
desired voltage gain is below 1, the maximum on time of primary
side MOSFETs is fixed to half the resonant period as shown
in Fig. 5(b), and the switching frequency decreases when the
output voltage is higher than the desired value and increases
when the output voltage is lower than the desired value. The
voltage gain, output power as well as the power flow direction
can be regulated by changing the switching frequency in this
way. With the proposed control method, the reverse energy can
be used to achieve G < 1 when the switching frequency is below
fr, so it is not necessary to increase the switching frequency
above the resonant frequency.

The control law is implemented by a DSP TMS320F28335
from TI. The DSP samples the output voltage by its A/D input
and controls the output voltage by changing the register value
for digital pulse width modulation period, which changes the
switching frequency. Thus, the output voltage can keep constant
based on the flow chat shown in Fig. 6.

Figs. 7 and 8 show steady-state waveforms for G > 1 and GG
< 1 ,respectively. When the switching frequency is equal to the
resonant frequency f,, the pulse width of gate drive signals for
all the switches are the same and the voltage gain is equal to 1.
In Figs. 7 and 8, V¢, is the resonant capacitor voltage, i, is the
resonant inductor current, ¢; ,, is the transformer magnetizing
current ¢z, referred to the secondary side, iy,,2 is the cur-
rent through auxiliary inductor L5, %,,4 is the current through
MOSFET M4, and i,,g is the current through MOSFET MS.
In Figs. 7(c) and 8(c),  is the phase difference angle between
the equivalent output current and the equivalent output voltage
as described previously. The reference directions for these volt-
ages and currents are shown in Fig. 2. The relationships of the
currents in a half switching cycle are given in (4) and (5)

Z")77,8 = ir - Z‘LmQ (4)

Tm4

= ir + Z‘Lml/ (5)

where n is the transformer turns ratio.

For G > 1, the output power will increase by decreasing the
switching frequency, and vice versa. This is reasonable since
the on time of secondary side MOSFETs is half the resonant
period, and the operation is similar to a diode rectifier in a tradi-
tional unidirectional LLC resonant converter. By increasing the
switching frequency, the output power will decrease. At a cer-
tain critical switching frequency, the average output current will
be zero. And the output current will be negative if the switching
frequency increases further. Then, the converter is automatically
operating in backward mode (charging mode) with same volt-
age gain. Once the dc-bus voltage is higher than the set point
due to excess energy from the generators, the excess energy will
automatically flow from the dc bus to the battery until the dc-bus
voltage goes back to the initial value again.
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For G < 1, the switching frequency should decrease to reduce
the energy delivered to the output, and vice versa. The reason
is that a decreased switching frequency leads to an increased
reverse energy and the output power will decrease correspond-
ingly. There is also a critical switching frequency for a given
voltage gain GG, at which the average output current is zero. If the
switching frequency is below this critical value, the converter
will operate in backward mode.

The operation of the proposed topology along with the control
scheme is symmetrical for forward mode with G > 1 and back-
ward mode with G' < 1 by simply swapping the input and output
side. So, only the operating principle for G > 1 is analyzed in
this paper.

A i, >0

When energy generated in the distributed system is not suf-
ficient, the ESS (battery) is discharged to deliver energy to the
load, so the output current of the bidirectional converter is posi-
tive. In this discharging mode, the auxiliary inductor L), is part
of the LLC resonant tank and the transformer magnetizing in-
ductor L, helps to achieve ZVS for M1 to M4. This operating
mode is similar to the traditional unidirectional LLC resonant
converter when f; < f,, and there are three operating modes in
a half switching cycle, which are shown in Fig. 9(a), (b), and
(d).

Mode 1 (ty—t1) : The equivalent circuit of this mode is shown
in Fig. 9(a). M1, M4, M5, and M8 turn ON at ¢, with ZVS. The
voltage across the auxiliary inductor L,, o isequal to V,, s0 41,2
increases linearly. Voltage across the transformer magnetizing
inductor L,,; is equal to V}, and its current increases linearly,
too. In this mode, L, resonant with C,. and i, is always larger
than 47,,,2. This mode ends when M5 and M8 turn OFF at ¢,
when 7, is equal to 77,2, S0 M5 and M8 turn OFF with ZCS.

Mode 2 (t1—t2): The equivalent circuit is shown in Fig. 9(b).
The output is disconnected from the resonant tank, and energy
to the load is supplied by the output capacitor. In this mode,
C,, L,,and L,,> form the resonant tank, so i;,,» and i, are the
same. As the resonant period is quite long, 7, will increase very
slowly due to large inductance of L, .

Mode 3 (to—t3): The equivalent circuit is shown in Fig. 9(d).
M1 and M4 turn OFF at ty. ¢, plus ir,,; charge the parasitic
capacitors of M1 and M4, and discharge the parasitic capacitors
of M2 and M3 until the voltage across M1 and M4 reaches the
input voltage, then current in the primary side begins to flow
through the body diodes of M2 and M3. Then, current in the
secondary side begins to flow through the body diodes of M6
and M7, so they will turn ON with ZVS.

B. i, =0

When energy generated in distributed system exactly matches
the load power, the energy transferred between the battery and
the dc bus will be zero. And the steady state waveforms are
shown in Fig. 7(b). There are also three operating modes in a
half switching cycle, which are shown in Fig. 9(a), (c), and (d).
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Mode 1 (to—t1): M1 and M4 turn ON with ZVS at t;. The C. i, <0

equivalent circuit of this mode is also shown in Fig. 9(a). The
secondary side current is positive at ¢,, and then the resonant
begins. This mode ends when M5 and M8 turn OFF at ¢1, which
is also the end of the half resonant cycle.

Mode 2 (t1-t5): i, is still larger than iy, in this mode,
so current in the secondary side will flow through the body
diodes of M5 and MS, and the equivalent circuit is shown
in Fig. 9(c). This mode ends when M1 and M4 turn OFF at
t.

Mode 3 (ty—t3): The equivalent circuit is shown in Fig. 9(d).
In the primary side, the parasitic capacitors of M2 and M3 are
discharged, and the current will flow through their body diodes
once the voltage across M1/M4 reaches zero, so M2 and M3
can turn ON with ZVS in the next half switching cycle. In the
secondary side, current begins to flow through the body diodes
of M6 and M7.

When there is excess energy generated by the generators
in the distributed system, the feedback loop will increase the
switching frequency to reduce the energy from ESS to the load.
If the switching frequency is above the critical value, the aver-
age output current is negative and the converter automatically
operating in backward mode. The steady-state waveforms are
shown in Fig. 7(c). There are also three operating modes in a
half switching cycle, and the equivalent circuits are the same
as those for ¢, > 0, which are also shown in Fig. 9(a), (b),
and (d).

Mode 1 (ty—t1): The equivalent circuit and operation is the
same as that describe in Mode 1 when 7, > 0, the difference is
that 7, is always lower than i7,,» in this mode. According to
(4), the current of M5 and M8 is always negative and energy
flows from the secondary side to the primary side. This mode
ends when M5 and M8 turn OFF at ¢;.
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switching cycle.

Mode 2 (t1—t2): The equivalent circuit is shown in Fig 9(b).
When M5 and MS turn OFF at ¢;, current flows through them
is negative, so it will charge the parasitic capacitors of M5/M8
and discharge the parasitic capacitors of M6/M7. When M5 and
MS8 have turned OFF, L,,s will be resonant with L, and C,.
This mode ends when M1 and M4 turn OFF at ¢,.

Mode 3 (ty—t3): The voltage across M5/MS8 reaches V,,, the
body diodes of M6 and M7 conduct, so M6 and M7 will turn
ON with ZVS in the next half switching cycle. This mode is
almost the same as Mode 3 when 7, > 0, and only the current
direction is reversed, which will not be repeated here.

According to the analysis of operation mode for G > 1, it is
clear that the converter can operate automatically from forward
mode to backward mode. With the proposed gate drive pattern,
the switching frequency modulation can be used to control the
output power and its direction. The operation of the proposed
converter under G < 1 is a dual to that with G > 1, which will
not be elaborated here.
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Fig. 10.  Simulation model of bidirectional operation.

III. CONVERTER CHARACTERISTICS ANALYSIS

Since energy generated in DG system like PV or wind power
always changes, and the load condition may also vary with
time, the bidirectional converter in ESS has to regulate the out-
put power to keep the dc-bus voltage constant. A typical DG
system with ESS (battery) is shown in Fig. 10. The proposed
bidirectional dc—dc converter is used as the interface between
the battery and the dc bus. V), is the equivalent output voltage of
the renewable energy resources, such as PV panels. The resistor
r1 is used to simulate the output characteristics of the renewable
energy resources, the cable resistance of dc bus and parasitic
resistance. D1 is used to simulate the unidirectional energy flow
of the renewable energy resources. V}, is the battery terminal
voltage and V,, is the dc-bus voltage which is also the output
voltage of the bidirectional dc—dc converter.

A. Voltage Gain G

Due to different control schemes, the characteristic of volt-
age gain G is different from the traditional unidirectional LLC
converter. It will be discussed firstly.

When G is above 1, the operating principle is similar to
the traditional LLC resonant converter with the control scheme
shown in Fig. 5(a). So, the voltage gain can also be expressed
by (1).

When G is below 1 with control scheme shown in Fig. 5(b),
though M1 and M4 turn OFF after half the resonant period,
the current will still flow through the body diodes of M1 and
M4 after they turned OFF since the current through M1/M4
is still negative at ¢;. So, the converter is always operating in
CCM mode, which is similar to that with synchronous control
as analyzed in [35]. And the voltage gain can also be expressed
by (2).

The phase shift angle ¢ between the equivalent output current
and voltage given in (2) is a function of switching frequency f;,
the quality factor (), the equivalent load resistance R, , and the
magnetizing inductor L,, 2, and the expression is a transcenden-
tal equation, so it is not possible to get its theoretical solution. In
order to simplify the analysis and get a reasonable engineering
design guide, ¢ is assumed to have quadratic functional rela-
tionship with the equivalent switching frequency x (x = f,/f,),
which is given in (6). The assumption is reasonable because ¢
is 0 when fs; = f,, and ¢ will increase with the decrease of f;
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Fig. 11. Voltage gain. (a) k = 6. (b) k = 4.

and it will not exceed 7/2
(1 —a?)
—

Taking (6) into (2), the voltage gain is approximately derived
as in (7).

Fig. 11(a), (b) show the voltage gain calculated based on (1)
and (7) with different quality factor () and inductance ratio k.
The gain curves for G > 1 and G < 1 are shown in solid line
and dotted line respectively. It is seen that the voltage gain has
two solutions at each switching frequency due to the different
gate drive signals.

Since the converter is always operating below the resonant
frequency, the reverse energy is used to achieve voltage gain
below 1 like synchronous control method. Therefore, for G <
1, the reverse energy can also be expressed by (3). With the
assumption of phase shift angle given in (6), the ratio of reverse
power to output power is a function of normalized switching
frequency x, which is given in (8) and is also shown in Fig. 12.

p= (6)

0.8
0.6
2 04

0.2

X U_r l./f!)

Fig. 12. Ratio of reverse power to output power versus the normalized
switching frequency.

To avoid excessive reverse energy, the minimum voltage gain
should not be too low in the design

P, _ tan[*] ®)
P, o 4

B. Soft Switching

It is known from traditional LLC resonant converter, that there
is aboundary between the capacitive region (ZCS) and inductive
region (ZVS) for the primary side MOSFETs when the switch-
ing frequency is below the resonant frequency [31]. Operation
in the capacitive region should be avoided for reliable operation.
In the proposed topology, the transformer magnetizing current
irm1 also provides extra inductive current, the inductive region
will be wider and it is easier to achieve ZVS. For simplicity, the
design for traditional LLC resonant converter can be adopted
for G > 1 of the proposed converter.

For G < 1, there is also a boundary between the induc-
tive region and capacitive region. Operation of the primary
side switches should always be in ZVS region to avoid the
capacitive switching. So, the turn-on current of primary side
MOSFETs at ¢, shown in Fig. 8 should be negative, and (9)
should always be satisfied. The expressions of magnetizing cur-
rent and resonant current in a half switching cycle are given
in (10) and (11), and I;,c,x is the peak value of the equivalent
output current, which is derived in (12)

im4(t0) = ni, (to) +irm1 (to) <0 9)
. Vit Vi
= - <t<1/2f, 1
) =7 A, OSts1RR) 10
. . . Vot V.
(28 (t) = ZLmZ(t) + 7/771,8(0 = L_;Q - 4L'm02fs
+ Leax sin(w, -t +¢) (0<t<1/2f) (11)
2/](3 V
2 fy / Ipear sin(w, -t +)dt =1, = R—" (12)
0 )

where w;, is the resonant frequency in rad/s, and w, = 27 f,.

G:

1
0

ka?

(m? +a? — 1)2 _20tan [71'(1 —xQ)] (22 — 1) (ka® + 22 — 1)

ka3
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Assuming L, is equal to L, referred to the secondary side
(Lo =n?Lyyy = L,,), taking (6), (10), (11), and (12) into
(9), the limitation of x to achieve ZVS when G < 1 is given
in (13). So, once the minimum normalized switching frequency
Tmin and L, are designed, they should be taken into (13) to
verify the ZVS condition, if (13) is satisfied, soft switching can
be achieved in all load condition, else, x,,;, and L,,, should be
redesigned

2 arctan (2L
x> \/1—(”L"lf'). (13)

s

C. Output Characteristics

As mentioned previously, the average output current of the
converter I, can be positive or negative depending on the switch-
ing frequency. There is a critical switching frequency where I,
reaches zero with a given V), and V}. The load R, shown in
Fig. 10 is powered by the bidirectional dc/dc converter and the
generators in the system at the same time, which is not the actual
load for the dc—dc converter. In backward mode, the equivalent
load for the dc—dc converter should be in the battery side. The
output side of the dc—dc converter can be simplified to a dc
source in series with a resistance ; with energy source and sink
capability. The equivalent load for the dc—dc converter can be
derived based on the output voltage and current.

When G > 1 and I, > 0, the relationship between the equiv-
alent switching frequency x and output voltage is given in (14),
where the equivalent quality factor in the output side Q.q, is
given in (15)

‘/;7+7"1I0 1

_ (14)
N [ Yy G T P
7T2 L Io
C, (]5)

Qeqo = 78(‘/;7 +T1Io).

When G > 1 and I, < 0, it is a dual to the converter with
G < 1 and I, > 0 since the converter is symmetrical, and the
relationship between the equivalent switching frequency x and
output voltage is given in (16). Since current is flowing from
the generator to the battery, the equivalent quality factor Q.qp
should be calculated in the battery side, and the expression is
shown in (17)

2 [L,

™ C,

(V}) - Io)Io
8n2‘/b2

eqb = (17)
When L,,C,,7,k, V4, and V), are fixed, the output current I,
versus x can be solved using (14) and (16). Fig. 13(a) shows
both the calculated and simulated results of I, versus x when
G > 1. And I, will be zero at the critical switching frequency.
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For G < 1, the calculation method of I, versus f is similar,
and the results are shown in Fig. 13(b). From Fig. 13, it is clear
that the converter can automatically operate in forward mode
and backward mode by changing the switching frequency. The
difference between the calculated one and the simulated one is
mainly caused by the assumption in calculating the voltage gain.
When G = 1, the switching frequency is always equal to the
resonant frequency in all the load range in realistic.

IV. EXPERIMENTAL RESULTS

In this paper, a 1-kW prototype with 400-V dc output V,, and
75V to 130 V dcinput Vi, is designed to verify the analysis given
previously. The resonant frequency f, is 100 kHz. Assuming the
nominal dc input voltage is 100 V, so the transformer turns ratio
n is set to 4. The maximum voltage gain is 1.3 and the minimum
voltage gain is 0.75. The line resistor is 10 2.

In order to reduce the conducting loss, the reverse energy for
G < 1 should be limited. If we want to limit the maximum
reverse power below 10% of the maximum output power, the
minimum normalized switching frequency z,,;, is 0.6 according
to (8) and Fig. 12. And at that point, the voltage gain reaches
its minimum. The inductance ratio and the maximum quality
factor Q.x can be designed as a traditional LLC converter
with required maximum voltage gain, here kK = 6 and @ .x
= 0.4 is adopted. Taking Vypmax = 130 V, £ = 6, and x5,
= 0.6 into (7), the minimum quality factor @i, = 0.33 can
be calculated to achieve the desired minimum voltage gain.

nVj,

= (16)

Bk i = 0 20t

N -+ L1 - L))+ @2 1

1 (e 12
x? eqb [0057(151:2)]2 (x T)
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TABLE I
KEY COMPONENTS AND PARAMETERS FOR PROTOTYPE
Parameters Value Size/Type Conductor Vendor
Reso“a‘(‘tcc)"‘pa““’r 33nF MKP41023303C WIMA
n=4 EE42/21/15 Primary side: four 100*®0.1mm litz wire in parallel
Transformer L,,/=29uH PC40 Secondary side: 100*®0.1mm litz wire TDK
Resonant inductor PQ32/20 « . .
(L) 77uH PCA40 100*®0. Imm litz wire TDK
Auxiliary inductor PQ32/20 % . .
(L) 462uH PCA40 100*®0. Imm litz wire TDK
Primary side
MOSFET IPP200N15N3G TO-220 Infineon
(M1-M4)
Secondary side
MOSFET IPx65R110CFD TO-220 Infineon
(M5-M8)

Considering Qin and Q. along with the required resonant
frequency, the resonant parameters can be determined, i.e., C,
=33nF L, =77 uH,and L], | = L,;,5 = 462 pH. Taking 2y
= 0.6, Romax = V2! Pymax = 160 Q, and L,, = 462 pH into
(13), the minimum normalized switching frequency at full load
can meet the inequality, so soft switching can be achieved in
all load range, and the parameters are well designed. The key
components are summarized in Table I. The auxiliary inductor
has the same size as the resonant inductor with a PQ32/20
core.

The experimental setup is the same as that shown in Fig. 10. A
dc source in series with a resistor and a diode is used to simulate
the renewable energy resources (such as PV). The battery is
simulated by another dc source with current sink capability.

The steady state waveforms for G = 1.2 in forward mode is
shown in Fig. 14 and the switching frequency is around 69 kHz.
Fig. 14(a) shows the gate drive signal V4, current 4,,4 and
drain-source voltage V4 of switch M4. Fig. 14(b) shows the
gate drive signal V,,4g, current ¢,, g and drain-source voltage V45
of M&. Fig. 14(c) shows the resonant inductor current 77, and
resonant capacitor voltage V(.. It is clear that M4 and M8 turn
ON with ZVS and M8 turns OFF with ZCS, which match the
theoretical waveforms shown in Fig. 7(a) very well. In Fig. 14,
there is parasitic oscillation of the drain-source voltage across
MBS in the output bridge. Due to DCM operation, all switches
in the output bridge are OFF after half the resonant period,
and this parasitic ring is caused by the resonant inductor and
the parasitic capacitors of the switches in the output bridge,
which will not cause any power loss since the energy is very
small.

Fig. 15 shows the waveforms when the average output current
is around 0, and the switching frequency is about 79 kHz. The
theoretical waveforms are shown in Fig. 7(b). Though the turn-
off current of M8 in Fig. 15(b) is positive, it drops to zero fast
during the dead time. The current slew rate is limited due to the
existence of the resonant inductor, and there is almost no reverse
recovery current with the fast body diode of MOSFETs.

Fig. 16 shows the waveforms when the average output current
is negative for G = 1.2. The theoretical waveforms are shown
in Fig. 7(c). In the test, the output voltage of the dc source

to simulate the generators is set to 450 V, and the converter
automatically operates in backward mode. And the output volt-
age of the dc/dc converter keeps the same due to the voltage
drop across resistor 7. In this mode, the switching frequency
is around 92 kHz which is higher than that in Figs. 14 and 15.
From Fig. 16(a) and (b), M4 and M8 also turn ON with ZVS.
Though current of M8 is negative when it turns OFF as seen in
Fig. 16(b), with the help of auxiliary inductor L,, o, the turn-off
current is quite small.

Figs. 17 and 18 shows the waveforms in forward mode and
backward mode when G < 1. In Fig. 17, the switching fre-
quency is around 88 kHz. In Fig. 18, the switching frequency is
around 73 kHz. The battery voltage is set to 120 V. The theo-
retical waveforms are shown in Fig. 8. The pulse width of gate
drive signals for the primary side MOSFETs are fixed to 1/2f,..
And the pulse width of gate drive signals for secondary side
MOSFETs are 1/2f;. As seen in Fig. 17(a), the current through
M4 before it turns ON is almost zero, which is not sufficient to
achieve ZVS when it turns ON, so it will have certain power
loss caused by parasitic capacitance of the MOSFETs. But its
current increases very slow due to the resonant inductor and the
switching loss especially for the cross-over power loss is still
very small. If ZVS is still need, L,, should be further decreased
according to (13), which may be not optimized for efficiency
under all operation condition.

Fig. 19(a) shows phase angle ¢ when the voltage gain is equal
to 0.8. The calculated results are lower than the accurate value
for a quite simple approximation is made in (6), the results
will match better if a more complex expression such as ¢ =
w@ is used, but the calculation will be complicated. Though
the approximation has some errors, it shows the trends of ¢
depended on x. The calculated results can still be used for
parameters design, and the measured voltage gain will be a little
bit lower than the calculated value as shown in Fig. 19(b).

Fig. 20 shows the dynamic response of bidirectional power
flow with G = 1.2, the test setup is also shown in Fig. 10. In
stage 1, the converter is steadily operating in forward mode
and the battery delivers energy to the load, so I, is positive.
Then, the dc-source voltage steps to 450 V to simulate ex-
cessive energy generated by the renewable energy source, the
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converter changes into backward mode, referred as stage 2
shown in Fig. 20. The output current /, becomes negative, the
converter charges the battery and V,, decreases to its initial value
very quickly due to the voltage drop on the resistor r; . Then, the
dc source steps down to 350 V, which is not sufficient to maintain
the dc-bus voltage. And the converter operates in forward mode
again, which is stage 3 shown in Fig. 20. The output current I,
changes from negative to positive, and V,, keeps constant with
a small dip. The battery supplies the energy to the load again.
During the transient, there is no output voltage trigger point for
the control circuit to switch the converter between the forward
mode and backward mode. The regulation is automatically and
continuously based on output voltage feedback, which is totally
different from the control scheme used in [34].

This dynamic response verifies the effectiveness of the pro-
posed control scheme. The bidirectional LLC resonant converter

can automatically operate in forward mode and backward mode
using simple switching frequency modulation. Fig. 21 shows
the measured output current versus normalized switching fre-
quency in close loop operation. The simulated results with same
parameters are also shown for comparison, which matches the
experimental results quite well. The differences between the
simulated results and experimental results are mainly caused
by the tolerance of the component parameters, especially the
difference of the resonant frequency.

Fig. 22 shows the measured efficiency of the prototype. For
comparison, the traditional DAB converter and the LLC resonant
converter using body diode rectifier as described in [34] are
also built and tested. The components and parameters design of
traditional LLC converter is same with the proposed converter,
only the auxiliary inductor is removed and body diodes of the
same MOSFETs in the output side are used as output rectifier.
The DAB converter is modified from the prototype by simply
removing the resonant capacitor, and L, is replaced by a 50-pH
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inductor to get same output power. All the other devices keep
the same for reasonable comparison. Its seen in Fig. 22 that
the efficiency of the proposed topology and traditional LLC
converter is very close to each other in forward operation. It is
reasonable since the body diode voltage drop of the MOSFET
(0.6-0.9 V) is only slightly higher than the voltage drop caused
by its channel resistor (about 0.1 2). Nevertheless, there is no
reverse energy in a traditional LLC converter, so it has less
conduction loss compared with the proposed bidirectional LLC
converter. Therefore, the total power loss of these two topologies
is similar. The comparison of efficiency in the backward mode is
shown in Fig. 23. The efficiency of the traditional LLC converter
with body diode rectifier is slightly lower, the reason is the
equivalent output voltage in backward mode is lower and the
body diode voltage drop will cause higher percentage of power
loss. The efficiency of the proposed topology is higher than the
DAB converter because ZCS is achieved in the output side, so
the switching loss is decreased; besides that the reverse energy
of the proposed converter is less than the DAB converter which
also makes the efficiency of the proposed converter higher. In
the proposed topology, the efficiency when G < 1 in forward
operation and the efficiency when G > 1 in backward mode
are slightly lower especially when the load is light due to the
increased reverse energy.

The main advantages of the proposed topology over a tra-
ditional LLC converter are the bidirectional operation and
the automatic transition between forward mode and backward
mode. By adding an additional inductor, the size and cost will
increase. But its known from the analysis before, that the size
of the additional inductor is same with the resonant inductor
(PQ32/20), so its cost is not significant in the total cost of the
prototype. Also, the reactive current generated by the additional
inductor could be used to help achieve the soft switching of the
secondary side switches, which reduces the switching loss. Its
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clear from the efficiency comparison that efficiency is almost
the same in forward mode and a little bit higher for the proposed
topology in the backward mode. Therefore, the additional induc-
tor also gets some reward in the proposed topology. Compared
with the popular analog control circuit for traditional LLC con-
verter, the proposed control method is more suitable for digital
implementation, which may not be preferred for low power
application.

V. CONCLUSION

This paper proposes a bidirectional LLC resonant topology
along with a new control scheme. An auxiliary inductor is added
to make the topology symmetrical in any operating modes. All
the switches in the primary side and secondary side turn ON and
OFF with the same switching frequency, but the pulse width is
different based on the required voltage gain. And the switching
frequency is used to regulate the output power and the power
flow direction. Therefore, the proposed topology can automati-
cally switch between the forward mode and the backward mode,
which is quite attractive for energy storage system applications.
The detailed operation principle and topology characteristics are
analyzed. Experimental results from 1-kW prototype verify the
theoretical analysis. Efficiency above 97% was achieved at full
load condition.
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