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ABSTRACT Due to the great uncertainty of the output power of renewable energy sources (RESs), the
storage and reuse of RESs is the focus of new energy technology. The bidirectional DC-DC resonant
converter is preferred in the new energy technology. However, the efficiency of traditional bidirectional
DC-DC resonant converter will be greatly affected by the wide voltage gain range. By applying the adaptive
excitation inductance, a CLLCLC resonant converter is proposed. The L-C branch is introduced to replace
the fixed excitation inductance in traditional CLLLC resonant converter. In the design of transformer, the
turns ratio and excitation inductance of transformer are decoupled to reduce the difficulty of transformer
design. Simultaneously, compared with the traditional transformer, the impedance of equivalent excitation
inductance will adjust automatically against the working frequency, decreasing the circulating current loss of
resonant tank. Therefore, the proposed converter solves the contradiction between wide voltage gain range
and high efficiency existed in the traditional converter. Finally, an experimental platform with 200 W rated
power is built to verify the effectiveness of proposed topology.

INDEX TERMS Bidirectional dc—dc resonant converter, renewable energy sources (RESs), zero voltage
switching (ZVS).

I. INTRODUCTION
Due to the energy crisis and environmental pollution, RESs
such as solar energy, small wind turbine, and wave power
generator are used [1], [2], [3], [4]. However, RESs have the
characteristics of intermittent nature and unpredictability and
output power changes dramatically under the influence of
environmental factors. Therefore, the application of energy
storage system can solve the problem of power supply imbal-
ance in RESs to meet the requirements of normal operation.
Energy storage system is very important for the stable
operation of RESs. And the charge and discharge of energy
storage system efficiently and reliably have always been
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the focus of energy storage technology research. A bidirec-
tional de-dc converter with quadrants was proposed to realize
two-way transmission of the energy because direction of
input and output current can be changed when the polarity
of input and output voltage is unchanged [5]. It is equivalent
to two one-way DC converters in function. Compared with
two single-phase DC/DC converters to achieve bidirectional
energy transmission, bidirectional DC/DC converters have
the advantages of high efficiency, small size, good dynamic
performance and low cost. The volume weight and cost of the
system can be greatly reduced, which attracts a lot of attention
(61, [71, [8].

In the design of bidirectional DC/DC converters. the pulse
frequency modulation (PFM) control is widely used in the
DC/DC converter. The limitation of ordinary PEM control is
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that the operating frequency changes greatly with the increase
of voltage gain range. In order to solve the problem of trans-
mission efficiency degradation caused by a wide range of
input voltages, a lot of researches have been carried out [9],
[10], [11]. In fact, bidirectional converters also have other
modulation strategies besides conventional pulse modulation
(PFM), like phase shift modulation (PSM), pulse modu-
lation (PWM), and resonant frequency modulation (RFM)
[12], [13], [14]. By combining these different modulation
strategies, hybrid modulation strategies can be proposed to
narrow down the operating switching frequency range in
range applications. In [15], the PSM+PFM modulation strat-
egy is adopted for full-bridge LLC resonant converter in the
Onboard Charger application (OBC); however, this hybrid
modulation strategy requires additional resonant capacitors
and switches. Moreover, the extension of the voltage gain
range is insignificant, and these hybrid modulation strategies
create difficulties in the analysis and design of LLC resonant
converters.

The optimization on transformers is another important part
to improve the transfer efficiency. The planar transformers
(PT) capacitance issue is characterized in detail and mitiga-
tion strategies are proposed to improve the performance of
LLC converters with PTs [16]. A novel matrix transformer
structure is proposed to integrate four elemental transformers
into one magnetic core with simple four-layer print circuit
board windings implementation and further reduced core loss
[17]. Efficient methods to design and optimize air-core planar
transformers for high-frequency LLC converters are proposed
to optimize the transfer efficiency [18]. Conclusions can be
drawn from the similar paper [19], [20], [21]. In addition,
a common problem in bidirectional resonant topology is that
the controller often uses frequency modulation to regulate
the output voltage. For a wide input application, a wide
operational frequency range is usually required [6], [7], [8],
[9], [10]. It is difficult to obtain an optimized design because
the operational frequency is directly related to many types of
converter losses [13], [14], [15]. Therefore, these converters
are often used as solid-state transformers. Nevertheless, the
excitation inductance of the solid-state transformers is fixed
and not paid enough attention. In fact, the excitation induc-
tance will participate in the resonant process of the resonant
converter. And it will have a significant influence on the
performance of DC/DC converter. According to the conven-
tional design method, the high gain of LLC converter is often
obtained at the expense of excitation inductance. However,
smaller excitation inductor often leads to larger cavity current
and lower efficiency [23]. Variable capacitors or inductors
can be used to adjust the impendence of the resonant cavity
[24], [25], [26], [27], 28], [29], [30]; however, the converters
suffer from complex resonant cavities, high control diffi-
culties, and many components, etc. A novel multi-resonant
DC/DC converter with a notch filter is proposed in [24],
which can use third harmonic to transmit the active power.
The loss of the reactive power cycle is reduced, and efficiency
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is improved. However, the design of the parameters of the
converter becomes complicated with the addition of resonant
elements. In [25], a topology combines two LLC converters
through coupled resonance to achieve wide-range operation,
increasing the size and cost. Therefore, modification of the
internal structure of the resonant cavity to obtain a wider
input voltage range is worth investigating. The LLC converter
with a variable resonant cavity for increased voltage gain
range is proposed in [26]. However, the additional inductor
and switch will make control more difficult and complex.
In [27], by introducing LCLC resonant, the conventional
LLC circuits improve voltage gain but did not analyze the
effect of resonant elements on its high gain characteristics.
In [28], [29], and [30], the efficiency of the converters is
also improved, but the circuit structure is complex, and the
control cost is high. In order to meet the requirements of
wide gain and high efficiency, the CLLCLC topology based
on adaptive excitation inductor is adopted in the bidirectional
DC-DC converter. An L,-C,, series network is used to replace
the inherent excitation inductance of transformer. By properly
designing the parameters L, and Cp, the equivalent excitation
inductance can always remain inductive when the switching
frequency is greater than the minimum operating frequency
Ssmin (full range ZVS can be realized), and the equivalent
excitation inductance can increase with the increasing of the
operating frequency. Therefore, when the input voltage is low,
the switching frequency is small and the equivalent excitation
inductance is small, so the converter can provide higher gain;
when the input voltage is high, the switching frequency is
large and the equivalent excitation inductance is large, so the
converter has a higher efficiency. The gain plot of CLLCLC is
modified with a sharper shape than the conventional CLLLC
converter. Under the same gain range, the narrow operational
frequency range makes the design and optimization easier and
more flexible. In addition, the contradiction between the wide
voltage gain range and the high efficiency of the traditional
converter can be solved by introducing only one capacitor,
which greatly reduces the design cost of the converter as
well as the control difficulty. Besides, the transformer in
CLLCLC converter is an ideal transformer, which means the
transformer design process doesn’t need much effort. Conse-
quently, the proposed converter has a simple circuit structure,
low component count, low control difficulty, and a wide
voltage gain range, making it applicable in the energy storage
charge/discharge systems, such as batteries, ultracapacitors,
electric vehicles (EV), microgrids, and uninterruptible power
supplies.

The rest of the paper is organized as follows, the pro-
posed topology and operating principles are presented in
Section II. Then in Section III, the para meter design pro-
cess, the impedance characteristic of equivalent excitation
inductance and efficiency analysis are discussed. Section IV
presents the experimental results and corresponding anal-
yses of the results. Finally, the conclusion is given in
Section V.
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FIGURE 1. Topology of the bidirectional resonant dc-dc converter. (a) The
conventional CLLLC resonant converter. (b) The proposed CLLCLC
resonant converter based on the adaptive excitation inductor.

Il. FUNDAMENTAL ANALYSIS

The proposed bidirectional CLLCLC resonant converter is
based on the traditional CLLLC resonant converter, therefore,
the working mode is similar with the operation state of tradi-
tional CLLLC resonant converter.

A. PROPOSED TOPOLOGY
The circuit structure of the bidirectional resonant dc—dc con-
verter is shown in Fig.1. The conventional CLLLC resonant
converter is shown in Fig.1(a). It consists of energy conver-
sion modules in the primary side and secondary side, and the
resonant network to connect them. The energy conversion
modules can be used for inverter or rectifier according to
the energy flow direction. The CLLLC resonant tank in the
primary side is composed of the resonant inductor L,, the
separated resonant capacitors C,| and C,;, and the excitation
inductors L,, comes from the transformer. The design of
split resonant capacitor C,1 and C,; can effectively reduce
the current stress of a single capacitor C, and improve the
EMI characteristics of the converter. Compared with conven-
tional CLLLC resonant converter, the biggest difference of
proposed CLLCLC converter lies in the use of equivalent
excitation inductance Ly.4. An L,-C, series resonant branch
replaces the excitation inductance L,. Compared with the
fixed excitation inductor in the traditional transformer, the
impedance of the equivalent excitation inductor composed of
L,-C,, series branches increases with the increasing of the res-
onant frequency, which will reduce the excitation current and
the circulating current loss of the resonant tank. Therefore,
compared with the traditional CLLLC converter, the proposed
converter solves the contradiction between wide voltage gain
range and high efficiency in bidirectional CLLLC resonant
converter, and improves the rated point efficiency of the
converter.

For the bidirectional CLLCLC converter based on adaptive
excitation inductor, according to the energy flow direction,
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FIGURE 2. Equivalent circuits for each stage under Step-Up directions of
the power flow. (a) Mode 1 (ty-t;). (b) Mode 2 (t;-t,). (c) Mode 3 (t,-t3).
(d) Mode 4(t5-t,).

the control strategy of the primary and secondary side energy
conversion module can be expressed as follows:

1) When the converter works in the step-up direction or
backward mode, S; and S, constitute a half bridge
circuit, which is responsible for converting the input
DC voltage source into a square wave with frequency
/s and duty cycle of 50%. Normally, in order to prevent
the upper and lower bridge arms from conducting at the
same time, a small dead time is inserted between them.
Simultaneously, the driving signals of the secondary
switches S3, S4, S5 and S¢ are not given, and their
body diodes are only used for making up a full bridge
rectification.

2) When the converter works in the step-down direction or
forward mode, the pulse frequency modulation (PFM)
control strategy is used for the secondary switches S3,
S4, S5 and Se, while the primary switches S and S, are
turned off, and only their body diodes forms the voltage
doubling rectification.

After the above topology improvement and corresponding
control, the proposed bidirectional CLLCLC converter based
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FIGURE 3. Operation principles of the proposed CLLCLC resonant tank
with the step-up directions of the power flow.

on adaptive excitation inductor can achieve high efficiency
energy conversion in a wide voltage gain range.

B. OPERATION PRINCIPLES
Some assumptions are set before the analysis process as
follows.

1) The switches, inductors, capacitors and voltage source
are ideal devices.

2) The primary and secondary leakage inductances of
power transformer are ignored.

The operation principle of the proposed CLLCLC reso-
nant converter is similar to the conventional LLC resonant
converter.

1) FORWARD MODE

The Fig.2 and Fig.3 are the equivalent circuit of each
mode and some significant waveforms in step-up mode,
respectively.

a: MODE 1 (ty-t;)

When the S is turned ON and S is turned OFF, the body
diodes of the secondary switches S3, S4, S5 and Sg work
as a full bridge rectification. The energy is transferred to
the secondary side via the transformer. The equivalent syn-
chronous rectifier is on, and the output capacitance is large
enough so that the output voltage can be seen as V,,. The ideal
transformer converts the voltage V,,; of the secondary side to
the primary side, therefore, the primary side voltage is nV,,
furthermore, the excitation current rises due to the choke of
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output capacitor. Simultaneously, the C,1, Cy» and L, are in
resonant state.

The resonant current i,, the excitation current i,, and the
resonant capacitor voltage V. can be expressed as:

ir(t) = I, sin(wt 4 6)

. nV,
im(t) = I + I
" (1
V.(t) = —wL, I, cos(wt + 0) — nV, + Vi,
1

v Lr(Crl + C2)

b: MODE 2 (t; -t,)

With the increasing of excitation current i,,, the resonant
current will hit the excitation current i,, at t;. Therefore,
there is no energy transferred to the secondary side. And the
equivalent inductor branch will not be choked by the output
capacitor, as a result, the L, and C, will participate in the
resonant state of L, and C,.

i(t) = I, sin(wt + 0)
im(t) = ir(t)

Ve(t) = —wL, I, cos(wt + 0) + Vj, &
1

= VL LG+ Cr)

w]

c: MODE 3 (t2 -t3)

When the S is turned OFF and S, is turned ON, the body
diodes of the secondary switches S3, S4, S5 and S¢ work as
a full bridge rectification. The energy is transferred to the
secondary side via the transformer again. The output voltage
can be seen as V, due to the existence of filter capacitor.
The ideal transformer converts the voltage -V,, of the sec-
ondary side to the primary side, therefore, the primary side
voltage is -nV,, furthermore, the excitation current decreases
due to -nV,. Simultaneously, the C,i, Cy» and L, are in
resonant state. The resonant current i,., the excitation current
im and the resonant capacitor voltage V. can be expressed
as:

ir(t) = I, sin(ot + 0)

. nV,
im(t) =Ly + L—(tl —lh—13+1)

" 3
Ve(t) = —wL, I, cos(wt +0) —nV, +V,

1
v Lr(Crl + Cr2)

d: MODE 4 (t3-t4)

Then the resonant current i, and the excitation current i, will
meet again in 73. The excitation current keeps the same with
the resonant current. Therefore, there is no energy transferred
to the secondary side. And the equivalent excitation inductor
branch will not be choked by the voltage of secondary side,
then the L, and C,, will participate in the resonant state of L,

137597
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Virma R,
FIGURE 4. The equivalent circuit model after the FHA method.
and C,, which is similar with mode 2.
i(t) = I, sin(wt + 6)
im(t) = ir(2)
Ve(t) = —wL, I, cos(wt + 0) + Vi “
1

w]

B \/(Lr + Lm)(Crl + Cr2)

According to the continuity of inductor current and capac-
itor voltage at the crossing point of four modes, the resonant
current i, and the excitation current i,, can be derived out.

Besides, the analysis process of step-down mode is similar
with that of step-up mode. And it will not be described again.

1Il. DESIGN OF THE PROPOSED CLLCLC CONVERTER
A. PARAMETERS DESIGN
To design a wide input resonant converter, the gain frequency
curve must be given first. The gain calculation methods of res-
onant converter mainly include extended function description
method (EDF), fundamental wave equivalent method (FHA)
and numerical calculation method (saber simulation or modal
analysis). The LLC gain calculation process can be simplified
by using FHA method. The disadvantage is that the accuracy
decreases when operation frequency deviates far from the
resonant frequency. The advantages of EDF and numerical
calculation have a high accuracy, but the large amount of
calculation increase the workload. The wide input resonant
converter needs iteration repeatedly to obtain the gain curve,
the calculation is heavier. Therefore, FHA method is used to
calculate the single point gain, which shortens the iteration
time.

The proposed equivalent circuit model after FHA method
is shown in Fig.4. There are three resonant elements (Cy., L,
L,) and resistor R,.. R, is the equivalent resistance in the
primary side of the transformer.

The relationship between R, and Ry, is shown in equation
(5), where n is the turn ratio of the transformer.

8n?
Rae = _QRL (®)]
T

There are two resonant frequencies f, and f,; due to the
existing of three resonant parameters. When the synchronous
rectifier operates, the L,, does not participate in the resonance
with C, and L,, then the resonance frequency is f,. When
the synchronous rectifier does not work, L,, and L, are in
resonant state with C,, and then the resonance frequency
is fr1. The expressions of two operation frequencies are
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FIGURE 5. The flow chart of wide input design method for LLC resonant
converter.

presented as
1

fr= 2w /L, C,

1
L (A== TN

The resonant tank characteristics of LLC can be evaluated
according to the quality factor Q and the ratio k of inductance
L, to L,. The larger the k value is, the larger the frequency
interval between f, and f;1 is. The definition of k value is
shown in equation 8. The larger the Q value is, the smaller
the resonant tank current is and the higher the efficiency is.
The definition of Q value is shown in equation (9).

(6)

(N

Ly,

k = L_r (8
JL/c

0= TR 9

The formula of gain m by the FHA method is given without
deduction according to [22], and it is expressed as

1 1

Mforword = " \/‘m (10
where
IR
Ol—E-f-k—w%-i-l
p=—Crlilino-o@rarn-L. L
w, kK kb b k kb a);”l
(11)
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TABLE 1. Comparison of the proposed converter with [24], [25], [26], [27], [28], [29], and [30].

Topology Modulation Frequency Range Voltage Range System Gain M Output Power Peak Efficiency
LC-LC[24] PFM 55 kHz~110 kHz 330 V~390 V 1~1.2 2500 W 95 %
LLC-LLC[25] PFM 200 kHz~400 kHz 260 V~340 V 13~1.7 240 W 943 %
LLC[26] on/off 50 kHz~400 kHz 290 V~405 V 1.5~2.0 350 W 95 %
LCLC[27] PFM 135 kHz~250 kHz 250 V~400 V 1.2~2.0 500 W 96.4 %
LLC-LLC[28] PFM 88 kHz~133 kHz 45V~135V 0.7~2.0 230 W 95.5%
CL-LLC[29] PFM 400 kHz~600 kHz 350 V~500 V 0.9~1.3 400 W 95.9 %
LLC-LLC[30] PFM 85 kHz~165 kHz 50 V~300 V 0.4~2.3 250 W 95 %
Proposed PFM 320 kHz~500 kHz 250 V~350 V 1.5~2.1 200 W 97.8 %

f» and w, are the normalized switching frequency and
normalized angular frequency, f, = fs/fy, wn = 27f;.

It can be seen from (10) that the gain m is related to the
value of k, the turn ratio of transformer n, the quality factor
0, the ratio of L, n2Ls, a, the ratio of Cg, n? C, b, and the turn
ratio n is determined, a = b = 1, the corresponding gain m can
be obtained by inputting w,, Q and k, On the contrary, when
the maximum gain range [#min, Mmax] and the normalized
angular frequency range [Wmin, Wmax] are determined, the
0, k value combination satisfying the above conditions can
be obtained by iterating (10). For the wide input resonant
converter, the gain range [mmin, Mmax] should be satisfied
firstly, then taking the efficiency into consideration (find the
largest k value k4 among all the Q, k value combinations
that meet the conditions) should be taken into account. The
flow chart of wide input resonant converter design method is
shown in Fig.5. Furthermore, the parameters of the resonant
networks are obtained by the relationship between k, Q and
Cr, Ly, Ly and R,.. And they are shown as.

Cr = 1/27fRqcQ
L, =R2.0°C
Ly = kL, (12)

B. PARAMETERS CONVERSION OF Ly, TO Lp-Cp

In the traditional CLLLC resonant converter, the excita-
tion inductor L, is fixed. Then with the decreasing of the
operation frequency, the equivalent impedance of the whole
resonant tank will increase, which will lead a higher exci-
tation current and increase the power loss. By comparison,
the replacement of L,, by a L,-C, branch has a flexible
impedance against the operation frequency. When CLLLC
resonant tank is converted to CLLCLC, C, and equivalent
excitation inductance Ly,e, at minimum operating frequency
should be paid more attention. From (13), it can be seen
that when C,, is small, Ly, is higher, the excitation current
is smaller and a higher efficiency can be obtained. Besides,
to ensure the maximum gain requirement, Lyeq (fomin) should
be equal to the fixed excitation inductance L, in CLLLC
resonant tank, as shown in (14).

Lmeq(fs) = Lp

1

©Qrf)2C, (13
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1
Qrfs min)2 Gy -

However, the value of C » should not be too small. A smaller
value C, will bring a larger voltage stress across the capac-
itance Cp,. As shown in (15), V¢p_pr is the peak-to-peak
voltage of capacitance Cp, and the maximum value appears
when f; = fuin. Considering the voltage stress on C,, and the
effect of C,, on improve the transmission efficiency, the value
of C,, needs to be chosen properly.

4nV, 1
2rf; min)2LpCp -1

For the consideration of device selection, C, and C, can
be selected according to the same withstand voltage. gives
the peak-to-peak voltage V¢, of C, is given as follows.

Pout
VCr_pk 2Cr Vin_ minfv min (1 6)

L, and C, can be obtained by considering the (14), (15)
and (16), which is the conversion from L, parameters to L.,
parameters.

The equivalent impedance in CLLLC and CLLCLC res-
onant tank are shown in Fig.6. Obviously, the equivalent
impedance of CLLCLC resonant tank changes slowly with
the decreasing of operation frequency, which means a smaller
excitation current and higher transmission efficiency during
the whole operation process.

Lmeq(fv min) = Lp L (14)

VCszk = (15)
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In Table 1, the comparison with the proposed converter
and the converters in [24], [26], [27], and [30], including
modulation strategy, frequency range, voltage range, system
gain, output power, and peak efficiency, it can be seen that the
proposed topology has a significant advantage in efficiency
and can satisfy a wide gain while maintaining high efficiency.
In addition, the voltage gain comparison with other latest
existing converters under P, = 200 W in Fig.7, the proposed
converter has a higher gain and a narrower operating fre-
quency range under the same input voltage and load current,
making the design and optimization of the converter easier
and more flexible.

C. POWER LOSS MODEL OF PROPOSED CONVERTER
Loss estimation is important for heat dissipation design and
efficiency optimization in converter design. By establishing
the loss model of the proposed converter and combining the
loss model with the modal solver, the losses of the converter
can be calculated,

A simplified model for calculating the losses of CLLCLC
converters is shown in Fig.8.

The power loss of the converter includes conduction loss,
switching loss, ferrite loss, and other losses [31]. The other
loss is mainly caused by the driving circuit and the equivalent
series resistors (ESRs) of the printed circuit board (PCB).

The conduction loss Pe,j,ss can be expresses as

Peioss = I2(Rpy + Ron) + 2R, + IRy
+ I2(Rps 4 Rrs) + VF.ald.avg (17)

137600

TABLE 2. Specification of prototype.

Circuit parameters Value
High voltage side (Vy) 250-350 V
Low voltage side (V) 24V
Rated high voltage side current (/) 0.7A
Rated low voltage side current (1) 83A
Rated output power (P,) 200 W
Switching frequency (f;) 320~500 kHz

where I, I,,,, I, and I; are RMS resonant current, excitation
current, transformer primary windings’ current, and trans-
former secondary windings’ current, respectively. Iy qyg 1S
diode’s average current. Ry, Ryp, Ris, Rp, Rys are the ESRs
of resonant inductor, primary excitation inductor, secondary
excitation inductor, primary and the secondary windings,
respectively. Ry, is the on-resistor of MOSFETs. VF 4 is the
forward voltage-drop of diodes.
The switching loss Py j5s can be expresses as

PS,loss =0.5x Is,uﬁ‘Uinlfallfs + ISZRD (18)

where I o and tf,; are the turn-off current and fall-time
of MOSFETs, respectively. I o = i,(0.5T;), Rp is the
on-resistor of diode. Based on [32], The ferrite loss Pf joss
is obtained as

T T
Pfe,loss = VrKr AB‘%TfS‘B + Vi, K, AB%TfSﬁ
+ Vi Ky ABETFET 4 ik aBETEET (19)

where V1, Vi, Vi, and Vi are the cores’ volume of trans-
formers and inductors, respectively. K7, a7 and fBr are
parameters representing the property of transformers’ cores.
Kir, Vip, Vis, o, and By, are parameters representing the
property of resonant inductors’ cores. ABr and ABy, are the
flux density swings of transformers and resonant inductors,
AB =2po e Nuyrnlmax/le- 1o and p, are the space and effec-
tive permeabilities, respectively. Ny, is turn number. I,y 1S
the maximum current of windings. /, is the effective magnetic
loop length.

The other loss P, j,ss mainly consists of the driving loss
and the PCB ESR’s loss. Py joss 1S derived as

Put,lass = Pdr,loss + Pesr,loss = 2QgUdrfS + IzgrResr (20)

where Py joss and Pegr joss are the driving loss and the PCB
ESR’s loss. Q, is the MOSFET’s charge. Uy, is the driving
voltage. R is the PCB’s ESR. I, is the current flowing
through R.,-. The theoretical efficiency 7 can be concluded
as

P,
N Pu + Pc,loss + Ps,loss + Pfe,loss + Pot,loss

n x 100%

2n

IV. EXPEROMENTAL RESULTS
A 200 W prototype, which can be employed for bidirectional

applications with 250 V - 350 V high voltage port to 24 V
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FIGURE 11. The control circuit of the proposed converter.

low voltage port is designed to verify its operation principle
and advantage of introducing LC branch. The specification
of prototype is shown in Table 2. The image of prototype is
shown in Fig.9, and the experimental setup of the proposed
converter system is shown in Fig 10.

The control method employed for the proposed converter
is pulse frequency modulation (PFM). To realize the system’s
high efficiency and good dynamics, the control structure
comprises four parts, as depicted in Fig.11., the sampling
circuit, the Type Il compensator, the photocoupler circuit, and
the controller IC integrated with the driver. The controller
works in four main processes. First, the output voltage is
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FIGURE 12. Experimental waveforms of CLLCLC converter in forward
mode under full load, (a) Vy; =400V (b) V;; =300V.

sampled through a divided voltage resistive. Second, the
sampled voltage signal is passed through a Type II com-
pensator. This compensator provides 0° to 90° phase boost
with zero steady-state error. With proper tuning of this
compensator, the converter performs a faster response, with
minimal overshoots and zero steady-state error. To meet
system requirements, the Type II compensator consisting of
op-amp UA741, resistor Rgg, and capacitors Cgs and Cpp
with values of 300 €2, 0.1 uF, and 3.3 nF, respectively. Third,
photocoupler chip PC817 is chosen to isolate the sampled
signal. Fourth, the signal goes to IC UCC256302, a pulse
frequency modulation (PFM) square wave with an approx-
imately 50% duty cycle generated, which can be used for
driving the switches.

The resonant frequency f; is set to 500 kHz to guarantee
the operation region of prototype located on f, < f; and both
ZVS of primary switches and ZCS of secondary switches are
achieved. In order to fulfill the gain requirements, the values
of k, O setto k = 3, Q0 = 0.4. According to the above
equation and from personal design experience. The primary
resonant capacitor and resonant inductor have been selected
as Cy1 = Cpp = 2.4 nF, and L, = 22 pH. The secondary
resonant parameters have been calculated as C; = 227 nF,
Ly = 449 nH, finally, it is selected as Cy = 235 nF (47 nF*5),
Lg = 470 nH. From k = 3, the L,, is designed to 66 pH.
Using L,-C, to replace Ly, to make sure Lyeq (fsmin) €quals
L, based on the FHA model, the current in the L,-C), branch
can be calculated by (22) where I¢,_py is the peak value of the

137601



IEEE Access

L. Guo et al.: CLLCLC Topology Based on Adaptive Excitation Inductance

Tek .M. Trig’d M Pos: 0.000s MEASURE Tek .. Tria'd M Pos: 0.000s MEASURE Tek Ju g Tivd M Pos: 0.000s MEASURE
+* +* *
Ly ilr ilr
Z’W\/N Z’W i T S P §
N7 1 N1 \&
CH2 CH2
RS RS
936mi 834mé
CH2 CH2
PPk Pk~Fk
3104 2904
CH2 250480 M 1000 CHZ 250480 M 1.00 M 1,00
23-ui-211019  [F00ii] S-ul2i 013 [Ganooai Bwgaows [0
(@) (b) ©
Tek .. Trig'd M Pos: 0,000 MEASLURE Tek .. Trig'd M Pos: 0.000s MEASUIRE Tek .. Trig'd M Pos: 0.000s MEASURE
+* +* +
1y i]r ilr
28 W 24 W 2. «W,
CH2 CH2 CH2
FiMS FiMs FiMS
Bddrng, B18mda S28md,
CH2 CH2 CH2
PE—Fk PPk Ph—Fk
2504 2504 2204
CH2 2504B M 1.00 CHI 250480 M 1.00us
25mdi2 s [zanonzeHe] EHe At 2"3123351 1015 [aono] 23-Ju-21 0359 [0
(d) (e) (®
FIGURE 13. The waves of i 4 at different operational frequency f;.
TABLE 3. Parameters and components of the prototype. 12 -
<
st
Parameters Values Part numbers g 08
resonant capacitor C, 4.8 nF 4*1.2 nF CBB o ‘
£ 06
resonant capacitor C 235 nF 5*47 nF MLCC N -
) a 04 L iLmeq measured
Resonant inductor L, 22 uH 220MC-125 2 —=-iLmeq simulated
Resonant inductor L, 470 nH IHLP5050CEERR47MO1 z 02 1 —iLm simulated
Branch inductor L, 150 uH custom made with GU36 core @ 0 -
. 310 330 350 370 390 410 430
Branch capacitor C, 3.3nF 1*3.3 nF CBB
. (6] tion fi . /kH
Transformer T°s n,/n, 21:3 Custom made with GU36 core peration frequency f; /kHz
Primary switches S1-S2 C2M0080120D FIGURE 14. The RMS current i,_,,,eq and iy ,, at operational frequency fs.
Secondary switches S3-S6 IRFB3607
For a given C),, there is one and only one L, that pairs with
it. The L, value can be calculated by (14) with 66 uH as L
L,-Cp, branch at fy. P y (_ ) . H s
320 kHz as fguin, and 3.3 nF as C,, in this example, L, is
1
Icp gk = =1V - 5= @2 1OwH . . -
T 27 fs minLm To design L, the inductor turns is the most critical. It can

The AC peak voltage stress for a given C, value can be
calculated by (23), where V¢, pk is the peak value of the C,
voltage stress at fin.

I Cp_pk
27 fs minCp
Substitute in (24) with n = 7, V,, of 24V, fyin of 320 kHz,

and 66 pH as L, and 250 V as peak voltage stress, the C,
value is 3.3 nF.

Vep_pk = lcp_pkXcp = (23)

v,
Co === %o ~ 3.3nF (24)

s mian VCP_Pk

137602

be calculated from (25), with 150 puH as Lyax, Irpeak =
Icp px = 2 A, 380 mT as B, and 207 mm? as A,, where B
is the saturation flux density of the high-power ferrite PC40
at 100 °C, and A, is the effective cross-sectional area with
GU36 core.
_ Linax - ILpeak
~ 0.7B-n-A,
Parameters and components of the prototype converter is
showed in Table 3.
Fig12. illustrates the CLLCLC circuit experimental wave-
forms in charging mode at different input voltage Vy. The

— 16.86 25)
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FIGURE 16. Waveforms at reverse mode. (a) Cs voltages and Ls current,
(b) gate voltage of s5 and output voltage.

output power is 200 W and V; = 24 V. From the Fig.13,
the current of L, and the driving signal of S is given, it is
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clear that, for all input voltage, ir, is negative when the
S> is turned on, which ensures that the ZVS of S, S» is
achieved. It is noted that the voltage of all switches will raise
slowly from zero due to the existing of parallel output capac-
itor C,gs. Therefore, the quasi-ZVS turn-off is also realized.
Besides, the operation frequency is adjusting automatically
with the change of input voltage. The operation frequencies
are 320.3 kHz and 420.9 kHz when the input voltage Vg
are 400 V and 300 V, respectively.

Fig.14 illustrates the current waves of Ly, C,, branch iy e,
at different frequencies, the RMS value of iz;;e, could be
read from oscilloscope. From Figl3. the resonant current
has almost no change with the frequency control method is
proposed. To show the advantage of CLLCLC network more
clearly, Figl4. comparing the RMS current values of fixed L,,
(iLm) and Ly, Cp, branch (igyeq). Both ig, and ipye, go down
with the increasing of operational frequency, however, the
fixed L,, one moves slowly than proposed one. Therefore, cir-
culating current loss caused by resonant current, which have
positive relationship with magnetizing current is reduced by
introducing the L,, C,, structure. It is noting that the improve-
ment will be significant in the high-power applications.

Fig.15(a) shows the efficiencies of the built prototype
under different load ranges, The maximum efficiency reaches
up to 97.8% at 60% loads. Fig.15(b) shows the efficiencies of
the prototype at different input voltage and the peak efficiency
is 93.2% at Vg = 340V. The waveforms when the proto-
type operate in reverse mode under 24V input, 300V output,
full load is showed in Fig.16. It is obvious that the step-up
mode also works well for the proposed CLLCLC converter.
Simultaneously, due to the completely symmetric topology
structure, the ZVS of all active rectifier devices in reverse
mode are realized too. In addition, the resonant tank current
in the secondary side at step-down mode will also be reduced
by the application of adaptive excitation inductor.

From the experimental results, the highest efficiency of the
half-bridge CLLCLC converter is 97.8% in forward mode and
94% in reverse mode. The highest efficiency is achieved when
prototype operates closed to f; since the circulating loss is
lowest at high frequency. Because the MOSFET body diode
is used as a rectifier, the forward voltage of diode limits the
peak efficiency. To optimize efficiency, synchronous rectifier
is recommended in the design process.

V. CONCLUSION

This paper proposes a bidirectional CLLCLC DC-DC con-
verter based on the adaptive excitation inductor for RESs. The
content is mainly focused as follows:

(1) The operation principle of the proposed CLLCLC
DC-DC converter is analyzed to verify the feasibility of
forward and reverse modes. Simultaneously, the ZVS of all
power devices is achieved.

(2) A L,-C,, branch is introduced to replace the fixed exci-
tation inductance in a traditional CLLLC resonant converter.
As a result, the impedance of equivalent excitation induc-
tance will adjust automatically against the working frequency,
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which can reduce the circulating current loss of the resonant
tank and further improve efficiency.

(3) The inherent excitation inductance of the transformer
will not participate in the resonant process; therefore, the
turns ratio and excitation inductance of the transformer are
decoupled, greatly simplifying the design process of the
transformer.

Finally, an experimental prototype of 200 W is imple-
mented. The experimental results in the paper show that the
maximum transmission efficiency can reach up to 97.8 % in
the forward mode and 94 % in the reverse mode.
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