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A Novel CTTC Structure and Optimization Design
Method for CLLC Bidirectional Resonant Converter

Min Chen, Member, IEEE, Liwen Jia

Abstract—The resonant tank of CLLC converter incorporates
numerous magnetic components. To enhance power density, mag-
netic integration technology has become a key research focus.
This article proposed a new capacitor-transformer-transformer-
capacitor (CTTC) structure with variable parameter configuration
for the resonant tank of CLLC converter, effectively reducing both
the number and volume of magnetic elements. The power transfer
characteristics of two magnetic elements at different turns ratio
are analyzed, and the design and optimization strategies for the
magnetic elements are presented. Compared to the traditional
CLLC structure, the proposed CTTC structure effectively reduces
volume while maintaining the same control methods and operating
modes. The synchronous rectification control method employed by
the converter with the proposed CTTC structure is also discussed. A
performance evaluation of the CLLC converter utilizing the CTTC
structure has been conducted, focusing on the effects of circuit
parasitic parameters and leakage inductors. Finally, the validity
is verified by a 3 kW bidirectional CLLC prototype.

Index Terms—CLLC bidirectional resonant converter, dual
transformer structure, magnetic integration.

I. INTRODUCTION

ITH the rapid development of electric vehicles, V2G
W technology has attracted widespread attention [1], [2],
which puts forward the need for bidirectional power flow for
converters. CLLC bidirectional resonant converter, as shown in
Fig. 1, is widely studied due to its full range soft switching
characteristics [3], [4], [5], [6], [7], [8], but three magnetic
elements in the resonant tank account for a large volume. To
solve this problem, magnetic integration technology has been
studied.

Magnetic integration can be achieved through the approach
of magnetic circuit principle or electrical circuit principle. From
the perspective of magnetic circuit integration, given that both
the primary and secondary resonant inductors are in series with
the transformer, the simplest approach is to utilize the leakage
inductor of the transformer as the resonant inductor [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18], [19], [20]. However,
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Fig. 1.  Schematic diagram of CLLC bidirectional converter.

the magnetic flux of the leakage inductor passes through air,
leading to low permeability. This makes the leakage inductor
small and difficult to control.

A common approach to increase the leakage inductor involves
widening the gap between the primary and secondary coils.
Nevertheless, this approach diminishes the window utilization
of magnetic components and simultaneously alters the value
of leakage inductor and excitation inductor, making it more
challenging to directly calculate the value of inductors and losses
[19]. In [13] and [14], finite element simulation software was
employed to obtain the value of leakage inductor and losses of
planar integrated transformers. However, the process is com-
plex, and the value of leakage inductor is still constrained by
the permeability of the surrounding air, rendering it unsuitable
as a direct replacement for the resonant inductor. To further
increase the value of leakage inductor, one can add additional
core material like magnetic shunts [21], [22], [23], [24]. This
allows the magnetic flux of the leakage inductor to pass through
the magnetic core material rather than through air. However,
the use of magnetic shunts can lead to edge effects due to flux
around the air gap [24], resulting in increased magnetic losses
and additional limitations.

Magnetic circuit integration can also be achieved by altering
the shape of the core and the position of the windings, allowing
the three magnetic components to be wound on fewer or smaller
cores, thereby reducing the volume of the magnetic network
[25], [26], [27], [28], [29]. However, since the three magnetic
components in the CLLC converter are separate, integrating
different magnetic components into a single core by changing
the coil winding positions requires precise magnetic circuit
design. This involves configuring the relationship between the
turns ratio and magnetic reluctance to achieve decoupling [26],
[27], [28]. In practical applications, the turns ratio impacts the
value of inductor, and magnetic reluctance is related to the core
material, both of which impose certain constraints on design and
application.
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Fig. 2. CLLC converter with proposed CTTC structure.

To sum up, integrating magnetic circuits necessitates tailored
designs for magnetic cores and windings, diminishing the uni-
versality of magnetic element design. Additionally, the uneven
distribution of magnetic flux makes it challenging to calculate
and optimize the core losses. Some limitations still exist in
practical applications.

From the perspective of electrical circuit principle, changing
the network structure of magnetic elements can also reduce the
magnetic elements. This approach allows the use of standard
magnetic cores, traditional coil winding methods, and loss opti-
mization techniques. In [30], the resonant inductor on secondary
side is removed by adjusting the turns ratio and excitation induc-
tor of the transformer. In this approach, the ratio of the excitation
inductor to the resonant inductor is determined by the turns ratio
of the integrated transformer, limiting its applicability. With only
one resonant inductor in series with the resonant capacitor in the
resonant tank of the primary sides, the voltage transients caused
by the switching actions will superimpose on this inductor, as
the voltage across the resonant capacitor remains stable without
abrupt changes. This configuration leads to a substantial increase
in voltage stress on the inductor. The resonant inductors of
the primary and secondary sides can also be integrated into
a single magnetic element in the form of coupled inductor
through port equivalence [31]. But both structures have induc-
tors, in which the circulating power wastes part of the core vol-
ume. In addition, single parameter selection lacks flexibility in
use.

In this article, a new capacitor-transformer-transformer-
capacitor (CTTC) topology is proposed from the perspective of
circuit principles, as shown in Fig. 2. The proposed structure
can employ standard cores and windings, avoiding the need
for specialized analysis of magnetic and electric fields. In the
proposed structure, the elimination of the resonant inductors
allows for a reduction in the volume of the magnetic network.
The various parameter configurations, such as turns ratio and
excitation inductor of the transformers, can be chosen to achieve
an equivalent substitution with the traditional CLLC converter.
The flexibility in parameter configuration alters the power distri-
bution between the two magnetic elements, enabling the flexible
selection of core sizes to avoid redundancy.

The rest of this article is organized as follows. In Section II,
the proposed CTTC structure is introduced. The power trans-
mission characteristics and the methods for optimization de-
sign of magnetic elements with varying parameters are ana-
lyzed in Section III. In Section IV, a synchronous rectification
control method applicable to this newly proposed structure is
introduced. Additionally, an analysis of the performance of
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Fig.3. Magnetic network. (a) Traditional CLLC structure. (b) CTTC structure.

CLLC converter utilizing CTTC structure is conducted, includ-
ing the effects of parasitic parameters and leakage inductors. In
Section V, a 3 kW CLLC converter is designed for experimental
verification, and the proposed structure is compared with the
traditional CLLC structure to verify its effectiveness. Finally,
Section VI concludes this article.

II. CTTC STRUCTURE FOR CLLC CONVERTER
A. Circuit Derivation

Fig. 3(a) shows the magnetic network of traditional CLLC
structure, where 4, and ¢, are the resonant currents. And the
turns ratio, excitation inductor and excitation current of the
transformer T are N, L,,, and i,,, respectively.

If the topology of the two magnetic elements is used as the
basis without any restrictions on the turns ratio and excitation in-
ductor [31], the new magnetic network can be shown as Fig. 3(b),
where the excitation inductor, turns ratio, and excitation current
of the magnetic element 7} are L,,1, N1, and ¢,,,1, respectively,
and the excitation inductor, turns ratio, and excitation current
of the magnetic element 75 are L,,2, No, and 7,,5, respectively.
The dotted terminals of 77 and 75 are set to be in the same
direction. To simplify the analysis, the structural equivalence is
initially carried out without considering the leakage inductor of
the transformer.

In the new structure, the turns ratio and excitation inductor of
the two magnetic elements will be changed. To achieve equiva-
lence, it is necessary to ensure that the voltage and current at the
ports remain unchanged when modifying the magnetic network
structure. Taking all parameters of 7} and 75 as unknown, the
port voltages of magnetic network vy, vy can be expressed
by port currents of magnetic network i,, i, as (1) and (2),
respectively, as follows:

U1 = jWLrpip + jwLm, (Z.p - zﬁ)

. o D
Vg = 7]"‘)[/7“57/5 +]WLm% (Zp - Zﬁs)
v1 = jwLpm1 (ip — ;\,1> + jwLpa (ip — ;\,2)
V2 :ijmlNil (’ip - le +jWLm2NL2 (ip - 11\];) .
2

Since the values of port voltage v; and v, are not changed in
the equivalence, a system of two equations can be obtained by
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TABLE I
PARAMETERS OF TRADITIONAL CONVERTER
Parameters Values
Input voltage, Vi, 390 V
Nominal output voltage, Vo 260 V
Transformer turn ratio, N 21/14
Excitation inductor, L,, 79.53 uH
Resonant inductor, L,,, L, 20.93 uH, 9.3 uH
Resonant capacitor, C,,, Cys 100 nF, 225 nF
Resonant frequency, f; 110 kHz
Switching frequency range 80 kHz—-200 kHz
association

01 = jw (Lrp + L) ip — jwiy

. . . L” L’IL .
= jw (Lm1 + Lim2) ip — jw (4]\/111 + Nf) is
. L. - . L .
v2 = jwiip — jw (Les + 58 ) is
— L7n1 LnLZ ;A L7n1 LnLZ y
= ]w (7]\]1 N ) Zp ]w ( le N22 ) 1s.
Also, the values of resonant current ¢,, and ¢¢ are not changed

in the equivalence, it is necessary to ensure that the coefficients
in front of the resonant current are equal. That

Lrp + Ly = L1 + Lo

3

N — N Ny 4)
L, L L,
L + (e — ml m2 .
s N?2 N12 N22

There are four unknown quantities in the new structure: L,,1,
Ny, L2, and No. However, with only three equations available,
there is one degree of freedom for parameter adjustments to
achieve structural equivalence, i.e., there is no unique com-
bination of the equivalent parameters. If Ny is taken as the
independent variable, other parameters can be deduced as

Ny = M)

No(1+4)-N
Ni[(1+k)N—kN:
Lml = 1[1(\/'(4]»\/1)7]\72) Z]Lrp (5)
Na[(1+k)N—kN
Lm2 = —2[1(\/'(N2)7N1) 1]I/rp

where k = Ly, /Ly,

Therefore, there are countless parameter configurations that
can achieve equivalent substitutions. The parameter changes
with N5 can be plotted using the data from the 3 kW converter in
Table I, as shown in Fig. 4. According to the polarity of N; and
Ny in Fig. 4, the whole curve can be divided into four regions
and two special value points: A, B, C, D, and the zero and the
pole of N;. The demarcation point of region A and region B is
the zero of N1, and the demarcation point of region B and region
C is the pole of Nj.

In region A, with N; > 0 and Ny > 0, 77 and 7% have
identical dotted terminals, forming the proposed CTTC structure
with series resonant capacitors in the resonant tank, as shown
in Fig. 5(a). In region B, with Ny < 0, T} is reverse coupled,
forming a reverse coupled structure, as shown in Fig. 5(b), which
also includes the specific structure proposed in [31]. Since T}
and 715 are connected in series in the resonant tank and exhibit
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Fig. 4. Change of parameters with Na. (a) Ni. (b) L1 and L,2.

symmetry, it can be obtained that regions C and D correspond to
the same as regions A and B, respectively. Therefore, subsequent
analyses will focus only on regions A and B.

For two specific points, when Ny = N(k+1)/k, Ny = 0, Ty
no longer has an inductive winding on the primary side, but an
inductive winding still exists on the secondary side, as shown
in Fig. 5(e). When Ny = Nk/(k+1), N1 = oo, there is only one
inductor exists on the primary side, as shown in Fig. 5(f). This
configuration corresponds to the structure proposed in [30].

The structures in the above regions all reduce the number
of magnetic components and include the specific structure pro-
posed in [30] and [31]. New structure and variable parameter
configuration will bring new magnetic element characteristics.
Since the two magnetic components are not coupled with each
other, they can be independently designed and analyzed.

III. DESIGN ANALYSIS AND OPTIMIZATION
A. Analysis of Power Transmission Characteristics

The power transmission characteristics of the two magnetic
components vary depending on the parameter configuration
and need to be analyzed. The fundamental equivalent circuit
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Fig.6. Traditional CLLC structure. (a) FHA equivalent circuit. (b) Waveforms.

and waveform of the traditional CLLC structure at resonant
frequency are shown in Fig. 6, where the secondary side elements
are converted to the primary side. i, = i, /N, and the rectifier
side can be equivalent to a resistor R’ . i is generated by the
fundamental component v, in v,, and the voltage of L,,, can be
approximated to vy, so the current can be expressed as

is = Nil, = N22t sin (wt) = N:%,L sin (wt) < T>

R,
i’s—l—im:;}__{’ilsln(wt)—&—giz (t—1) "2

(6)

where T is the switching cycle of the converter, and w = 27/T.

The primary and secondary sides of the full-bridge output are

square waves symmetrically. Also, the voltage and current in the

circuit operate in a half-wave symmetric state. The transmission

power can be calculated using half a cycle of the waveform.

In Fig. 3(b), vsr1 and vgrsy are the secondary voltage of T}

and 75, and the power transferred by 77 and 75 are P; and P,
respectively. They can be calculated as

1 dim1
2007 (vspis)dt = 2 o7 (e 2, at

PQ:%IE Vspyis) dt = Tfo (Ng tiS)dt

ip

Py
(7

7803
reverse coupled structure CTTC structure
1.2 / ___________________ oo
2 -
[e’;w‘B region A — P/Py
1 e b Y/ 1
0.8
06
g
04
[
0.2
) V/ ’
N,
-0.2
2 3 4 5 6 7 8
k 1+k
Ne=13 N M= N
Fig. 7. Power transmission curve of 77 and 7.
where iml = ip — ’is/Nl, img = ip — iS/NQ.
Combining (6) and (7), it can be concluded that
_ SNLmiViy
P = 7ZN1 L R, ®
P = 8N Lma V2
27 WNoLp R

By using the rated power P, as the reference value, the
normalized transmission power curve can be plotted, as shown in
Fig. 7. It can be conducted that for the reverse coupled structure,
Ty will feed back part of the power to the primary side, then
T5 will transmit an amount greater than the rated power, which
wastes part of the core volume. But for the proposed CTTC
structure, both 7% and 75 transmit power to the secondary side
to assume the transformer function. The power transferred by the
two magnetic components can be flexibly allocated based on the
turns ratio of the two magnetic components. Thus, the size of
the entire magnetic network structure can be flexibly selected.

B. Design and Optimization of Magnetic Components

As the transmitted power changes, the size of the magnetic
cores will also change. When considering the overall magnetic
network, a minimum value for the total volume of magnetic ele-
ments emerges. The proposed structure allows for the adjustment
of volume distribution between the two magnetic components,
enabling a better fit with standard magnetic cores and thereby
reducing core redundancy.

Select the magnetic cores based on the AP method [32].
Taking T} for instance, when the window area of the transformer
is fully utilized, the relationship between the transformer core
window area and the winding area can be obtained as follows:

Wa = (NpA'wp + NsAws)

1

Ky
1 Nyl Tms NsIsrms

o < PP + )

K, J J

©)

where K, is window utilization of the core, W, is window area
of magnetic core, IV,, and N, are the respective turns of the
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primary and secondary windings of 77, A, and A, are the
respective conductor cross-sectional areas of the primary and
secondary windings, J is the current density, I, and g,
are the effective values of ¢, and 7, respectively.

According to Faraday’s law of electromagnetic induction, the
relationship between the induced electromotive force and the
magnetic field is as follows:

de dB
-~ = _N,A,,—
P dt Pt

where v, represents the voltage across the primary winding of
T1, ¢ is the magnetic flux passing through the primary core, B
is the magnetic induction on the primary core, and A,, is the
effective cross-sectional area of core.

Because the converter operates periodically, and the wave-
form of v, exhibits half-wave symmetry. If ¢, and ¢; are two
adjacent zero-crossings in v, and v, > 0 in (to, t1), then the
peak of B is

vy = —

(10)

1 & dipn
Bar = 24,,N, /to Loy =gt
Ly . .
~ m lim1 (1) — im1 (t)] - a1

Since %,,,1(¢1) and ,,1(tp) represent the maximum and min-
imum values of 4,,1, respectively, the effective cross-sectional
area of the primary core A,,, can be expressed as

Am _ Lmlimlpk

12
v (12)
where i, 1pk = Gm1(t1) = —im1 (o) is the peak value of i,,;.
Then, the AP value of T can be presented as
L 1i 1pk Isrms
APry = WaAnL = PR rms . 13
T1 Ko BagJ P + N (13)

Similarly, the specific value of the AP for 75 can be calculated.
In Section III-A, i,,; and 7,,> have been obtained. Then, the
peak value of 4,1 and 7,,5 under different N, conditions can be
determined through differential analysis

dimy — (1 - ﬂ) Wi coswt + =

@ M) R (0 T) (14)
dimz — (1 - N%) w%p,: coswt 4 o 2

Define the peak value of excitation current of 75 as i,,2pk-
By discussing the range of /N1 and N», the peak value of 4,1
and 7,,o within half a cycle under different conditions of N5 can
be obtained, as shown in Table II. The zero-crossing point of
dipm /dt and diy,o /dt are at t,, and t,, respectively, as follows:

t, = %arccos (%)

ty = L arccos (%) (15)
T,

Q= /cf; /R’L.

The AP values varying with N, can be obtained, as shown
in Fig. 8. The AP values of the commonly used PQ cores are
also shown in Fig. 8. To select a standard magnetic core, several
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TABLE II
DISTRIBUTION OF THE MAXIMUM EXCITATION CURRENT

Range of N, ik it
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Fig. 8. AP value curve.

parameter configurations are available. By selecting /Ny, the AP
values of 7} and 75 can both be near the standard cores, the
redundancy of the cores can be reduced. The total AP values
of the cores is the smallest when Ny = 4.5, and this point is
selected for experiment.

IV. CONTROL METHODS AND PERFORMANCE ANALYSIS
A. Synchronous Rectification Strategy

To improve the efficiency, synchronous rectification is needed
for the converter. Li et al. [3], Zou et al. [33], and Sankar et al.
[34] addressed the issue of synchronous rectification in CLLC
converter by theoretically calculating the secondary resonant
current of the converter, thereby obtaining the drive signals
for synchronous rectification. However, this calculation process
is relatively complex. Direct high-frequency detection of the
secondary resonant current of the converter, on the other hand,
requires higher costs and additional volume [35].

In [4] and [31], a simple and cost-effective voltage detection
method has been proposed. But it needs to be modified before
it can be applied to the CTTC structure due to the presence
of coupling. Since the voltage on the magnetic elements is
affected by both ), and i,, it is necessary to simultaneously
detect the secondary voltage of both to obtain the polar signal
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of is. The appropriate resonant current detection and rectifi-
cation schematic is shown in Fig. 9. Two detection coils are
wound separately on the cores of 77 and 75, with v, and v,
representing the voltage of the single-turn detection coil. To
simplify the integration circuit design, the dotted terminal of
the induction coil and the secondary winding of 7 are wound
in the same direction, while those of 75 are wound in the
opposite direction. This configuration enables the restoration of
primary and secondary resonant current through the summation
and integration circuit. It helps avoid the use of more complex
differential integration circuit, reducing detection errors caused
by the value inaccuracies of resistor and capacitor also parameter
mismatches.

In this detection circuit, the outputs of the two induction coils
are

_ YLmi _ Lmidip Ly dis
Ur =N, = N, d ~ NiN,, di 16
_ _VLyp _ _ Ly dip Lo dis (16)
Um N, — N, dt ' NN, dt-
And the output of the integration circuit is
Vo dv, Uy U,
— + C -t _
Ry 't Rl Ry
_ Lm2 - Lml % Lml o Lm2 dzs
RoN, RiN,,) dt Ry{NiN,, RyN>N, /) dt’
17

According to (17), the output voltage v, is related to both
primary resonant current %, and secondary resonant current .
To solve the coupling problem, i, and i, can be obtained by
scaling the calculations based on v, and v,,.

If L2 /(R2C1N,) = Ly /(R1C1N,p) = k1, component
of 4,, can be removed that

di,
Var

UOS

. dves (1 1 i
RgCl dt N Nl N2

(18)

While if L, /(R1CiN1Nyp) = Lo /(R2C1NaN,) =
ko, 15 can be removed that
Vop dvep diy,
= (Ng — Ny) ko——. 19
Rscy P ar - MmNk, (19)
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Fig. 10.  Resonant network of CLLC converter. (a) Basic model of traditional
CLLC structure. (b) Parasitic model of traditional CLLC structure. (c) Basic
model of CTTC structure. (d) Parasitic model of CTTC structure.

TABLE III
MEASURED TRANSFORMER PARAMETERS

T of CLLC T, of CTTC T, of CTTC
Transformer
structure structure structure
L,(uH) 80.836 37.45 65.82
Liyy(nH) 5.64 0.815 5.43
Lys(nH) 2.55 0.96 0.17
C,(pF) 47.294 64.068 24921
C(pF) 38.278 90.213 98.961
Cps1(pF) 95.783 173.094 111.790
Cp2(pF) 95.564 172.972 112.091
R,(mQ) 121.78 71.18 135.40
Ry(mQ) 83.85 78.85 34.79

Afterintegration, the polar signals of 4,, and 7 can be obtained
by the comparator, which are captured by the controller to
generate the drive signal for synchronous rectification.

B. Parasitic Effects Analysis

In practical CLLC circuits, various parasitic parameters can
cause oscillations and must be accounted for in applications.

Generally, a commonly used transformer model contains four
stray capacitors, including winding capacitors C), and Cj, stray
capacitors between primary and secondary windings C),1 and
Cps2 [361, 371, [38]. Ligp, Liks, Ry, and R, are leakage induc-
tors and resistors of transformer. C); and C; are the equivalent
junction capacitors of MOSFETs. The resonant network of tra-
ditional CLLC converter and CTTC structure with and without
parasitic elements are depicted in Fig. 10.

In ideal conditions, the voltage Vi across the transformer
approximates a square wave. Due to the presence of stray capac-
itors, the chopper voltage of full bridge, parasitic capacitors, and
resonant inductors form a voltage loop. The parasitic capacitors
will resonate with inductors to generate high-frequency oscil-
lations, causing a peak voltage on Vy. Through MAXWELL
simulations and measurements, the values of parasitic capacitors
are shown in Table III.
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Fig. 11. Voltage waveform of the magnetic component as the interlayer

capacitance varies. (a) Vi in traditional CLLC structure. (b) V. in traditional
CLLC structure. (¢) V1 in CTTC structure. (d) Vg in CTTC structure.

Fig. 11(a) and (b), respectively, show the simulation wave-
forms of Vi and Vi, in the traditional CLLC structure, with
and without considering the parasitic parameters of transformer.
After incorporating parasitic parameters into the simulation,
voltage oscillations with a frequency of approximately 10° Hz
still appeared on the waveforms even when the damping effect
was taken into account. The frequency of voltage oscillations
can be theoretically estimated using (20), which aligns with
simulation results. In CTTC structure, the voltage loop still
exists. However, the large value of resonant capacitors provides
a clamping effect, effectively suppressing high-frequency oscil-
lations on the terminal voltage of transformer in CTTC structure.
Fig. 11(c) and (d), respectively, show the simulation waveforms
of V1 and Vg in CTTC structure. It can be observed that the
waveforms of V; and Vo do not exhibit significant changes
before and after considering the parasitic parameters, indicating
that the presence of parasitic parameters does not substantially
cause voltage oscillations

foscil]ation = wﬁ
Ly~ L,y (or L,s)

G~ CPHCPJ'HCTP (OTCSHCSJ’HCTS) .

(20)

Based on the preceding analysis, the CTTC structure can avoid
high-frequency voltage oscillations on the magnetic components
due to the clamping effect of resonant capacitors and the elimina-
tion of resonant inductors. The reduction of voltage oscillations
in CTTC structure not only lowers circuit noise but also helps
to reduce losses in the magnetic components to some extent.

C. Leakage Effects Analysis

The generation of leakage inductors is inevitable during the
design of transformers. In CTTC structure, the leakage inductor
generated by the transformers will simultaneously affect key
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parameters such as the equivalent turns ratio, resonant inductor,
and excitation inductor. Therefore, the sensitivity of these key
parameters to leakage inductor is analyzed to ensure equivalent
reliability.

As shown in Fig. 10(d), after considering leakage inductors,
the theoretical values L,,1, L2 and actual values L ;, L' ., of

ml»
the excitation inductors have the following relationship:

{Lml = lel + lepl

21
Lo =1L, 5+ Ligp @1

where L1 and Ljj,o represent the primary leakage inductor
of T and T5, respectively.

In Section II-A, the equivalence of magnetic element parame-
ters between the two structures is derived from traditional CLLC
structure based on (4) and represented in (5). Similarly, the
inverse solution of (5) provides magnetic element parameters in
traditional CLLC converter based on those in CTTC structure.
For analytical simplicity, assuming symmetry in the parameters
of traditional CLLC structure, it can be concluded that the
parameters in traditional CLLC structure are

U U
Njo =\ o + o) (S + o)
L Lo
L =N, ( N+ Tll)
L;“p_lk = L;nl + L/m2 - L{m_lk + lepl + lep2

(22)

where Ny, L}, .. L., 5, are the turns ratio of transformer,
excitation inductor, and primary inductor of traditional CLLC
structure expressed in terms of the component parameters in
CTTC structure, taking leakage inductor into account, respec-
tively.

Since leakage inductor directly affects excitation inductor in
transformer manufacturing, an analysis is conducted on how
variations in excitation inductor, influenced by leakage inductor,
impact key parameters

NP N3 (N?-N3)

AN = NN+ Lo NT)?

(LmQALml - LmlALmQ)

_ Lim2(N?-N3) N
ALy = (2N(Lm1N22+Lm2N12) N ALm

- ]]\X_)) ALmQ

B L1 (N2-N2)
2N(Lim1N3+Lm2N7)
ALyy = —ALy,.

(23)

According to (23), the parameter sensitivity of key parameters
in traditional CLLC structure versus excitation inductors in
CTTC structure is shown in Fig. 12. As leakage inductor affects
the performance of transformer, the leakage inductor of good
high-frequency transformers is often kept within 5%. In Fig. 12,
the maximum variation for the equivalent turns ratio is 2.8%.
For the equivalent excitation inductor and resonant inductor, the
maximum variation is 5%. Notably, the effects of the leakage
inductors from the two transformers in CTTC structure can
cancel each other out for all the key parameters, further ensuring
equivalent reliability.
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Priia TABLE IV
o CONVERTER PARAMETERS
Side Bridge
_ Structure Parameters Values
! Reverse coupled Lo, L 10.46pH, 90uH
DSP structure [31] Ny, N, -12/8,21/14
é L, Lina 36.18uH, 64.28uH
CTTC structure
Ni, N> 14/15,27/6
Secondary
Side Bridge
TABLE V
MAGNETIC PARAMETERS
Tranformer Resonant Reverse Coupled
T, Inductors Inductors -
— e Structure Magnetic core Total effective Total
& v r TR _ volume area
Xy Il f Traditional CLLC p05050+pQ3230%2  61200mm*  3008mm’
/I structure
Reverse coupled 3 5
structure [31] PQ5050+PQ3535 54500mm 2510mm
CTTC structure PQ4040%2 41000mm’ 2240mm?

.

Tranformer

Tranformer

Fig. 13.  CLLC prototype. (a) CLLC converter. (b) CTTC structure. (c) Tradi-
tional CLLC structure. (d) Reverse coupled structure.

Overall, by appropriately adjusting the leakage inductor of the
two transformers, the impact on the key parameters is minor and
within a reasonable range. According to the traditional analysis
of CLLC converter, when the key parameters are unchanged,
the voltage gain range, switching frequency range, and other
performance characteristics of the converter will also remain
consistent, allowing for the equivalence of different structures.

V. EXPERIMENTAL VERIFICATION

A 3 kW CLLC prototype is built for comparison and verifica-
tion. The prototype, CTTC structure, traditional CLLC structure,
and reverse coupled structure are shown in Fig. 13. To provide
the control signal, a TMS320F28335 Digital Signal Processor is

implemented. Switches are SiC MOSFET of IMZA65R048M1H.
The parameters of CTTC structure and reverse coupled structure
are shown in Table IV, which is equivalent to the parameters of
traditional CLLC structure in Table I. All magnetic elements use
PC95 series PQ cores.

Table V shows the total volume and area of the magnetic cores
used in the three magnetic network structures. Compared to
traditional CLLC structure, the volume of the magnetic network
in CTTC structure has been reduced by 33%. Additionally, in
comparison to reverse coupled structure, both magnetic compo-
nents in CTTC structure transfer power to the secondary side
with minimal circulation, further reducing the core volume by
24.8%.

Fig. 14 shows the waveforms of the CTTC structure at the
turn-ON moment, where i, is the primary resonant current, Vizs4
and Vpg are the driving signal and drain source voltage of Q4.
Fig. 14(a), (b), and (c) shows the waveforms of the converter
operating in the below-resonant-frequency mode (BRFM) (f5 <
fr), resonant-frequency mode (RFM) (fs= f;), and above-
resonant-frequency mode (ARFM) (fs > f), respectively. The
Vs of the MOSFET will be enabled only after the Vpg of the
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(fs = fr)- (c) Above-resonant-frequency mode (fs > fr).
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MOSFET drops to 0, indicating that CTTC structure has ZVS at
all operating frequencies.

The forward operating waveforms of traditional CLLC struc-
ture with V4, =300V, 260 V, and 200 V are shown in Fig. 15(a)-
(c), where i, is the secondary resonant current, Vp gy is the drain
source voltage of @4, Vgss, and Vpgs are the synchronous
rectification driving signal and drain source voltage of Qs,
respectively. The input voltages are 390 V. When the output
voltage of the converter is 300 V, 260 V, and 200 V, the operating
frequencies of the converter are 90 kHz, 110 kHz, and 140 kHz
respectively. That is, the converter operates in BRFM, RFM,
and ARFM, respectively. The forward operating waveforms of
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300 V (BRFM). (b) Vaue = 260 V (REM). (¢) Vour = 200 V (ARFM).

the reverse coupled structure and the CTTC structure under the
same gain are shown in Figs. 16(a)—(c) and 17(a)—(c).
Experimental results in Figs. 15-17 show that all structures
can achieve proper synchronous rectification control, verifying
the practicality of the synchronous rectification method. The
converter with three different resonant tank exhibits essentially
identical voltage, current, and other operating waveforms in the
BRFM, RFM, and ARFM, indicating that equivalent substitution
has been achieved. Similarly, the CLLC converter with three dif-
ferent magnetic network structures can exhibit similar operating
characteristics at the same operating frequency when the con-
verter is operated in backward mode. The detailed experimental
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waveforms of backward mode, along with the corresponding
verification results, are provided in the appendix for validation.

Fig. 18 illustrates the operating voltage of the magnetic ele-
ments and resonant current waveforms in the three structures.
Specially, V1,,.s and V7 are the voltage of the secondary resonant
inductor and the secondary side of transformer in traditional
CLLC structure, respectively, V1 and Vo are the voltage of
the secondary side of the two transformers in reverse coupled
structure and CTTC structure, respectively. Consistent with the
theoretical analysis and simulation results, in traditional CLLC
structure, high-frequency oscillations of the order of 10® Hz
in frequency appear on the voltage waveforms of the magnetic
element despite the existence of system damping. However, in
the proposed structure, the voltage waveforms of the magnetic
components have almost no high-frequency oscillations, signif-
icantly reducing circuit noise.

Moreover, according to the phase relationship between cur-
rent and voltage, P > 0 indicates that the power is transmitted to
secondary side, whereas P > 0 indicates transmission to primary
side. In CTTC structure, as shown in Fig. 18(c), both T} and 75
transmit power to the secondary side with minimal circulation.
In contrast, the reverse coupled structure has 75 functioning as a
traditional transformer, transmitting power only to the secondary
side, while 7} acts as an inductor with substantial circulating
power. Because the magnetic network after equivalence does not
alter the resonant current. This implies a consistent requirement
for conductor diameter in the primary and secondary windings.
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The presence of circulating currents and feedback power to the
primary side leads to higher average and effective voltages across
the magnetic components when the converter transmits equal
power. Given the same core cross-sectional areas, this leads to
increased peaks in magnetic induction intensity. Thus, compared
to the CTTC structure, which transmits only active power to the
secondary side, the reverse coupled structure necessitates larger
magnetic components to reduce magnetic flux density peaks, as
shown in Table V.

Observing the resonant current waveforms of the three struc-
tures above reveals slight oscillation differences. Since there
is no series inductor in CTTC structure, the current can easily
experience abrupt changes during the uncontrolled dead time.
As shown in Fig. 10(d), when the converter switches from
Q1 and Q4 being ON to ()2 and ()3 being ON, C},; and Cpo
generate a displacement current i, due to the voltage interrup-
tion, which reduces primary resonant current i,, momentarily,
thereby reducing the turn-OFF loss of primary switches. The
current reduction will also superimpose oscillations due to the
presence of parasitic inductor on the line. While in the traditional
CLLC structure, the larger resonant inductors impede the sudden
current change, so the resonant current waveform does not show
significant variation when the switch is turned OFF. Fig. 19(a)-
(c), respectively, present the waveforms of three structures. The
phenomena shown in Fig. 19 are consistent with the theoretical
analysis. In the CTTC structure, the 7,, will decrease to some
extent due to oscillation during the dead time, which can reduce
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the turn-OFF loss of the converter. Moreover, this oscillation will
not impair the normal operation of the converter.

Fig. 20 illustrates the loss distribution of the converter with
three different structures when operating at the resonant fre-
quency under rated power conditions. According to theoretical
analysis, in the proposed structure where there is no resonant
inductor, the parasitic capacitors of magnetic component cause
the resonant current to momentarily decrease during dead time,
thereby reducing turn-OFF losses. Due to the different parameters
in CTTC structure and reverse coupled structure, the reduction in
turn-OFF losses slightly varies between them. For the switches in
the secondary side, all three structures use a similar synchronous
rectification control method, resulting in comparable losses.
Regarding magnetic component losses, the CTTC structure
reduces circulating current compared to the reverse coupled
structure, thereby reducing core losses. The copper losses of
the magnetic components are nearly identical across the three
structures.

The efficiency of the traditional CLLC structure, the reverse
coupled structure, and the proposed CTTC structure at various
output powers is shown in Fig. 21. The efficiency test points
are set at the resonant frequency. The output power increases
as the load resistance decreases and the efficiency is measured
by YOKOGAWA WT500. In forward operation, the proposed
CTTC structure achieves a maximum efficiency of 97.01%,
which is 0.44% higher than the peak efficiency of the traditional
CLLC structure. In backward operation, the proposed CTTC
structure achieves a maximum efficiency of 96.99%, which
is 0.18% higher than the peak efficiency of the traditional
CLLC structure. Additionally, although the CTTC structure
reduces circulating current compared to the reverse coupled
structure, the overall efficiency only improves slightly due to the

power. (a) Forward mode. (b) Backward mode.
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Fig. 22.  Full-load efficiency comparison curves of three different structures
at different voltages. (a) Forward mode. (b) Backward mode.

significant reduction in core volume. Meanwhile, as there will
be application scenarios where the voltage of dc bus is constant
while the battery voltage fluctuates when the CLLC converter
is applied in V2G, Fig. 22 presents the operating efficiency
of the converter under such application scenarios. The output
power is set at 3 kW. In the forward mode, the input voltages
of the converter remain unchanged. By varying the operating
frequency of the converter, different output voltages are ob-
tained, thereby yielding the curve shown in Fig. 22(a). In the
backward mode, the input voltages of the converter are different.
Through adjusting the operating frequency to make the output
power the same, the curve presented in Fig. 22(b) is obtained.
As previously discussed, the proposed CTTC structure improves
efficiency without changing the control method and operational
characteristics.

VI. CONCLUSION

To reduce the volume of the CLLC converter, this arti-
cle proposes a novel CTTC structure, offering an equivalent
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alternative to the traditional CLLC converter. The advantages
of employing the CTTC structure in a CLLC converter are as
follows:

1) the ability to employ various parameter configurations to
achieve equivalence with the traditional CLLC converter;
flexible adjustment of power distribution among magnetic
components to use standard cores and minimize the overall
volume of magnetic elements;
no need for complex magnetic circuit design and control
methods, and the operating modes of the converter are
basically unchanged;
the presence of circuit parasitic parameters does not impair
the normal operation of the converter;
improvement of the efficiency of converter without chang-
ing the control mode.
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Backward operating waveforms in CTTC structure. (a) Vour = 410 V (BRFM). (b) Vour = 390 V (RFM). (¢) Vour = 330 V (ARFM).

Finally, a 3 kW prototype was used for experimental verifi-
cation. Without affecting the operational mode of the converter,
the total volume of the CTTC structure is reduced by 33% com-
pared to the traditional CLLC structure and by 24.8% compared
to the reverse coupled structure, effectively reducing the size
of the magnetic network structure. Furthermore, the proposed
CTTC structure is a structurally universal equivalent method,
not limited to the configuration of magnetic components, and
can be combined with other magnetic integration methods to
further reduce the volume of the magnetic network.

APPENDIX

The backward operating waveforms of traditional CLLC
structure with Vg, = 410 V, 390 V, and 330 V are shown in



7812

Fig. 23(a)—(c), where i,, is the primary resonant current, Vpgs
is the drain source voltage of s, Vigss and Vpgy are the
synchronous rectification driving signal and drain source voltage
of @4, respectively. In Fig. 23(a)—(c), the operating frequencies
of the converter are 85 kHz, 110 kHz, and 140 kHz, respectively.
That is, the converter operates in BRFM, RFM, and ARFM,
respectively. The backward operating waveforms of the reverse
coupled structure and CTTC structure under the same voltage
gain are shown in Figs. 24(a)—(c) and 25(a)—(c). It is evident that
the proposed rectification strategy operates effectively, and the
synchronous rectification drive provides accurate results. Also,
the experimental results demonstrate that CLLC converters with
three different magnetic network structures can achieve the same
operating characteristics and the range of voltage gain as well.
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