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Abstract—To achieve the maximum efficiency of resonant
converter under wide voltage conversion gain range, two stage
conversion, which adopts the resonant converter operating at
resonant frequency to work as a dc-dc transformer (DCX) in
isolation stage, is a preferred solution. This paper proposes a
bidirectional C4LC resonant converter to work as a DCX. The
structure of the topology is totally symmetrical, and two auxiliary
inductors are used to achieve full load range zero-voltage-
switching (ZVS) for all the power switches under bidirectional
power flow. Unlike conventional ZVS analysis, the ZVS of the
proposed converter is analyzed with considerations of all the
switch junction capacitors and load. The clamping diodes are
also combined in the topology which can help achieve natural
power limitation in case of overload and limit the start-up
current. Even though four inductors and one transformer are
illustrated in the topology, all these magnetic components can be
simplified and manufactured with one external inductor and one
conventional transformer. Meanwhile, the converter operates at
fixed frequency and adopts the synchronous Pulse Width
Modulation (PWM) modulation, which can achieve constant
voltage gain and automatically change the power direction
without synchronous rectifier (SR) current detection. Finally, the
experimental results from a 1-kW prototype verify the
effectiveness of the proposed converter.

Index Terms—natural bidirectional power flow, power
limitation, symmetrical C4LC-DCX resonant converter, ZVS.

1. INTRODUCTION

SOLATED DC/DC converter can provide an interface

between power bus and energy storage device [1], and it is
widely used in distributed power system, uninterruptible
power supply (UPS) and electrical vehicles to realize power
conversion and satisfy the safety requirement [2].

Among the various topologies of isolated DC/DC
converters [3]-[7], resonant converters, such as LLC converter,
CLLC converter, etc., have been a preferred solution, due to
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their high performance in view of soft switching and
electromagnetic interference (EMI) performance [8].

For LLC resonant converter, within a specific frequency
range, it can achieve ZVS turn-on of the primary side switches
and zero-current-switching (ZCS) turn-off of the secondary
side switches [9]. When operating at the resonant frequency,
the conversion efficiency of LLC resonant converter reaches
the highest. However, if the working frequency is away from
the resonant point when wide conversion gain range is
required, the conversion efficiency will decrease because of
the increasing circulating current [10].

To cope with the contradiction between wide range of
voltage gain regulation and high conversion efficiency, two
stage conversion structure is studied in [11]-[13]. As shown in
Fig. 1, the first stage is a LLC resonant converter which
operates at the resonant point to achieve its best efficiency.
The conversion gain of the LLC-DCX is unregulated. The
second stage usually is a none-isolated DC/DC converter (e.g.,
buck converter, boost converter and buck-boost converter)
with PWM modulation, which is used as a voltage regulator to
adjust the voltage gain [14]-[16]. The feedback loop of the
second-stage converter doesn’t need to be isolated, therefore
the dynamic response of the voltage regulation module is
improved. The LLC-DCX in the first stage adopts open-loop
control, so it is simple to implement.
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Fig. 1. The structure of the two-stage conversion.

In order to improve the efficiency of LLC-DCX, many
methods have been proposed. In [17] and [18], resonant
frequency tracking methods are applied to make the LLC
resonant converter exactly work at the resonant point to obtain
the best efficiency. In [19], a method of multilevel gate driver
is proposed, which can boost the efficiency of LLC-DCX by
reducing the effect of parasitic inductance to solve the early
SR-switch turn-off problem. However, in the above methods,
current sensing or voltage sensing is required for the SR
switches, which increases the cost and makes the control
strategy more complex. Additionally, in [20], the primary side
of LLC converter is dynamically changed from full bridge
structure to half bridge structure under light load condition,
which significantly improves the overall light load efficiency.
In [21], a matrix transformer structure and PCB windings are
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applied in LLC-DCX to reduce the losses of transformer.
Although these methods can achieve high efficiency for LLC-
DCX, they are not suitable for bidirectional power
applications.

For bidirectional power applications, symmetrical structure
is required to ensure that the operational characteristics of the
converter will not change with the power direction. A
symmetrical bidirectional CLLLC resonant converter is
proposed in [22]-[23], which has the same operation
characteristics in the forward and backward power directions.
In [24], a bidirectional L3C resonant converter is proposed,
which has a symmetrical resonant tank in bidirectional power
flow. In [25], four diodes are added in the half-bridge LLC
converter to help achieve the same operation characteristics in
the forward and backward modes. However, even if these
methods [22]-[25] are applied in LLC-DCX, the control logics
need to be changed according to the direction of power flow,
it’s difficult to shift the power direction smoothly.

In [26] and [27], synchronous PWM modulation method is
applied in LLC-DCX to achieve natural bidirectional power
flow. The driving signals for the primary and secondary side
switches are identical, which avoids SR sensing and logics
exchanging for two sides switches when the power direction
changes. However, only one side switches of the LLC
converter in [26] and [27] can achieve ZVS. In order to boost
the efficiency, a bidirectional LLC resonant converter with an
auxiliary inductor is proposed in [28]. In this converter, all the
switches can achieve ZVS under bidirectional power flow.
However, one transformer and two external inductors are used
in the hardware circuit, which reduces the power density of the
circuit. In view of ZVS analysis, the effect of load and
junction capacitors of secondary side switches is ignored in
[26] and [27], and ZVS is analyzed without consideration of
switches junction capacitors in [28]. As pointed out in [29],
the secondary side junction capacitors can cause the
inconsistent charge/discharge time, hence the ZVS analysis in
[26]-[28] leads to insufficient accuracy. Even though the
resonant converter is working as DCX, the operation modes
for the converter in [26]-[28] are not identical under different
power directions, which would further increase the complexity
of full load range ZVS analysis and achievement when
considering the junction capacitors and load.

In addition, over current protection and power limitation
capability are not embedded in these methods [26]-[28]. When
the converter is over load or starting up, the current and
voltage stress on the resonant tank is extreme high which may
damage the circuit. To deal with these issues, in [30], a Pulse
Frequency Modulation (PFM)/PWM hybrid control method is
applied in LLC resonant converter, which can achieve current
limitation effectively. However, this method requires
additional circuits to detect the over load -conditions.
Reference [31] proposes a multi-element resonant tank which
combines notch filter and band pass filter. In case of over
current, the switching frequency is increased to notch
frequency to limit the output current. By this method, the
current can be limited inherently by the characteristic of
resonant tank, but sensing devices are required. In [32], an
auxiliary circuit is added in the LLC converter, which can
clamp the voltage of resonant capacitor by the output voltage
through a transformer under over current condition. By this
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method, inherent current limitation ability is embedded, but
the extra transformer increases the cost and volume of the
converter. In [33], clamping diodes are added to bypass the
resonant capacitors in case of over current, which can
effectively reduce the input current ripple, switch current and
resonant capacitor voltage stress. This method is simple to
implement and its response is fast. However, the clamping
diodes are only added at one side of the converter, which is
only suited for unidirectional power transfer.

The proposed C4LC-DCX resonant converter has the
following advantages:

1) The proposed converter with the synchronous PWM
modulation method has identical operation characteristics
under bidirectional power directions and can achieve
natural bidirectional power flow. In addition, the resonant
inductor currents in the primary and secondary sides are
symmetrical, which simplifies the analysis of voltage
conversion gain and ZVS.

2) Full-load range ZVS can be achieved for all the switches
under bidirectional power flow due to the two auxiliary
inductors added in the proposed converter. The ZVS is
analyzed with considerations of all the switch junction
capacitors and load, which provides more accurate
guidance for ZVS design. Moreover, a method of
magnetic components integration is proposed, by which
all the magnetic components can be simplified and
manufactured with one external inductor and one
conventional transformer, and the specific design
considerations are comprehensively discussed.

3) Power limitation and over current protection can be
achieved under bidirectional power flow since the
clamping diodes are connected in parallel with the
resonant capacitors at both sides of the proposed
converter.

In this paper, a bidirectional symmetrical C4LC-DCX
resonant converter with power limitation capability is
proposed to achieve natural bidirectional power flow and ZVS
with consideration of load and all the switches junction
capacitors. The operation principle analysis of the C4LC-DCX
resonant converter with the synchronous PWM modulation
method is given in Section II. In Section III, the constant
voltage gain, ZVS condition, power limitation and magnetic
components integration of the C4LC-DCX converter are
analyzed. The experimental results based on a 1-kW prototype
are shown in Section IV to verify the effectiveness of the
proposed converter.

II. PRINCIPLE OF OPERATION

A. Topology Structure

The topology of the C4LC-DCX resonant converter is
shown in Fig. 2. In this converter, two active half bridges are
applied to achieve bidirectional power flow. In the primary
side of the transformer, the auxiliary inductor L is connected
between point A and point B, and in the secondary side, the
auxiliary inductor L« is connected between point C and point
D. The two auxiliary inductors are used to help achieve full-
load range ZVS for the switches of the proposed converter,
and they affect the resonant frequency and the resonant
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process. Clamping diodes are in parallel with the resonant 7] T

capacitors to realize power limitation in case of overload and it ICI’iT VC.C'; Vio

limit the inrush current when the converter starts up. It should + = — 2 — J"J +

be noted that even though four inductors and one transformer ' {ia1 Lo Jir b ¥ Lo L2 jip| Cor T 12

are illustrated in the topology, all these magnetic components c n s, S, } _|_+¢ic4

can be simplified and manufactured with one external inductor ik TCn

and one conventional transformer, which will be explained in ©

Part D of Section III. Fig. 3. The working stages of the converter in the forward power transmission
The turns ratio of the transformer is n. To ensure that the mode.

topology is completely symmetrical, the value of L, referred to (a)Stage 1(to-t1). (b)Stage 2(#1-22). (c)Stage 3(t2-t3).

the primary side is equal to L. (Ln1=n*L.»=L,), the value of C,3

111 11 L1
I I
and Cy4 referred to the primary side is equal to C. and Cx S, Ss |: S S, |:| NI |II
K
I
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(C1=C2=C3/n*=Ca/n*=C,), and the value of Ly referred to the
primary side is equal to La1 (La1=n*Lao=Ly). ’irl

With the synchronous PWM modulation method, the lLar
driving signals of S3 and S; are the same as those of S1 and Sz,
respectively. If ignoring the effect of the dead-band, the

. . . . . i.(l
switches S1 and S> in the primary side are switched te W hi
11 [l ]

complementarily with 50% duty cycle (detailed waveforms are

shown in Fig. 4). The C4LC-DCX resonant converter operates h
at the resonant point. Four resonant capacitors Cy1, C2, Cy3, Cr4, Ve I

I

two auxiliary inductors L.1, Ls2 and two resonant inductors L1, va H H I
L,> build up the resonant tank. - A " W
In this paper, the forward mode refers to the transmission of Vi 'x[ m: I
power from the V; side to the V> side. iii iii i
I I i
il S, 5 v " Ty Gt I
14 |t: B i Lo A in Ly %" Lo T _—-'—V2 Fig. 4. The key waveforms of the convezirter in the forward power transmission
mode.
C,-z% % Dz_]%%% S, S4J'_ D%:BCIM In this stage, La1, La> resonant with Cy1, Cr2, Ci3, Cra, L1 and
Iy B L. According to the relationship between the voltages and
Fig. 2. The topology of the CALC-DCX resonant converter. currents of the circuit shown in Fig. 5, the equations (1), (2)
B Mode 1: Forward Power Transmission Mode and (3) can be deduced to describe the converter in this stage.
As shown in Fig. 3, in the forward power transmission 2LrM=Vc1(f)— nv, (1)
mode, there are three working stages in a half switching cycle. dt
Fig. 4 shows the key waveforms of the converter in this mode. I dip, (@) _ o
The proposed converter with synchronous PWM modulation “ = e M
method will not work in DCM (Discontinuous Conduction L, di, (1)
Mode) mode since the driving signals for two sides switches 70# = nvey (1)
are identical.
Stage 1 (to-t1): Fig. 3(a) shows the equivalent circuit of the dve,(t) . dve,(t) .
ST . . C———+i ,(t)=C. ———=+i,,(t)
converter in this stage, and it can be equivalently represented "t l Tdt Lal
by the circuit shown in Fig. 5. At fo, the switches S1 and S3 )

dve,(t) i, dv,(t
turn on with ZVS. C,nL()+L()=i”(t)+CrnL()
dt n dt

{va(t)""vcz(t) =V 3)
Ves (D) +ve, (0) =V,
Jrl _Ii’ Where i1 is the resonant current in the primary side, iz« and
iﬁ —l—gz‘ iza2 are the currents of L,1 and La> respectively, vei, vez, ves and
vey are the voltages across Cy1, Cr2, Cr3 and Cis respectively.
@ For the proposed CALC-DCX converter, the resonant
it R i S s s ch,; Vi frequency is referred to the frequency of the resonant inductor
. z‘clﬂ_ T AT Vics ? current. According to (1), the current of the resonant inductor
nor IZI Lo |77 Ln 7" In Lo Co::_——_tVz in the primary side can t1>e expressed as
o b, JoRs sipft of 0 = 5 [l O =m0 Ja @
[25] " r
(b) Based on (4), it can be deduced that the resonant frequency
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is equal to the frequency of vci-nves. Hence, the resonant

frequency can be solved according to the frequency of vci-nves.

According to (3), it can be deduced that dvca(z)/dt=-
dvci(t)/dt and dvca(t)/dt=-dvci(t)/dt, then (2) can be simplified
as

dv., . . .
2C, d;1:lLal(t)_lrl(t):_lsl(t)

)

2Crn% = irl (t) _M - _ i53 (t)
dr PR

The derivative of the difference between the two equations
in (5) can be expressed as

d2 [vCI(t)_ZnVCS(t)] — diLal(t)_’_ldiLaZ(t) 2 dir] (t) (6)
dt dt n dt dt

Then, substituting the three equations in (1) into (6), it can
be deduced that

dz (Va — nVc3) Lr + La
dr’ 2L.LC

r~a>r

2C,

(Ve —nve3) =0 7

By solving the differential equation in (7), the angular
frequency of vci-nves can be obtained.

L +L,
Y 2L ®

According to the relationship between the resonant current
irt and vci-nves shown in (4), it can be deduced that the
resonant angular frequency is equal to the angular frequency
of vci-nves. Therefore, the resonant frequency can be
expressed as

O, 0 1 L+,
2r 2z 27 \2LL,.C,

r~a>r

/=

)

The following equations can be deduced by substituting (1)
into the derivative of the sum of the two equations in (5).

d’ (Ver tnvcs ) (10)
dt 2L.C,

According to the solutions of the differential equations in
(7) and (10), the expressions of vc1 and vc3 can be obtained.
Then according to the relationship between switch currents
and resonant capacitor voltages in (5), the expressions of
switch currents can be deduced. Finally, substituting the
initial values of switch currents and resonant capacitor
voltages at f, the following equations can be deduced

(Vey Thve;) =0

1530
s Veo =1V,
Ve () =———sinw, (t—1,) +—>—cos w, (t —t,)
1
s Vo 41,
L sinw,(t—t,)+—L— X cos @, (1)
40,C. an
11
1530
s Ve —1V,
() =— ’ch sin, (1 —1,)— cio C30 cos @, (t—1,)
ISSO +7
s V., +nV,
- sine,(t—t,)+—L— cos @, (t—1,)
40,C,

Where Veio is the voltage of C1 at ¢ = to, 10 is the current
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of S1 at ¢ = ty, Vso is the voltage of C3 at ¢ = to, 30 is the
current of S at ¢ = to, w-2xf;, and @, =/1/(2L,C,) .

The equation (11) is complex, in order to simplify the
analysis of ZVS condition, the effect of resonance between the
resonant capacitors and auxiliary inductors is ignored. Then
the resonant capacitor voltage is a sine wave with an angular
frequency of w,, according to the solution of the differential
equation in (7), the voltages of resonant capacitors can be
expressed as

Vo () =4 sinw, (t—t,)+ B cosw, (t—t,)+C

12
vc3(t):Azsina),(t—to)+Bzcosa),,(t—to)—i-% (12)

Where A1, A2, Bi, B> and C are constant quantities
remaining to be solved. The absolute values of ic1 and ic are
equal, and the sum of vci and ves is equal to V1, hence the DC
component of vei, which is C in (12), is equal to Vi/2.
Substituting (12) into (5), the currents of S; and S3 in this stage
can be expressed by

i,()="2C w4 cosw (t—1)+2Cw.B sinw (t—1,)
i,()=-2n"C.0 4, cos o, (t—1,)+2n°C.,B, sinw,(t —t,) (13)

Then substituting the initial values of switch currents and
resonant capacitor voltages at f into (12) and (13), the
constant quantities 41, Bi, A> and B> can be deduced, which
are equal to -Isi0/2Crwr, Veio-V1/2, -Is30/2n*Cror and Veso-Va/2
respectively.

Therefore, the currents of Si and S3 and the voltages of C
and C3 in this stage can be expressed by

2
A (0= 2Crwr (Vao _?l) sin @, (t— to) + ISIO COs @, (t _to)

14 I,
Ve () = e _El)cosa)p t—t)- ZCIO

rr

. v
s1na)r(t—t0)+31

(14

v
iy(t)=21"C.o0, (Vs _72) sina, (£ —1y) + 15, cos @, (1—1,)

V, I
V()= Vg —2)cos @, (t—1,) ——20 —
o3 = Ve 2) . (t—1,) wCa

ci Vi il L

P C=.
iL'll — L“ —N — Lﬂ ll":‘/n
Vlt: iLal in 2Ly ippln ‘--jn v,

Coil ot
il T T de/n
Fig. 5. The equivalent circuit in stage 1 of the forward power transmission.

Stage 2 (ti-t2): At t1, S1 and S3 turn off. As shown in Fig.
3(b), in this stage, the junction capacitors of Si and S3 are
charged, and the junction capacitors of S> and Si are
discharged. At £, the voltages of S> and Ss are equal to zero,
the body diodes of Sz and Ss conduct.

Stage 3 (t>-t3): Fig. 3(c) shows the equivalent circuit of the
converter in this stage. In this stage, current flows through the
body diodes of Sz and S4. At £3, S2 and S4 turn on with ZVS.

Because of the symmetry for both the topology and PWM
modulation, the operation principle of the backward power
transmission mode is the same as that of the forward power
transmission mode.

The initial values of the inductor currents and resonant
capacitor voltages at #o are solved as follows.

. v,
sma),(t—to)+72
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Considering that the dead-time is relatively short compared
with the switching period, the effect of dead-time is ignored in
the following analysis. During # to 1, the input current #; is
equal to is1/2. Based on power conservation law of two sides,
it can be deduced that
2 o ig (1) sz
—| —dt=— 15
oy, (1

Where R, is the output resistance. Hence, substituting the
expression of is1 in (14) into (15), Vcio can be expressed as

Vv, 4
V. =—-2 41 16

In practical application, the output capacitor C, is designed
to be much larger than the resonant capacitor, hence the effect
of output capacitor is negligible. The output current i> is equal
to -i;3/2 during ¢ to #1. The average value of the output current
can be expressed as

Tz_i‘rlmdtzﬁ
oho 2 R

lT:

T Y (4

Then substituting the expression of is3 in (14) into (17), Vo
can be deduced.
A s
T2 4nfCR, (18)

As shown in Fig. 5, during # to #1, the voltage across L1 is
equal to -vci, and the voltage across La2 is equal to ves. Since
Is10 and Is30 are small, their effects on ver and ves are ignored
in the following analysis. Hence according to (1) and the
expressions of vcr and ves in (14), the following equations can
be deuced.

W -V "
%sm o, (t _to)_j(t_to)JrlLaw (19)

a’’r a

I () =—

2

. V... =V, . n’v,
ZLaz(l‘):ﬁ”2 Smwr(t_to)"'z_]j(t_to)"']Lazo (20)

Where Irq10 and .0 are the currents of L, and L at o,
respectively. Irq10 is equal to -iza1(7,/2), and 1420 is equal to -
ira2(T//2). Therefore, according to (19) and (20), it can be
deduced that

. T.. VT
Liaro = =lia (?) = _81L (21)
. T.. VT
T = ~haa () = T L2 (22)

a

Where T=1/f.. By substituting (16) into the expression of
vcr in (14), the voltage across C1 at f1 can be expressed by
(23).

T. V V)
v.(t)=v. (H)=———— 2
C](]) ('1(2) 2 4f;CrR0V1 (3)
The C4LC-DCX converter with synchronous PWM

modulation method operates at the resonant frequency, hence
the resonant inductor current at #; is equal to zero. Since the
dead-time is short, the change of vci during the dead-time is
negligible. If ignoring the effect of the switch junction
capacitors, during # to #3, the body diode of S2 is conducted,
and the voltage of the transformer in the primary side vri is
nearly equal to -¥1/2. Hence the expression of i1 during #; to #3
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can be expressed as

. 1 14
i, (1) =L—,[Va (tl)—?‘}(f—fl) (24)
Then substituting (23) into (24), it can be deduced that
Pt
[‘ =—i (t.)= 0" dead
10 () 4fCLV, (25)

Where P, is the output power and f4eqq is the length of the
dead-time. Then according to (21), (22) and (25), the
following equation can be deduced.

P()t ed V]-;'
Igg=10= 11, = W_ i (26)
sTrrt 1 a
2
nV,I, nPt,,
Igyo =100 =0l =~ 8Lza - 4fSC,dLle 27

The above equations will be used in the converter
characteristics analysis in Section III.

For the conventional LLC converter, the asymmetric
structure leads to different operation characteristics in the
forward and backward modes and makes the ZVS analysis
complex when considering all the switch junction capacitors
[34]. The CLLC converter differs from the proposed C4LC-
DCX converter in that no auxiliary inductor is added in the
converter, hence ZVS cannot be achieved for the switches. For
the CLLLC converter [22]-[23], the resonant inductor current
is coupled with the magnetizing inductance current, which
makes the ZVS analysis with consideration of all the switch
junction capacitors complex. In addition, with the traditional
magnetizing inductance design method [22], only one side
switches can achieve ZVS. Even if these converters work
under DCX operation, the above problems still exist.
Compared with these converters, the proposed C4LC-DCX
converter has a symmetrical structure and the resonant
inductor current waveforms in the primary and secondary
sides are symmetrical (i,1=i,2/n), which simplifies the analysis
of operation principle and ZVS condition in bidirectional
power directions. Full-load range ZVS can be achieved for all
the switches in the proposed converter with considerations of
switch junction capacitors and load under bidirectional power
flow. In addition, bidirectional power limitation capability is
embedded in the proposed converter, while power limitation
cannot be achieved in the hardware circuits of the
conventional LLC, CLLC and CLLLC converters.

C. Mode 2: Forward Power Limitation Mode

When the converter is overload, the current flowing through
the resonant capacitors is large, and then the converter will
work in the power limitation mode. As it is shown in Fig. 6, in
this mode, there are eight working stages in a half switching
cycle. Fig. 7 shows the key waveforms of the converter in this
mode.

Stage 1 (to-t1): Fig. 6(a) shows the equivalent circuit of the
converter in this stage. At fo, S1 turns on with ZVS, while the
junction capacitor of S3 begins to be discharged. This stage
ends when the voltage across S3 decreases to zero at #1.

Stage 2 (t1-t2): As shown in Fig. 6(b), D> and D3 conduct in
this stage. The input current 7; is less than zero, and the output
is bypassed by Ds. The resonant tank does not work, and the
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power transmission is interrupted.

. . . el
Stage 3 (t-13): Fig. 6(c) shows the equivalent circuit of the it ; riT
. . . . . cl
conyerter in this stage. At t, iz« is equal to i, the current of y ot WWH
Ds is equal to zero. Then, D; turns off. 1 Lal !
1

the stage 1 in Mode 1. The equivalent circuit of this stage is

shown in Fig. 3(a). —
Stage 5 (ta-t5): At ta, ves drops to zero, and then D4 conducts. it D)
As shown in Fig. 6(d), Ci3 and C4 are bypassed, and the e
voltage of L, is clamped to V2 in this stage. = i Lo |B In 3“
Stage 6 (ts-t): Fig. 6(e) shows the equivalent circuit of the s
converter in this stage. At 5, S1 and 53 turn off, and then the

junction capacitors of 1 and S> begin to be charged/discharged.

®

1
Stage 4 (-t4): At 8, ira1 is equal to iy, the current of D Cy s,
decreases to zero. Then, D turns off. This stage is the same as iy
2

! ) S . (&
fLaz mmus ir2 is less than zero, so the body diode of S5 conducts Fig. 6. The working stages of the proposed converter in the forward power
in this stage. limitation mode.

Stage 7 (ts-17): Fig. 6(f) shows the equivalent circuit of this (a)Stage 1(to-11). (b)Stage 2(n1-12). (c)Stage 3(t2-13). (d)Stage 5(ta-ts).
stage. At #, the voltage across S» drops to zero, and then the (e)Stage 6(ts-ts). (HStage 7(ts-t7). (g)Stage 8(tr-ts).

body diode of S> conducts.
Stage 8 (t7-t3): Fig. 6(g) shows the equivalent circuit of this
stage. vc1 decreases to zero at #7, and then D conducts. At fg,

S, turns on with ZVS, while the junction capacitors of Ss and i ﬂi m
Ssbegin to be charged or discharged. LN :
| i |

Vst
Vis2

Vis3

Vis4 L m ~ . -

(b) lohirts Litstehitstotioty,  hatishatishs

Fig. 7. The key waveforms of the proposed converter in the forward power
limitation mode.

It should be noted that the clamping diodes only work in the
power limitation mode. Under normal working conditions, it
does not participate in the power transmission and will not
cause additional loss.

Because of the symmetry for both the topology and PWM
modulation, the operation principle of the backward power
limitation mode is the same as that of the forward power
limitation mode.

III. CONVERTER CHARACTERISTICS ANALYSIS

A. Constant Voltage Gain
@ Fig. 8 shows the key currents waveforms of the converter in
the forward power transmission mode. Without considering
the dead-band, the average value of iza1 and iz« is equal to
zero. Hence, the average value of the input current 71 and
output current i> can be expressed by
Tg - . el
2 J‘%lyl(t)—lwl(t) g
2

ll:f“ >

(28)
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z :iﬁﬁ ni (t)—i,,,(t) P :n_Zl
T 70 2 2

Where T is the switching period.

The output power is equal to input power if ignoring the
losses, so according to (28) and (29), the voltage conversion
gain M can be expressed by

m=t i 1
Vi L n

According to (30), a conclusion is drawn that the voltage
conversion gain of the proposed converter is only determined
by the turns ratio »n and its value remains unchanged from no-
load to full-load.

|
I
(I |
| I |
| 11 |
|5 &S, ON | | $1&S; ON |
: ¥ |
| |

(29)

(30)

~

"4 T
I I
I I
/\ '/\ |

| |
b - ﬂ t
Y Y Y
Fig. 8. The key currents waveforms of the converter in the forward power
transmission mode.

B. ZVS Condition Analysis

As Fig. 4 shows, to ensure that S; and S> can achieve ZVS,
ir1 minus izq1 should be positive and can charge/discharge the
junction capacitors of S and S> completely during ¢ to #.

DD
~

During # to #3, the voltage of C. can be regarded as

unchanged, and the voltage across S1 increases from zero to V7.

Hence, it can be deduced that
. I
@ <], v @)

_n Ve (1)
L

a

(€29
=1+, (1), Ve[, L]

During the dead-time, the voltage of the transformer in the
primary side vri decreases from V1/2 to -V1/2, and vri plus vasi

is less than or equal to V1/2. Hence, i satisfies (32) during

irl (t) > %J‘; |:VC1 (tl) _%}dt

1 o
_L—[va(q)—ﬂ@ 1), Vtelt.t]

r

to t3.
(32)

In order to prevent anti-resonance, i-1 minus izs1 should be
positive during #1 to 3. Hence, according to (31) and (32), anti-
resonance will not occur if (33) is satisfied.

. . t, V.| V,—v. ()
hayuabiq}aké}é—i%m
1\73 Lal \"3 Lr C1\"1 2 La dead (33)

—i;,(¢)>0
According to (9), it can be deduced that
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L
L=— e
"8 fIL,C -1 G4
Then substituting (21), (23) and (34) into (33), it can be
deduced that

L < fxl/lz(l_4tdeadf;)
‘ 16”2tdeadPofr3
In order to discharge or charge the junction capacitors of S
and S> completely during # to 3, (36) should be satisfied.

j: [i"l (Z) - iLal (Z)]dl 2 2Co,ysl I/l

Where Cogi is the value of the junction capacitors of the
primary side switches. By substituting (21), (23), (31), (32)
and (34) into (36), it can be deduced that

< Vvlztdeadf; (1 B 2-fr[dead)
C16C, [ SV 487, )P,

From the analysis above, it can be concluded that ZVS for
S1 and S> will be achieved if the value of the auxiliary
inductors satisfies (35) and (37).

As Fig. 4 shows, in the secondary side, the direction of
resonant current i, during the dead time is favorable for S3 and
S4 to achieve ZVS. Hence, if (38) is satisfied, the ZVS of the
secondary side switches can be achieved.

[(inadr=2c 4

0ss2
n

(35)

(36)

(37

(38)

Where Cos2 is the value of the junction capacitors of the
secondary side switches.

During the dead-time, the change of the secondary side
auxiliary inductor current ir.2 is negligible. Thus, substituting
the expression of iz.2(7,/2) in (22) into (38), it can be deduced
that

2
< n tdead

“T16f.C

0552

(39)

Fig. 9 shows the available region of ZVS according to (35),
(37) and (39). To achieved ZVS for all the switches in the
proposed C4LC-DCX converter, the auxiliary inductors
should be designed to satisfy (35), (37) and (39).

150

—L, determined by (35)
----- L, determined by (37)

100 +=-L, determined by (39)
)
=
<
500
Available region
0
0 500 1000

Output power (W)
Fig. 9. The available region of ZVS (V1=400V, n=1, fi=f=500kHz,
Cnxsl:Cass2:6OpF, tdmd:SOIlS).

C. Power Limitation of The Converter

In the power limitation mode, the power transmission will
be interrupted when the clamping diodes conduct. The
maximum transmission power occurs at the critical moment
when the load increases to the point where power limitation
occurs, and the waveforms at this moment is shown in Fig. 10.
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As shown in Fig. 10, at fo, vc1 is equal to V1, and i is equal
to 0. During #o to #1, i1 is equal to is1/2, hence based on the
expression of is1 in (14), the input current can be expressed by

: Col
B0 ==

At t1, vcr is equal to 0. If ignoring the influence of the dead-
band, according to (14) and (40), the maximum average value
of input current can be expressed as

2 4,
= f i(t)dt = 2f.CV,

K

sinew, (t —t,) (40)

(41)

Hence, the maximum transmission power can be calculated
by

llimax

F = VlllTimax = Zcr-faVlz

max (42)

From the analysis above, it can be deduced that the
maximum power is related to the value of C.. Hence, the
resonant capacitor can be designed according to the maximum

power.

)
)

e
@
$
©)
Z

S1&S; ON S, &S, ON
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Va2

_——]——_¥
—_——___¥g

- ] _ 4

4 L I3 U
Fig. 10. The waveforms of the input current and the voltages across
resonant capacitors at the critical moment when power limitation occurs.

D. Integration of Magnetic Components

As Fig. 2 shows, there are four inductors and one
transformer in the proposed converter. The method of
magnetic components integration is applied in this paper to
reduce the number of magnetic components, and the detailed
process is shown in Fig. 11.

Fig. 11(a) shows the magnetic components network of the
proposed converter, and its equivalent circuit when L2 and La2
are referred to the primary side is shown in Fig. 11(b).
According to the equivalent replacement principle of delta-star
connection, the circuit in Fig. 11(b) can be transformed into
the T type circuit shown in Fig. 11(c). Then, the cantilever
model of the transformer can be obtained from the T type
circuit, which is shown in Fig. 11(d). In order to limit the
maximum power in a safe range, the value of resonant
capacitors cannot be too large. Hence, large resonant inductors
are used in the proposed converter to meet the requirement of
resonant frequency. Considering that the transformer leakage
inductance is small, an external inductor is used to compensate
the inadequate value of the transformer leakage inductance.
Hence, L. is divided into two parts, the external series
inductor Lk e« and the transformer internal leakage inductance
Liear. Hence, as Fig. 11(e) shows, the cantilever model of the
actual transformer is the circuit in the red dotted box. Finally,
convert the actual transformer from cantilever model to T
model, which is shown in Fig. 11(f).

The external inductor in Fig. 11(f) can be calculated by (43).

2L L

L =—-L
'k _est 2Lr +La leak (43)
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Lrl 2Lr
Y Y YL
T
VaB3 Loy L, Ly
Lr]:nerzer ) La]:nthﬂzLa
@) / (b)
b M IR
L — Ly : ” d
L L LI, L(L, +2L,)
R TR e o= T
2L, +2L, L+1, Li+L,
o (© / .
External series External series
. Transformer . Transformer
inductor / inductor

|
ni ]
1
— le — 1‘122
g L1+L12’ P+,
© ®

Fig. 11. The integration of the magnetic components.

After the equivalent transformation, the turns ratio of the
actual transformer nq. in Fig. 11(f) is not equal to the turns
ratio n in Fig. 2, and it can be calculated by (44). The
magnetizing inductance of the actual transformer in Fig. 11(f)
can be calculated by (45).

_jaLL,+4L’+L; 2L, (L, +L)

Ny P - (44)
(L. +L) L,(2L +L))

nactLa2
Ln17ac! 2(La +Lr) (45)

The magnetic core of the transformer can be designed
according to (44) and (45). By this method, the auxiliary
inductors, resonant inductors and transformer of the C4LC-
DCX converter can be simplified and manufactured with one
external inductor and one conventional transformer without
changing the midpoint voltages and switch currents, which is
the meaning of magnetic component integration in this paper.

The final circuit derived by magnetic components
integration is shown in Fig. 12, which has the same electrical
characteristics of resonant tank as the circuit shown in Fig. 2.
The reason why discrete magnetic components are used in the
topology shown in Fig. 2 instead of the integrated case is that
the topology is completely symmetrical, which can simplify
the analysis of operation principle and ZVS condition under
bidirectional power flow.

In practical application, the transformer is none-ideal, which
includes leakage inductance and magnetizing inductance. The
leakage inductance can be used as part of resonant inductor,
and the large magnetizing inductance in real transformer has
negligible influence on the magnetic components network of
the proposed converter. Therefore, in the process of magnetic
components integration, the magnetizing inductance is ignored
for the circuit shown in Fig. 11(a). It should be noted that the
proposed C4LC-DCX converter is implemented by the final
circuit derived by magnetic components integration shown in
Fig. 12 in the hardware design. In the final circuit, both the
leakage inductance and magnetizing inductance of the actual
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transformer are considered.

The magnetic components network of the CLLLC and
C4LC converters can be equivalently transformed, but the
symmetrical magnetic components network of the proposed
converter shown in Fig. 2 simplifies the analysis of operation
principle and ZVS condition in bidirectional power directions.

For the resonant tank of conventional CLLLC structure, the
parameters in the primary and secondary sides are
symmetrical. If clamping diodes are added to achieve power
limitation in a safe range, the value of the two resonant
inductors will be too large to be implemented by the
transformer leakage inductances. Hence, the magnetic
components network of the CLLLC converter will be
implemented by two external series inductors and one
conventional transformer. Besides, when the CLLLC
converter operates in resonant point, the voltage conversion
gain is equal to the turns ratio. While for the circuit derived by
magnetic components shown in Fig. 12, the inductor in the
secondary side is the small intrinsic leakage inductance of
transformer, hence only one external inductor and one
conventional transformer is required, and the turns ratio can be
calculated according to (44).

In many engineering practices, when the transformer is used
in combination with external series inductor, the leakage
inductors of transformer are considered to be small and are
ignored. While for the transformer model applied in the circuit
derived by magnetic components integration, the actual
leakage inductors in the primary and secondary side are taken
into account, and the addition of external series inductor is to
compensate the inadequate value of the leakage inductors.
External series inductor

S I3 4 ,
‘Z‘ S === =5 J TS ilz

i est \Lieait Maer - 1

Coz= Ly,

C
D —
CcH s, TTTTUTTS Dl [Hies
iczzl D J ? 'l‘rans&bmlersd . g Cha

Fig. 12. The final circuit derived by magnetic components integration.

IV. PARAMETER DESIGN AND EXPERIMENTAL RESULTS

A. Parameter Design

A 1000W experimental prototype based on GaN devices
which is shown in Fig. 13 is built to verify the above analysis
for the proposed converter. The input voltage Vi and output
voltage V> are both 400V, and the switching frequency f; is
500kHz.

7cm

=
o
g
)
=
g
<
-
=

15cm
Fig. 13. The experimental prototype.
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To reduce the size of converter, the prototype is designed
according to the circuit derived by magnetic components
integration shown in Fig. 12, in which the four inductors and
one transformer of the C4LC-DCX converter shown in Fig. 2
is implemented by one external series inductor and one
conventional transformer.

For the C4LC-DCX converter shown in Fig.2, under the
condition of V=V>=400V, the turns ratio n can be calculated
based on (30).

n= Y _400 1
v, 400 (46)

The value of the resonant capacitors is related to the
maximum transmission power. Under the condition of
Pnax=1.23kW and f=500kHz, the value of resonant capacitor
can be obtained according to (42).

P 1230
C=—"=——"——="7"TnF 47)
21V 2x5x10° x400
Under the condition of ‘tww=50ns, fi=f(=500kHz,

Coss1=Coss2=60pF and P,=1kW, the constraint conditions of the
auxiliary inductor can be deduced based on (35), (37) and (39).

L < f;I/lz(l _4tdead.fr)

= = T3uH (48)
16”2tdeadpoﬁ3
Vit 1-2ft
. < 1 deadj;z( -f2‘r ;iead) 5 — 60,UH (49)
16Cnssl‘fsf‘rl/l +87Z' tdeadf‘r F:)
n’t 1’ x50x107°
ST e T : 7 =104uH  (50)
16£.C,, 16x5x10°x60x10

Hence, the auxiliary inductor L, is designed to be equal to
60uH to ensure that all the switches can achieve full-load
range ZVS.

Then, by substituting L,~60uH, C,=7.7nF and f,=500kHz
into (9), the value of resonant inductor can be calculated.

Lﬂ
b 87° f7L,C. —1 Gl

The leakage inductance of the actual transformer Liear is
2uH. For the final circuit derived by magnetic components
integration, the value of the external series inductor can be
calculated by substituting L,=7.3uH and L~60uH into (43).

2L L,

L, =— L, =97
'k _est 2L +L leak #H

T a

By substituting the value of L., L, and Li o into (44), the
turns ratio of the actual transformer 7. can be calculated.

_|aLL,+4L7+L 2L, (L, +L)
L +L,) L,Q2L +L,)

According to (45), the magnetizing inductance of the actual
transformer L, _qc: can be calculated.

n, L’ 0.84x(60x107°)

L — act”—a —
"L +L) 2x(60x107° +7.3%107°)
TABLE 1 shows the parameters of the prototype. The

parameters selected according to the above method can make
the converter resonate at the 500kHz switching frequency.

=73uH

(52)

=0.84 (53)

=225uH (54)
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TABLE I conducted diodes in the power limitation mode (1100W),
PARAMETERS OIF THE EXPERIMENTAL PROTOT]\)(PE - which interrupts the power transmission.
Tput Vzgllge ) 4833 Fig. 15 shows the waveforms of the midpoint voltages (v4z
Output Voltage (V2) 400V and vcp, where Point A, B, C and D are denoted in Fig. 2) and
Rated Output Power (P,) 1000W the resonant currents on both sides of the transformer under
Switching Frequency (f;) 500kHz different loads in the forward and backward power
Turns Ratio (1) ! transmission modes. As Fig. 15 shows, i is the resonant
Resonant Capacitance (C,) 7.70F K X LT
Resonant Inductance (L) 7.3uH current in the secondary side (i=in-iLq2), the voltages across
Auxiliary Inductance (L,) 60pH the two auxiliary inductors are nonlinear, and the converter
External Series Inductor (L s) 9.7uH operates effectively under different loads and different power
Leakage Inductance of Actual Transformer (Liear) 2uH . .
. directions.
Turns Ratio of Actual Transformer (s4c/) 14:17 X Lo
Magnetizing Inductor of Actual Transformer (L acr) 22.5uH Fig. 16 shows the soft-sw1tch1ng waveforms Of t[he pI'OpO.SG.d
Switches GS66508T C4LC-DCX converter under different load conditions. As it is
Clamping Diodes G3506503C shown in Fig. 16, all the switches in the proposed converter

can achieve ZVS at no-load, half-load and full-load conditions
under bidirectional power flow.

Fig. 17 shows the dynamic waveforms of the proposed
converter. In Fig. 17(a), the power is changed from +500W to
-500W. It can be seen that the direction of power flow can be
changed smoothly. In Fig. 17(b), the power of the proposed
converter switches between 100W and 500W. It can be seen
that the output voltage remains unchanged when the load
changes in the power transmission mode. The soft-start
waveforms of the proposed converter are shown in Fig. 17(c).
It can be seen that the inrush current is limited when the

_converter starlts up.

B. Experimental Results

The steady-state waveforms of the converter under different
loads are shown in Fig. 14. ve and vgu are the driving signals
of S2 and S4 respectively, and i, is the resonant current in the
primary side (i=ir1-iza1). It can be seen from Fig. 14(a) and
Fig. 14(b) that the driving signals for the primary and
secondary bridges are identical under different power
directions, and the actual resonant frequency is equal to
500kHz, which verifies the correctness of (7). Fig. 14(c) is the
waveforms of the converter in forward power limitation mode,
it can be seen that the resonant capacitors are clamped by the
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Fig. 14. Steady-state waveforms of the proposed converter under different loads.
(a) Full-load of forward power transmission. (b) Full-load of backward power transmission. (¢) Over-load of forward power limitation mode.
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Fig. 15. The waveforms of the midpoint voltages and resonant currents. Forward power transmission: (a) no-load; (b) half-load; (c) full-load. Backward power
transmission:(d) no-load; (e) half-load; (f) full-load.
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Fig. 17. The dynamic waveforms of the proposed converter.
(a) Forward mode to backward mode. (b) Load changes between 100W and SO0W. (c) The soft-start waveforms.

Fig. 18 shows the measured voltage gain and efficiency of method is proposed for DCX application. By adding auxiliary

the proposed C4LC-DCX resonant converter. inductors, full load range ZVS considering the effect of load
12 0.98 and switch junction capacitors for all the switches can be

. 0'?9 | 0.96‘ 0.97 achieved. With the method of magnetic components

' % integration, the number of magnetic components is reduced. In

0.8 0.96 § addition, over current protection and power limitation

= 2 capability are embedded in the proposed converter by adding

0.6 / : 0.95 m clamping diodes. A 1-kW prototype is designed to verify the

04— — Vel agc g3m 0.94 theoretical analysis. The ZVS analysis and parameter design

7 Efficiency are verified by the experimental results. Meanwhile, the

0.2 : 0.93 results have shown that natural bidirectional power flow,
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Fig. 18. The measured voltage gain and efficiency.
It can be seen from Fig. 18 that the voltage gain of the

constant voltage conversion gain and natural power limitation
capability can be obtained with the proposed solution.
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