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Hybrid-Three-Level Current-Fed Series-Resonant
Isolated DC-DC Converter and its Optimization

Modulation Strategy
Fengjiang Wu , Senior Member, IEEE, Kaixuan Wang, and Suhua Luo

Abstract—In this article, a hybrid three-level current-fed series-
resonant isolated bidirectional dc–dc converter is proposed, con-
taining an interleaved parallel bidirectional buck/boost converter
at the low-voltage side and a half-bridge three-level converter at the
high-voltage side. The operation principles and characteristics of
the proposed converter are thoroughly analyzed with the duty-cycle
plus dual phase-shift control. The relationship between the general
case of three independent control variables and the transfer power
is derived. Then, a modulation strategy optimization algorithm by
taking the minimum root mean square (rms) value of the resonant
current as the objective function is presented. Under the optimal op-
eration point, the converter operates efficiently with the minimum
rms value of the resonant current and accordingly increases the
efficiency. The detailed experimental results verify the correctness
and feasibility of the proposed converter and modulation strategy.

Index Terms—Bidirectional current-fed dc–dc converter,
minimum resonant current, series-resonant, three-level.

I. INTRODUCTION

THE isolated bidirectional dc–dc converter (IBDC) has a
wide potential application prospects in the field of electric

vehicles, renewable energy power generation and energy storage
systems due to the unique advantages, such as soft-switching
characteristic, high-frequency galvanic isolation, bidirectional
power flow, etc. [1], [2].

The first popular type of topology of the IBDC is the voltage-
fed dual active bridge (VF-DAB) converter. This topology is
capable of a wide range of voltage bidirectional conversion.
According to the type of the energy storage component, its
topology mainly includes the inductor-type and resonant-type
ones. The current stress of the inductor-type is at least twice
the effective output current, resulting a poor current rating
utilization and high system loss, which is not conductive to high
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power factor operation [3]–[6]. For the resonant converters, e.g.,
LC-type, LLC-type, CLLC-type, and so on, were reported in
the literature. Among them, the LC-type converter has a simple
structure and is easy to control. The shape of the transformer
currents of the resonant-type one is close to the sinusoidal and
the peak value of the transformer current is accordingly reduced
to 1.414 of its rms value. Hence, the series resonant converter
has a better electromagnetic characteristic and the current stress
is reduced by 20% as compared to the inductor-type ones. The
resonant capacitor can effectively filter out the dc component
of the transformer and reduce the eddy current loss of the
transformer winding [7]–[10]. Therefore, the resonant converter
has attracted more and more attentions. However, when it is
applied to a system with a wide voltage variation range, the
normalized voltage amplitude on both sides of the transformer
is usually not matched, causing the ratio of the peak value/root
mean square (rms) value of the resonant current to be too large
in the entire power range, which reduces the utilization rate of
the system hardware rated capacity [11], [12]. In addition, the
VF-DAB converter has high input current ripple, which reduces
the life time of the power sources. The additional filter devices
increase the system volume and cost.

Another type of topology is the current-fed dual active bridge
(CF-DAB) converter. According to the current source structure,
CF-DAB converter can be divided into two classes, i.e., the series
inductor-type and the interleaved parallel-type (or L-L type),
where the series inductor-type converter has the smallest current
stress. However, it can realize only the boost conversion in one
power flow direction, because the series inductor-type converter
is essentially equivalent to a boost dc–dc converter. In addition,
the voltage spike induced by the transformer leakage inductor
is serious, when two inductor currents are not matched during
the transition of circuit state. It is necessary to add an active
clamp circuit or improve the modulation strategy, which results
an increase in the manufacturing and control cost [13], [14].

The interleaved parallel CF-DAB converter has two parallel
inductors on the input side. The converter can be equivalent to an
interleaved parallel buck/boost dc–dc converter and a VF-DAB
converter. Therefore, no additional auxiliary snubber circuit is
required and the input current ripple can be reduced by the inter-
leaved technology. In addition, when the input voltage varies in a
wide range, the added dc capacitor can ensure that the equivalent
VF-DAB converter always operates with the optimal normalized
voltage gain and achieves the optimal current characteristics,
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Fig. 1. Schematic of the proposed converter.

which is beneficial to improve the converter efficiency [15]–[20].
The operation principle of this type converter is analyzed in
detail in [23] and it proved that it can realize the bidirectional
buck-boost conversion.

Considering that the interleaved parallel CF-DAB converter
possesses the advantages mentioned above and in order to extend
its application field, in this article, a hybrid-three-level inter-
leaved parallel resonant-type CF-DAB converter is proposed,
where a half-bridge three-level structure is assigned on the
high voltage side (HVS). Furthermore, an optimized modulation
strategy to minimize the rms value of the resonant current is
proposed based on pulsewidth modulation (PWM) plus dual-
phase-shift (DPS) modulation. The proposed converter and its
modulation have the following features. The input current is
continuous and the ripple is greatly reduced. The voltage stress
on the HVS switches is only half of the HVS bus voltage.
When it is used in a low-voltage system, the power loss can be
reduced because the on-state resistance of the power switches
with a low rated voltage is usually low [24]–[26]. Considering
that the rated voltage of existing mass-produced high-frequency
power switches, such as SiC MOSFETs are still low, the three-
level structure provides an approach that the SiC-based power
switches are used in the higher voltage systems. Furthermore,
the interleaved parallel structure combined with the proposed
modulation strategy can eliminate internal reactive power of the
equivalent resonant converter and achieve minimum rms value of
the resonant current in the entire operating range, thus ensuring
the high efficiency operation of the converter.

II. PROPOSED CONVERTER AND OPERATION PRINCIPLES

A. Proposed Converter

The proposed hybrid-three-level current-fed series-resonant
IBDC is shown in Fig. 1. The input dc inductors L1, L2 with the
same inductance, the dc link capacitor C1 and S1-S4 on the low
voltage side (LVS) compose the interleaved parallel buck/boost
converter. S1-S4 also compose an H-bridge converter. S5-S8 and
the voltage spilt capacitors Cg1, Cg2 on the HVS compose the
half-bridge three-level converter. Lr and Cr compose a resonant
tank as an intermediate energy storage link to transfer power
between LVS and HVS. Cr is also used as a part of the three-level
converter, which filters out the dc component of the transformer
and prevent the transformer core from being saturated. The
average voltage across Cr is half of the voltage on the HVS (vH).
The LVS and HVS are linked by a high-frequency transformer
(HFT) Tr with the winding turns ration of n1:n2, which achieves
the electrical isolation and voltage matching.

Fig. 2. Key waveforms of the PWM plus DPS modulation. (a) Mode I: d1
<0.5. (b) Mode II: d1 > 0.5.

The H-bridge converter on the LVS, the LC resonant tank,
the HFT and the three-level converter on the HVS compose
an equivalent LC resonant converter. The interleaved parallel
converter on the LVS provides one more controllable degree
of freedom, namely the voltage of C1 (vL), which is the input
voltage of the H-bridge converter on the LVS. Therefore, vL can
always match vH by regulating the duty cycle of the H-bridge
converter on the LVS, to ensure the equivalent resonant converter
always operates at its optimal current point, thus improve the
converter efficiency and reduce the current stress.

B. Operation Principle

The proposed converter provides bidirectional power flow.
When the power flows from the LVS to the HVS, the converter
operates under the forward mode, otherwise, it operates under
the backward mode. The operation principle of the two modes
is exactly the same, so in this article only the forward mode is
analyzed in detail. Ignoring the effect of the dead time, under the
fixed-frequency PWM plus DPS modulation, the key operation
waveforms in the forward mode are shown in Fig. 2. The current
of the two boost branches only depends on both, its own parasitic
resistances and effective duty cycle, and the parasitic resistances
and effective duty cycle of the other phases [27]. This means
in ideally, the current sharing between the two branches is
automatically realized. Assuming that the duty cycles of the two
boost branches are equal to d1, it can be divided into two modes,
i.e., d1 < 0.5 and d1 > 0.5, according to the range of d1. The
three-level converter on the HVS adopts the interleaved PWM
voltage balance modulation proposed in [24]. Furthermore, the
value and direction of the transfer power can be regulated by
controlling the phase shift angle ϕ between vAB and vCD.

As shown in Fig. 2, there are 12 switching stages in a switching
cycle. Considering the similarity, only six switching stages in
half-switching cycle under the mode of d1 < 0.5 are described.
Fig. 3 shows the detailed equivalent circuits of these stages.

1) Stage I [t0–t1) [see Fig. 3(a)]: S1, S3, S6, and S7 are ON

state. vAB and vCD are clamped to zero. The energy stored
in the resonant tank is pumped back into the low-voltage
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Fig. 3. Equivalent circuits of different stages in the forward mode. (a) [t0-t1).
(b) [t1-t2). (c) [t2-t3). (d) [t3-t4). (e) [t4-t5), (f) [t5-t6).

bus through S6 and S7 and the body diodes of S1 and S4.
The resonant current ir decreases reversely. Meanwhile,
C1 is charged by vin and L1 and L2 together through S1
and S3, the variation rate of input currents is expressed as

di1
dt

=
di2
dt

=
vin − vL

L
. (1)

2) Stage II [t1–t2) [see Fig. 3(b)]: At t1, S7 is turned OFF and
S8 is turned on, therefore vCD = vH. The resonant current
ir continues to decrease through S6 and S8 and the body
diodes of S1 and S4.

3) Stage III [t2–t3) [see Fig. 3(c)]: At t2, S3 is turned OFF

and S4 is turned ON, therefore vAB = vL. ir continues to
decrease.

Meanwhile, since S4 conducts, iL2 increases and its variation
rate is expressed as

di2
dt

=
vin
L

. (2)

1) Stage IV [t3–t4) [see Fig. 3(d)]: At t3, ir decreases to
zero and starts to increase positively. And the power is
transferred from the LVS to the HVS through S1, S4, S6,
and S8.

2) Stage V [t4–t5) [see Fig. 3(e)]: At t4, S6 is turned OFF

and S5 is turned ON. ir commutates from S6 to S5, thus
vCD = vH. Therefore, the HVS can generate a three-level
equivalent AC power source with dc bias, where the dc
bias is filtered out by the resonant capacitor Cr.

3) Stage VI [t5–t6) [see Fig. 3(f)]: At t5, S4 is turned OFF

and S3 is turned ON. vAB is clamped to zero. ir decreases
gradually under the action of vH. The power is transferred
from the LVS to the HVS through S3, the body diode of S1
and S5 and S8. Meanwhile, L2 is discharged again through
S2.

The operation principle of the converter under the mode of
d1>0.5 is similarly with that under the mode of d1 < 0.5. The
difference is that during the zero-level periods of vAB, S2 and
S4 are both ON state.

According to the above analysis, the LVS interleaved parallel
current-fed structure can not only ensure that the continuity
and low ripple characteristics of the input current, but also can
control the LVS bus-voltage vL by multiplexing the switches.
The relationship between vin and vL is

vL =
vin

1− d1
d1 ∈ [0, 1). (3)

Moreover, it can also control the internal phase shift angle D1

of vAB. The relationship between D1 and d1 is{
D1 = 1− 2d1 0 ≤ d1 < 0.5
D1 = 2d1 − 1 0.5 ≤ d1 < 1.

(4)

III. POWER CHARACTERISTICS AND OPTIMIZED MODULATION

STRATEGY

A. Transfer Power Characteristics

The proposed resonant converter adopts the fixed-frequency
control and the switching frequency is closed to the resonant
frequency of the resonant tank. Therefore, the fundamental har-
monics approximation method is used to analyze the steady-state
operation characteristics. The fundamental equivalent circuit of
the resonant converter is shown in Fig. 4, where vAB1, vCD1

and ir1 are the fundamental components of vAB, vCD and ir,
respectively. All parameters are unified to the LVS, i.e.,

vCD1
′ =

n1

n2
vCD1 (5)

XLr
′ =
(
n1

n2

)2

XLr, XCr
′ =
(
n1

n2

)2

XCr. (6)
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Fig. 4. Fundamental equivalent circuit of the resonant converter.

Fig. 5. Curve of magnitude of vAB1,pu as a function of the duty-cycle.

The normalized impedance of the resonant tank is given

Xs = XLr +Xcr =

(
n1

n2

)2√
Lr

Cr
(F − 1

F
) (7)

where F is the normalized switching frequency and is defined
as

F = fs/fr (8)

where fs is the switching frequency and fr is the resonant
frequency of the resonant tank

fr=
1

2π
√
LrCr

. (9)

For the purpose of convenience, all quantities are normalized
with the base values. The base values represented by the sub-
script "B" are given as

VB = vin, IrB = vin/Xs. (10)

Combining (3) and (4), the normalized fundamental voltage
of the two equivalent ac power sources are expressed as

vAB1, pu(t) =
4

π

sin(d1π)

(1− d1)
sin(ωst+ϕπ) (11)

vCD1, pu(t) =
4M

π
cos
(
D2

π

2

)
sin(ωst) (12)

where the voltage gain M is defined as

M =
n1vH
2n2vin

(13)

where d1 ∈ (0, 1] , D2 ∈ [0, 1) and ϕ ∈ [−0.5, 0.5].
The distribution curve of the magnitude of vAB1, pu as a

function of d1 is drawn and shown in Fig. 5. When d1 varies
from 0 to 1, the magnitude of vAB1, pu can be regulated from 0
to 4. It means the converter on the LVS realizes the buck-boost
voltage conversion.

Using the principle of superposition, the normalized resonant
current is solved and expressed as

ir1, pu(t) =
4

π
(
sin(d1π)

1− d1
sin(ωst+ϕπ − π

2
)

−M cos(D2
π

2
) sin(ωst− π

2
)). (14)

By calculating the zero point of the first derivative of (14),
the moment tp, corresponding to the peak value of the resonant
current fundamental component yields

ωstp = arctan

[
sin(d1π)
1−d1

sin(ϕπ)

M cos(D2
π
2 )− sin(d1π)

1−d1
cos(ϕπ)

]
. (15)

By substituting (15) into (14), the normalized magnitude and
rms value of resonant current are solved and shown in (16) and
(17) at the bottom of the page, respectively.

The normalized average transfer power in a switching cycle
is derived as

Ppu =
1

Ts

∫ Ts

0

vCD1, pu(t)ir1, pu(t)dt

=
8M

π2

sin(d1π)

(1− d1)
cos(D2

π

2
) sin(ϕπ). (18)

The transfer power coefficient G is defined as

G =
sin(d1π)

(1− d1)
cos(D2

π

2
) sin(ϕπ). (19)

From (19), the direction of the transfer power is determined
by the external phase shift angle ϕ , while the average transfer
power is determined by d1, D2 and ϕ together.

The four-dimensional curves of the transfer power and the
rms value of resonant current as the functions of the three phase
shifts are shown in the Figs. 6 and 7. For a certain transfer power,
there are infinite combinations of the three degrees of freedom
(d1, D2, ϕ) and the rms value of the resonant current varies in
wide range under the different combinations. Therefore, it is
necessary to properly introduce some constraints to obtain the
exact relationship between the three degrees of freedom.

B. Optimal Modulation Strategy for Global Minimum RMS
Value of Resonant Current

It is well known that under the same transfer power, the smaller
the rms value of the resonant current is, the smaller the ON-state
power loss of the power switches and the copper loss of the HFT
and inductors will be. Therefore, in this article, the minimization
of the rms value of the resonant current is introduced as an
optimization objective into the modulation strategy. So that the
efficiency of the converter can be increased.

In this section, the optimal operation point of (d1, D2, ϕ) is
derived by minimizing the rms value of the resonant current
under the desired transfer power. Therefore, the objective opti-
mization function of rms value of the resonant current and the
corresponding constraints is expressed as

Minimize ir1r, pu(d1, D2, ϕ) (20)
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Fig. 6. Normalized average transfer power under different operation points.

Fig. 7. Normalized RMS value of resonant current under different operation
points.

subject to

{
G(d1, D2, ϕ)−G∗ = 0
0 ≤ d1 < 1, 0 ≤ D2 < 1, −0.5 ≤ ϕ ≤ 0.5

(21)

where G∗ is the index of the required transfer power.
The Lagrange multiplier method is used here to solve the

above nonlinear optimization problem [28]. Combining (20) and
(21), the relationship between d1, D2 and ϕ is expressed by
the Lagrangian function L satisfying the Karush–Kuhn–Tucker
(KKT) conditions as

L(d1, D2, ϕ, λ, μ) = ir1r , pu(d1 , D2 , ϕ)

+ λ [G(d1 , D2 , ϕ)−G∗] +
q∑

j=1

μj gj (d1 , D2 , ϕ) (22)

where λ is the KKT multiplier for the equality constraint of the
Lagrangian function L and the equality constraint is defined as
(21), μj is the KKT multiplier for the inequality constraint of the
Lagrangian function L and the inequality constraints are defined

as ⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

g1(d1, D2, ϕ) = −d1 < 0
g2(d1, D2, ϕ) = d1 − 1 < 0
g3(d1, D2, ϕ) = −D2 ≤ 0
g4(d1, D2, ϕ) = D2 − 1 < 0
g5(d1, D2, ϕ) = −ϕ− 0.5 ≤ 0
g5(d1, D2, ϕ) = ϕ− 0.5 ≤ 0.

(23)

Therefore, the objective operation point G∗ =
(d1

∗, D2
∗, ϕ∗) of the objective function is solved by (22),

which satisfies the KKT conditions as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂L
∂d1

∣∣∣
G=G∗

= 0

∂L
∂D2

∣∣∣
G=G∗

= 0

∂L
∂ϕ

∣∣∣
G=G∗

= 0

λ �= 0
L(d1, D2, ϕ)− L(G∗)=0
μj ≥ 0
gj(G = G∗) ≤ 0
μjgj(G = G∗) = 0 j= 1, . . . , 6.

(24)

Substituting (17) and (18) into (20)–(24), the following equa-
tions are derived as⎧⎨

⎩
D2

∗ = 0

M = cos(ϕπ) sin(d1π)
1−d1

G∗ = M tan(ϕπ).

(25)

The KKT candidate point is then solved, i.e., the global
objective operation point of the minimum rms value of the
resonant current G∗ = (d1

∗, D2
∗, ϕ∗) satisfies⎧⎨

⎩
sin(d1

∗π)
1−d1

∗ =
√
M2 +G∗2

D2
∗ = 0

ϕ∗ = 1
π arctan(G

∗
M )

(26)

where 0 < M <
√
π2 −G∗2.

Therefore, the operation principle of the proposed optimized
modulation strategy is that, in order to ensure the effective
voltage is applied for the longest time on the HVS, first fixing the
internal phase shift angle D2 of the HVS to 0, and then according
to the desired transfer power, regulating ϕ, at the same time,
to ensure the converter operates at the minimum rms value of
the resonant current, d1 is regulated to boost vL to a suitable
level. Combining with the optimized operation point shown in
(26) and the parameters given in Table II, the curves of the
control variables d1 and ϕ as a function of the transfer power
are drawn as Fig. 8. It can be seen from Fig. 8 that as the transfer
power increases, both d1 and ϕ increase monotonically under
the proposed modulation strategy.

ir1P, pu =
4

π

√(
sin(d1π)

1− d1

)2

− 2M
sin(d1π)

1− d1
cos(D2

π

2
) cos(ϕπ) +

(
M cos

(
D2

π

2

))2
(16)

ir1r, pu =

√
8

π

√(
sin(d1π)

1− d1

)2

− 2M
sin(d1π)

1− d1
cos
(
D2

π

2

)
cos(ϕπ) +

(
M cos

(
D2

π

2

))2
(17)
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TABLE I
ZVS CONDITIONS OF VARIOUS SWITCHES

TABLE II
EXPERIMENTAL PARAMETERS

Fig. 8. Relation curves of control variables as a function of transfer power. (a)
d1 as a function of G. (b) ϕ as a function of G.

C. Time-Domain Verification of Optimized Modulation
Strategy

Considering that the resonant converter is essentially an ac–ac
power conversion system, the optimized modulation strategy
can be easily verified in the time domain. Since the objective of
the optimization modulation strategy is to minimize the RMS
value of the resonant current, the phase between the resonant
current and vCD1 should be evaluated. It is because for an
ideal ac system, only when the converter operates at the unity
power factor, the resonant current contains only the active power
component and as a result, the rms value of the resonant current
is the smallest.

Combining the optimal operation point obtained in the pre-
vious section, and substituting (25) and (26) into (11) and (12),
the phase relationship of the amplitude of the equivalent voltage

phasors
⇀

V AB1, pu and
⇀

V CD1, pu is derived as

VAB1m
∗ cos(ϕπ)=VCD1m

∗. (27)

Fig. 9. Phasor diagram and operation waveforms under the optimized modu-
lation strategy. (a) Phasor diagram. (b) Operation waveforms.

The phasor diagram of the fundamental equivalent converter
and the operation waveforms of vAB, vCD, and ir under the
optimized modulation strategy are shown in Fig. 9. From Fig. 9,
ir is always in phase of vCD and it ensures the converter operates
at the minimum rms value of the resonant current in the entire
power range. It can further improve the performance of the
converter.

D. Soft-Switching Conditions Analysis

The soft-switching conditions of all power switches are an-
alyzed in this section. The soft switching of the proposed con-
verter is achieved with the help of the parasitic capacitor of
the switch. The basic principle of soft switching is that the
turn-OFF of the main conducting device diverts the current to the
corresponding parasitic capacitors to charge one and discharge
the other, resulting in a zero voltage (ZV) OFF. The ZV ON is
achieved by gating on the in-coming device while the antiparallel
diode is conducting. It means ZV OFF is realized naturally in the
entire operation range, while ZV ON requires the constraints.
Moreover, since ir1 is always in phase of vcd under the proposed
modulation strategy, the ZC on is always achieved for all the
switches on the HVS. The ZV-ON constraint conditions for the
primary-side switches are mainly discussed below.

The currents flowing through the power switches on the LVS
is related to the dc input inductor currents and resonant current.
Considering that the dc inductor currents for d1 < 0.5 and d1 >
0.5 are different, the soft-switching conditions in these two cases
need to be calculated separately. The soft-switching conditions
for the upper and lower power switches are expressed as{

ir(2Th − 1−2d1

2 Th) < i1(2Th − 1−2d1

2 Th) d1 < 0.5

ir(
2d1−1

2 Th) < i1(
2d1−1

2 Th) d1 > 0.5
(28)

{
ir(Th + 1−2d1

2 Th) > i1(Th + 1−2d1

2 Th) d1 < 0.5

ir(Th − 2d1−1
2 Th) > i1(Th − 2d1−1

2 Th) d1 > 0.5.
(29)

Combining with (14), (18) and the waveforms shown in Fig. 2,
the above two equations are further expressed as

− 4vin
πXS

(
sin(d1π)

1− d1
sin(d1π + ϕπ)−M sin(d1π)

)

<
Pout

2vin
+

vind1Ts

2L1
(30)

4vin
πXS

(
sin(d1π)

1− d1
sin(d1π − ϕπ)−M sin(d1π)

)
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>
Pout

2vin
− vind1Ts

2L1
. (31)

Substituting (26) into (30) and (31), (30) and (31) are simpli-
fied as

−G∗

d1

(
cos(d1π) +

M

π

)
<

πXSTs

8L1
(32)

G∗

d1

(
cos(d1π) +

M

π

)
<

πXSTs

8L1
. (33)

The soft-switching conditions for primary-side switches of
the proposed resonant converter are given in Table I. It can be
seen (32) is always satisfied. Hence, the ZV ON of S1 and S3

is always achieved in the entire power range. While (33) is not
always satisfied and difficult to find an exact range. Thus, the ZV
ON of S2 and S4 is restricted. It can be seen from (33) the larger
impedance of the resonant tank, the larger switching period, the
smaller input inductor and the smaller voltage gain is conductive
to expand the ZV-ON range of S2 and S4.

According to the above analysis, only the ZV ON of the lower
switches S2 and S4 ON the LVS is restricted. The other switches
all achieve ZVS. The reasonable design of topology parameters
is conductive to expand the ZV-ON range of S2 and S4.

E. Power Loss Model and Comparison

In order to further quantitatively analyze the efficiency of the
proposed optimization modulation strategy, the general power
loss model of the proposed converter is established in this
section. Furthermore, the power loss of the proposed modulation
strategy and the fixed-frequency PWM strategy in the current-
fed converter are compared in detail with each other based on
the general power loss model.

The power loss of the converter mainly includes the switching
loss Psw and the conduction loss Pcond of the power switches,
the copper loss Pcop and iron core loss Pcore of the inductors
and the transformer. According to the above analysis, only the
ZV ON of the lower switches S2 and S4 on the LVS is limited.
The other switches all achieve soft switching in the entire power
range. In order to simplify the analysis, Psw is neglected. Since
the iron core loss is mainly related to the magnetic materials
and the operation voltages and it is usually independent of the
modulation strategy, Pcore is also not discussed in this article. In
addition, the fixed loss in the system such as the auxiliary power
loss, the cooling loss and the fixed loss of the drive circuit is not
discussed in the loss model.

1) Conduction Loss: the conduction loss is calculated as

Pcond = iS,RMS
2 ·RS (34)

where the iS,rms denotes the RMS current flowing through the
power switch in a switching period. The RS denotes the ON-state
resistance of the power switches.

Supposing that S1-S4 ON the LVS are exactly the same and
the effect of the current ripple on the power loss is neglected in
this article, the equivalent RMS currents of one leg on the LVS

is solved and expressed as

iB1,RMS = iB2,RMS=

√
1

Ts

∫ Ts

0

(i1 − ir1)2dt

=

√
ir1,RMS

2 + (
Pout

2vin
)
2

. (35)

Under the proposed modulation strategy, the resonant current
always flow through two power switches on the HVS at the
same time. Therefore, the rms current of all power switches on
the HVS is calculated by

iC_S5,RMS = iC_S6,RMS = iC_7,RMS = iC_S8,RMS =
n1ir1,RMS√

2n2

.

(36)

The total conduction loss of the power switches is calculated
as

Pcond,Loss = Pcond,LVS_Loss + Pcond,HVS_Loss

= 2

(
ir1,RMS

2 +

(
Pout

2vin

)2
)
RS_LVS

+ 4

(
n1ir1,RMS√

2n2

)2

RS_HVS. (37)

where RS_LVS denotes the ON-state resistance of the power
switches on the LVS. RS_HVS denotes the ON-state resistance
of the power switches on the HVS.

1) Copper Loss: The copper loss in the transformer coils
and inductor coils are mainly related to the coil resistance
Rtr_LVS, Rtr_HVS and RL1, RL2 and the rms current flow-
ing through them, and is calculated by

Pcop,loss = Pcop,L_loss + Pcop,Tr_loss (38)

Pcop,L_loss = i1
2RL1 + i2

2RL2 (39)

Pcop,Tr_loss = ir1,RMS
2Rtr_LVS + (

n1ir1,RMS

n2
)2Rtr_HVS.

(40)

It can be seen from the above analysis that the power loss is
closely related to the rms value of the resonant current. Hence,
reducing the RMS value of the resonant current effectively
reduces power loss and improve the converter efficiency.

In order to evaluate the performance of the proposed mod-
ulation strategy, the RMS values of the resonant current and
power loss of the proposed modulation strategy are compared
with those of the fixed-frequency PWM strategy in [23]. The
parameters used to compute the curves in this article are given
in Table II. The SiC JFETs with part number UF3C065040K3S
is used on both the LVS and the HVS in our experimental
platform, hence the impedance of the switches ON the LVS and
the HVS RS_LVS and RS_HVS are both 42 mΩ. By substituting
the expressions of the RMS value of the resonant current of
the proposed modulation strategy into the general power loss
expression mentioned above, the exact power loss as a function
of the desired transfer power under the proposed modulation
strategy is obtained.
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Fig. 10. Curves of various variables of the converter as a function of transfer
power under different modulation strategies. (a) Resonant current amplitude. (b)
Conduction loss. (c) Copper loss. (d) Total power loss.

Under the fixed-frequency PWM strategy, only d1 is used as
the control variable to regulate the transfer power. In [23], only
the RMS value of the resonant current at various operating states
of the converter is given. The exact analytic relationship between
the RMS value of the resonant current and the desired transfer
power is not shown. Therefore, in this section, the RMS values
of the resonant current at different power are obtained through
the simulation and the RMS value of the resonant current as
a function of the desired transfer power is obtained by linear
fitting, then the exact power loss under the fixed-frequency PWM
strategy can also be obtained for comparison.

The distribution curves of the RMS values of the resonant cur-
rent as a function of the transfer power under the two modulation
strategies are drawn and shown in Fig. 10(a). The distribution
curves of the conduction loss and the copper loss as a function
of the transfer power are also drawn and shown in Fig. 10(b) and
(c), respectively. The curves of the total power loss are shown in
Fig. 10(d). From the analysis above and Fig. 10, compared with
the fixed-frequency PWM strategy, the proposed modulation
strategy effectively reduces the amplitude and RMS value of the
resonant current and power loss. As the transfer power increases,
the advantages of the proposed modulation strategy become
more obvious.

IV. EXPERIMENTAL VERIFICATION

To verify the performance of the proposed converter and the
optimized modulation strategy, a DSP + FPGA-based experi-
mental prototype is built, as shown in Fig. 11. The experimental
prototype is built by the modular approach. We have built some
general half-bridge module with the SiC JFETs power switches.
Combining with the schematic of the proposed converter shown
in Fig. 1, we use four modules to make up the proposed converter
in this experiment. The corresponding experimental parameters
are given in Table II. Two dc voltage sources are used as the
input sources of the dc ports on both sides, and two resistors are

Fig. 11. Photograph of experimental platform based on DSP+FPGA.

Fig. 12. Experimental results of optimized modulation in forward mode with
vin = 48 V and vH = 200V. (a) Pout = 100W. (b) Pout = 300W. (c) Pout =
600W. (d) Pout = 800W.

connected in parallel to the two ports as the loads, respectively.
In order to reduce the fluctuation of the output current of the
dc power source, the larger inductance is selected to reduce the
ripple of the inductor current. Further, the inductors, the switches
and the drive circuits on the two branches are selected as the same
as possible to ensure the average currents on the two branches
are approximately the same as each other. A 100 W switching
power supply is used as the auxiliary power to provide power
for the driving circuit. All experiments are carried out under the
open-loop conditions.

Fig. 12 shows the steady-state waveforms of the proposed
converter in the forward mode under the optimized modulation
strategy, with vin=48V and vH=200V. Fig. 12(a)–(d) shows the
experimental results with the output power Pout= 100, 300, 600,
and 800 W, respectively. The corresponding control variables d1
and ϕ are determined by the minimum resonant current optimal
conditions in (26). D2 is always fixed at 0.ϕ and d1 both increase
with the increase of the transfer power. Correspondingly, vL is
regulated at the optimal value and ir1 is always in phase of vCD.
Taking Fig. 12(b) as an example, when the transfer power is
300W, d1 and ϕ calculated in combination with (26) are 0.278
and 0.066, respectively. The actual d1 and ϕ read from the
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Fig. 13. Experimental results of optimized modulation in forward mode with
vin = 60V and vH = 250V. (a) Pout = 280W. (b) Pout = 600W.

Fig. 14. Experimental results of optimized modulation in backward mode with
vin = 48V and vH = 200V. (a) Pout = 300W. (b) Pout = 600W.

experimental waveforms are 0.29 and 0.072, respectively. The
theoretical analysis and the experimental results are basically
the same. Similarly, under various transfer power, the actual
d1 and ϕ read from the experimental waveforms are always
close to those calculated from the theoretical expressions. The
experimental results verified the theoretical analysis pretty well.

In order to evaluate the performance of the proposed converter
and modulations strategy in a wider power and voltage conver-
sion range, the input and voltages are varied and corresponding
experimental results are tested. Fig. 13 illustrates the experi-
mental waveforms of the optimized modulation strategy with
vin = 60 V and vH = 250 V. The experimental results show that
under different port voltages, the proposed modulation strategy
still ensures the converter operates with the minimum resonant
current.

Fig. 14 shows the waveforms of the proposed converter and
the modulation strategy in the backward mode with vin = 48 V
and vH= 200 V. Similar to the forward mode, when the converter
operates at the optimal operation point calculated by (26) and
the resonant current is always in phase of vCD.

For the comparison, the performance of the proposed con-
verter with the fixed-frequency PWM strategy is also tested
experimentally. D2 and ϕ are both fixed to 0, and the transfer
power is regulated only by the duty cycle d1. Fig. 15 (a) and
(b) shows the experimental results with the same input/output
voltages and transfer power as those of Fig. 12(b) and (c). From
these figures, under the same transfer power, the RMS value
and magnitude of the resonant current of the proposed strategy
are always less than that of the fixed-frequency PWM strategy.
Therefore, the advantages of the proposed strategy are verified
once again in the experimental way.

In addition, the efficiency of the proposed converter under
the proposed modulation strategy is tested with vin = 48V and
vH = 200V. The efficiency of the inductor-type converter in

Fig. 15. Experimental results fixed-frequency PWM strategy in forward mode
with vin = 48V and vH = 200V. (a) Pout = 300W,.(b) Pout = 600W.

Fig. 16. Efficiency curves of three interleaved current-fed converters.

[19] and the two-level resonant-type converter in [23] is also
tested based the built experimental platform and compared with
that of the proposed one. The efficiency curves are all tested
with the experimental parameters given in Table II. The tested
efficiency curves are illustrated in Fig. 16. It can be seen that the
efficiency of the proposed converter in the entire power range is
always higher than those of other two converters. The maximum
efficiency is about 94.5%.

Furthermore, in order to further verify the advantages of the
resonant-type converter, it is compared with the inductor-type
converter in term of the cost. Considering that the parameters of
the magnetic components of the converters with the same rated
voltage and rated power are generally the same, the cost of the
magnetic components of the proposed converter and the other
converters is considered to be the same. The rated parameters of
the system used to calculate the cost are as follows. The input
voltage is 48 V, the output voltage is 200 V and the rated transfer
power is 1 kW. Since under the same transfer power, the input
current and the voltage stress of the switches on the LVS of
different topologies are the same, the transformer current on the
primary side is compared emphatically.

To simplify the analysis, under the same transfer power, the
RMS value of the transformer current of different topologies is
regarded as the same. For the inductor-type topology, the peak
value of the transformer current is at least twice of the average
effective output current. The shape of the transformer current
of the resonant-type one is close to the sinusoidal and the peak
value of the transformer current is accordingly reduced to 1.414
of its rms value.

In the actual system application, the current rating of the
switches is generally selected to be twice the maximum current
flowing through the switches for the safety of the system. Hence,



WU et al.: HYBRID-THREE-LEVEL CURRENT-FED SERIES-RESONANT ISOLATED DC–DC CONVERTER 205

TABLE III
DATA OF BIDIRECTIONAL DC–DC CONVERTERS

the current rating of the switches under different topologies are
selected and given in Table III. Based on the current rating
of the switch of the inductor-type topology, the ratio of the
current rating of the resonant-type one is calculated and given
in Table III.

From the above analysis, the current stress of the power
switches in the resonant-type converter is only 1.414/2 = 0.707
time of that of the inductor-type one. For sake of the comparison,
it is regarded that the price of the power switch is proportional
to the current rating. Hence, the cost ratio of the switches is
qualitatively compared. The total cost of the power switches of
the resonant-type one is 0.707 time of that of the inductor-type
topology. The cost reduction ratio of the resonant-type topology
is about 29.3% relative to the inductor-type topology. Although
the comparison is not so precise, it still proves that the cost of
the resonant-type converter is significantly reduced.

V. CONCLUSION

The proposed hybrid three-level current-fed series-resonant
IBDC reduces the voltage stress of the power switches ON the
HVS to half of the HVS bus voltage and provides one more
control degree of freedom for improving the current character-
istics of the equivalent resonant converter inside. The proposed
modulation strategy ensures the converter operates with the
minimum RMS value of the resonant current in the entire power
range. Corresponding theoretical analysis and experiments have
verified that the proposed converter and modulation strategy
have higher efficiency and better voltage adaptability than the
existing ones.
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