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Bidirectional Isolated Halt Bridge Three-Level
Resonant DC-DC Converter and Optimized
Modulation Strategy

Guangfu Hu'"”, Fengjiang Wu

Abstract—In this article, a bidirectional isolated half-bridge
three-level resonant dc—dc converter is proposed, where the voltage
stresses of all power switches are limited to half of the input or
output voltage. Only eight power switches are used in the proposed
converter and the system volume and cost are decreased. The
corresponding universal modulation strategy with the ability of
auto-balance of the dc side split capacitors voltages is proposed and
the steady-state characteristics is analyzed. In order to improve
the efficiency, a multivariable coordinated optimization modula-
tion strategy is proposed to realize the full-range quasi-minimum
current trajectory and the full range zero voltage switching. The
switching loss, conducting loss, and current stress are all reduced.
The correctness and feasibility of the proposed converter and
its optimization modulation strategy are verified by the detailed
experiment results.

Index Terms—DC-DC converter, half-bridge three-level
(HBTL), optimization modulation strategy.

1. INTRODUCTION

N RECENT years, the bidirectional isolated dc—dc con-
I verters have demonstrated advantages such as the excellent
isolation performance, high power density, bidirectional power
transfer, and high efficiency. The converter has broad prospects
in the fields of the dc distribution systems, energy storage sys-
tems, electric vehicles, and renewable energy generation [1], [2],
[3]. The higher power density and efficiency are the important
development trends for this converter [4], [5].

In the low-voltage applications, many researches on the dual
active bridge (DAB) converter have been made in the aspects
of topology, modulation strategies, closed-loop control, etc. [6],
[7]. In the middle voltage application, in order to reduce the
voltage stress, a common approach is to connect multiple DAB
modules in series or parallel. However, the numerous DAB
modules increase the number of transformers and the control
complexity [8]. The volume and cost are increased. Therefore,
in order to reduce the number of modules needed and utilize the
power switches with lower rated voltages, the multilevel circuits
are widely used for the middle-voltage dc—dc power conversion.
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Fig. 1. Bidirectional isolated TL DC-DC converters. (a) DNPC-DAB.
(b) ANPC-DAB.

Currently, the three-level (TL) dc—dc converters are the most
widely applied among the multilevel converters. The main types
include T-type [9], diode neutral point clamped (DNPC) [10],
[11], [12], [13], flying capacitor [14], hybrid neutral point
clamped (HNPC) [8], [15], [16], [17], [18], active neutral point
clamped (ANPC) [19], [20], [21] and half-bridge three-level
(HBTL) [22], [23], [24], [25], [26], [27] converters.

The DNPC-DAB converter is shown in Fig. 1(a). Since the
lack of the redundant switching states in DNPC leads to the
unbalanced distribution of power losses, the ratings of the power
switches and heat sink are increased. In addition, the switch-
ing losses are significantly increased by the long commutation
loop. The unreliable clamping and the unbalanced distribution
of power losses in the DNPC-DAB converter are solved by
employing the flying capacitor or hybrid clamping methods
[14], [15], [16], [17], [18]. However, the balance of the flying
capacitor voltage is complex, and the reliability and practicality
are reduced. Compared to DNPC, in order to achieve the reliable
voltage clamping and the redundant zero switching states, the
clamping diodes are replaced by the power switches in the
ANPC-DAB converter, as shown in Fig. 1(b). Consequently,
in [19], [20], and [21], the ANPC-DAB converter is used
to replace the DNPC-DAB converter. However, the numerous
power switches and driver circuits are added in the ANPC-DAB
converter. The control strategy is complex and the volume and
cost are increased.

The HBTL converter is another common structure. Compared
to the clamped TL dc—dc converters, the additional clamping
diodes, power switches, and flying capacitors are not used and
only a dc blocking capacitor is added in the four-switch HBTL
dc—dc converter proposed in [22]. There are the advantages of the
low cost and compact circuit design. In [23], a capacitor voltage
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balancing control method for the HBTL dc—dc converter is
proposed to maintain the current balance across the two divided
capacitors. The performance and reliability of the converter are
improved. In [24], the reasons of voltage imbalance of the block-
ing capacitor and divided capacitors are analyzed in the HBTL
dc—dc converter, and the interleaved PWM modulation strategy
is proposed to achieve the voltage. The wide soft switching range
is also the key performance to this converter. In [25], an auxiliary
MOSFET is added, and the ZVZCS of the main power switches
are realized in a wide load range. However, the method results
in the high voltage stress on the power switches. In [26], the
zero voltage switching (ZVS) range is extended by adding an
auxiliary inductor, however, the resonant current is increased
under the light load conditions.

The modulation strategy plays the critical role in the TL
resonant dc—dc converters and emerged to address the design
tradeoffs among ZVS range, current stress, efficiency, and imple-
mentation complexity. Conventional single-phase-shift (SPS) or
dual-phase-shift modulation strategies are commonly used, but
they often suffer from drawbacks such as the limited ZVS range
and high current stress. In [27], the phase shift and pulsewidth
modulation strategies are designed to realize the buck and boost
conversion and ZVS. In [8], the phase shift and variable fre-
quency modulation strategies are used to reduce the rms value
of the transformer current in the TL CLLC resonant dc—dc
converter. The minimum current trajectory (MCT) modulation
strategy is proposed for DAB converter in [28]. In [29], the MCT
modulation strategy is applied to three-level resonant converter
and the phase-shift angles are optimized to reduce the RMS
value of the resonant current under the fixed-frequency opera-
tion. Under the MCT modulation strategy, the high frequency
resonant current is in phase with the port voltage. Therefore,
the body diodes of the power switches are not conducted in
advance and ZVS are not achieved. In addition, outside the
boundary of MCT, the modulation strategy degenerates into SPS
and the minimum rms values of the resonant current are not
ensured. In [9], a three-degrees-of-freedom (3DOF) modulation
scheme integrating the phase-shift, duty-cycle, and frequency
is proposed for the TL T-type LLC converter. However, the
ZVS of the secondary power switches is not considered. Based
on the MCT modulation strategy, the four-degrees-of-freedom
(4DOF) modulation scheme proposed in [30] takes into account
the phase margin between voltage and current to achieve ZVS
on the secondary side, but it is limited to DAB converters. The
two strategies in [9] and [30] improve the performance in terms
of ZVS and the current stress, but they lack the closed-form
analytical solution and depend on numerical computations per-
formed in advance, making the real-time digital implementation
more challenging. Therefore, a unified and analytically solvable
modulation strategy that ensures full-range ZVS, minimizes the
current stress, and remains suitable for digital control remains
still scarce.

In summary, the main problems of the bidirectional isolated
TL dc—dc converter are as follows.

1) The fly capacitors and HNPC TL dc—dc converter suffer

from the poor reliability and the complex control. The
efficiency of DNPC-TL converter is low, especially in
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Fig. 2. Proposed bidirectional isolated HBTL resonant DC-DC converter.

high-frequency dc—dc applications. The system volume
and cost are increased in ANPC-TL converters due to the
numerous power switches.

2) The four-switch HBTL dc—dc converter is only used for the
unidirectional power transfer. The multicapacitors volt-
ages balance for the bidirectional power transfer should
be solved.

3) The existing modulation strategies do not realize the MCT
and full-range ZVS in the entire power and voltage con-
version range. The modulation strategy should be further
optimized.

To solve the above-mentioned problems, a bidirectional iso-
lated four-switch TL resonant dc—dc converter and its mod-
ulation strategy are proposed in this article. The innovations
and contributions are as follows. 1) A bidirectional isolated
four-switch HBTL resonant dc—dc converter is proposed. The
number of power switches is reduced and the clamping power
switches, diodes or flying capacitors are removed, therefore the
system volume and cost are reduced. 2) A triple-phase-shift
compound switching frequency tuning based optimized modu-
lation strategy is proposed to realize the quasi-minimum current
trajectory (QMCT) and full ZVS in the entire power and voltage
range for the first time.

II. PROPOSED CONVERTER AND OPERATION PRINCIPLE
A. Topology and General Modulation Strategy

The proposed dc—dc converter is shown in Fig. 2. The primary
side includes the power switches S;1—S4, the series resonant
network with L, and C,, and the input divided capacitors C 41
and C 4. The secondary side includes the power switches S5—Ss,
the resonant capacitors Co, and the output divided capacitors
Cg43 and Cgy. The turn ratio of the high-frequency transformer
T, is n:1. Ideally, the voltages of the divided capacitors C4; and
Cg42 are half of the input voltage V;, and the voltages of the
divided capacitors Cy3 and Cg4 are half of the output voltage
V5. The series resonant networks L,.1, C,1, and C,5 are used as
the intermediate energy storage elements to transfer the power.
In addition, C, and C, are also used as the isolation capacitors.
Therefore, the magnetic flux is balanced between the primary
and secondary sides of the transformer.

The circuit structure of the proposed converter is symmetrical
and the buck and boost operations are realized in the both power
transfer direction. The dual interleaved PWM and phase-shift
modulation strategy is used to balance the voltages of the res-
onant capacitors and control the bidirectional power transfer.
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Fig.3. Key operation waveforms of proposed converter and Interleaved PWM
method of the primary side.

The key operation waveforms of the forward mode are shown
in Fig. 3, where T represents the switching period. The drive
signals for the power switches S and S5, S3 and Sy, S5 and Sg,
as well as S7 and Ss, are complementary, respectively. CW1
and CW2 are the carrier wave, which are used to compare
with the modulated wave to generate the driving signal for the
switching switches S1—Sg. The TL waveforms vap and vep are
generated by controlling the power switches S1—S4 and S5—Ss,
whose duty cycles are Dy and D, respectively. The phase shift
angle between vap and vep is defined as . In the proposed
converter, D1 €[0, ], D1 €[0, 7], o €[-0.57, 0.57]. i,-is the high
frequency resonant current. The bidirectional power transfer of
the proposed converter is controlled by the duty cycles D; and
Do, the phase shift angle ¢, and the switching frequency f.

In the practical application, the discrepancies of control and
drive voltages result in the imbalance of the voltages of C;1—C 44
and C,1 and C,s. Since the proposed converter topology is
symmetrical, the voltage balancing method for the secondary-
side capacitors can be referred to the primary side, as their
mechanisms and implementation approaches are similar. The
Interleaved PWM method is used to realize the voltage balance
of C,1 and C,o. Equation (1) indicates that V., is proportional
to the duty cycle difference only and is no longer affected by
the voltages of the divided capacitors. Although the duty cycle
difference is unavoidable in practice, V.1 and V5 is kept around
its ideal value when the Interleaved PWM method is applied [24]

Ver1 =0.5 (Ver,pwmi 4+ Ver,pwmz) =0.5 [14+(Dp, — Dy,)] V1.
(1
Then, only the divided capacitor voltages need to be balanced,
which can be achieved by adjusting the phase shift between the
carrier wave 1 and the carrier wave 2. If Vg9 is less than V4/2,
the phase of the carrier wave 2 will be advanced, otherwise it
will be delayed. The balancing of the divided capacitor voltages
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Fig. 4. Equivalent circuit of proposed converter. (a) Equivalent circuit.
(b) Equivalent circuit after normalization.

is achieved by the fine-tuning the phase differences between the
high and low levels of vop and vcp, respectively.

B. Power Characteristics

To simplify the analysis, the power characteristics of the
proposed converter are analyzed by the fundamental harmonic
analysis method. The equivalent circuit of the proposed con-
verter is shown in Fig. 4(a). vapyand vcpf are the fundamental
components of vap and vep, respectively. vaps and vepf are
expressed as (2) and (3), respectively

i 2vi . (Dy) .
VABf = 71 + 71 sin <2l> sin(wst) (2)
2 D
Vepf = % + % sin (;) sin(wst — ). (3)

The impedance parameters are imputed to the primary side,
and the equivalent circuit of the proposed converter is shown in
Fig. 4(b). The equivalent impedance is written as

er :.] [werl - 1/((-’-)301"1) - n2/(wsc7'2)] . (4)

The resonant frequency f,- of the resonant circuit is calculated

as
CTICTQ
=1/ 2m/ Ly ————7+— | . 5
f /( ™/ 1n207'1+07.2) Q)
Thus, the resonant current i,- is expressed as
2 D D

ZT:WVIT {M sin <22) cos(wst—p)—sin <21> cos(wst)} .
(6)

where M = nV,/V;. Based on (2)—(3) and (6), the average power
of the proposed converter is derived as

2nViVo . (D1 . (D2 .
P= oy sin (2) sin (2> sin(¢). (7

The power transfer expression of the proposed converter is
given by (7). According to (7), the maximum power of the
proposed converter is P, = 2nV; Vo/(m%Z,). Based on (7), it is
seen that the sign of the external phase-shift angle ¢ determines
the direction of power transfer. When > 0, the converter
operates in the forward power transfer mode, as illustrated in
Fig. 3. Conversely, when (<0, the converter operates in the
backward mode. When the reference power transfer is negative,
the solved value of the external phase-shift angle ¢ is also neg-
ative. Analogous to the characteristics of the half-bridge DAB
converter, the proposed converter is regarded as the cascade of
the buck-boost converter according to Fig. 4 and the bidirectional
buck-boost conversion is realized. By combining (4) and (7), the
power of the proposed converter is controlled by adjusting D1,
Dy, ¢, and f;.
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III. OPTIMIZATION MODULATION STRATEGY TO REALIZE
QMCT AND FULL RANGE ZVS

The proposed converter is a typical resonant converter. In
[28] and [29], the MCT modulation strategy based on the three
phase angles is proposed to minimize the rms value of the high
frequency resonant current. In theory, this modulation strategy is
also suitable for the proposed converter. However, by analyzing
the operation principle of the MCT modulation strategy, the
full range ZVS of the switches are not realized. In [30], the
4DOF modulation considers the phase margin between voltage
and current to achieve ZVS on the secondary side, but it lacks
the closed-form analytical solution. And the wide frequency
variation range poses the challenges for the magnetic component
design. Therefore, it is necessary that an analytically solvable
optimized modulation strategy based on the four variables D1,
Do, ¢, and f; is proposed to realize the full range ZVS and
quasi-minimum RMS value of the high frequency resonant
current at the same time.

A. Analysis of MCT and 4DOF Modulation Strategies

In this section, the limitations of the MCT modulation strategy
and 4DOF modulation strategy are analyzed in detail.

In [8], the rms value of the high frequency resonant current
is minimized by the Karush-Kuhn-Tucker conditions Under
different values of G* and M, the optimization results of the
MCT modulation strategy are illustrated in Fig. 5. G* represents
the ratio of the desired power P* to the maximum power Py,
and G* is expressed as

G* = P x [ Ppax = sin(0.5D4) sin(0.5D3) sin(p).  (8)

The maximum transfer power Py, is precalculated based on
the circuit parameters, as shown in (7). The normalized |G| is
a fixed value between 0 and 1. Although the expected transfer
power (i.e., G) is the same, the control variables differ due to the
different constraint considerations. Consequently, the converter
operates under the different conditions, resulting in the different
resonant current stress, ZVS condition and efficiencies.

The constraint conditions of MCT strategies are the transfer
power and minimum RMS value of i,.. Taking M<1 as an ex-
ample. The operation principle of the MCT modulation strategy
is analyzed. Phasor diagrams of MCT modulation strategy are
shown in Fig. 6. In Fig. 6(a), for the given transfer power, all
three conditions ((1), 2), and (3)) can achieve the same power.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 3, MARCH 2026

L
i D
Qo= arccos(M ) ’
(@ (b) (©
Fig. 6. Phasor diagrams of MCT modulation strategy. (a)Realization of MCT
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However, the method in @, which forms a vector triangle,
corresponds to the MCT modulation strategy. The hypotenuse is
vaB, the phase of i,. is matched with that of vcp. In the situation,
the RMS value of i,- is minimized. In phase two, as the transfer
power increases, the length of v5p increases, and its endpoint
slides down the vertical line, maintaining a right-angled triangle,
as shown in Fig. 6(b). However, with the power increasing, there
is a boundary condition of MCT, as shown in Fig. 6(c). When
vap reaches its maximum, if the desired power P* increases, the
vector right angled triangle is not formed and the phase of i,. is
not matched with that of vcp. Beyond the boundary conditions,
the MCT modulation strategy degenerates into single phase shift
and the length of vap is same in [8]. Therefore, the minimum
rms value of i, is not realized when G* > /1 — M?2.

Then, the ZVS range under the MCT modulation strategy
is analyzed. In the ON-state, the vgs of the MOSFET is close
to zero. During turn-OFF, the voltage begins to rise while the
current decreases. Due to the presence of parasitic capacitors,
when MOSFET is turned OFF, vqs is approximately zero. Then,
zero-voltage OFF (ZV-OFF) is approximately considered natu-
rally achieved. Therefore, the main focus of the modulation
strategy is on achieving zero-voltage ON (ZV-ON). It is known
that zero voltage ON is realized if the body diode is conducted
before the corresponding power switch is turned ON. According
to Fig. 3, the ZV-ON conditions for the power switches S1—S4
and S5—Sg are expressed as

S1,82 2 ip(ts) = iy (—7/2 4+ D1/2) <0
53,S4ZZT(t7)—’LT(7T/2—D1/2) <0 9)
Ss,86 : ir(ts) = ir (¢) >

Sz, 88 1 ip(tg) = ir (@) > 0

Based on the above-mentioned analysis, the phase relation-
ship about vap, vep, and i, is shown in Fig. 7 under the MCT
modulation strategy. During the light load, phasor diagrams and
time domain waveforms of vag, vap, and i, are illustrated in
Fig. 7(a) and (b). The power switches S3—Sg are hard switching.
As shown in Fig. 7(c) and (d), as the desired power increases,
the ZV-ON conditions for the power switches S3—S; are met.
However, although the RMS value of i, are minimized on the
MCT, the phase matching between i,- and Vp results in i,(fs)
= i,(tg) = 0. Therefore, the body diodes of the power switches
S5—Sg are not be conducted before the corresponding power
switches are gated ON. The ZVS of the power switches S5—Sg
are not realized. As G* increases to the boundary condition
of MCT, the MCT modulation strategy degenerates into sin-
gle phase shift, as shown in Fig. 7(e) and (f). Therefore, the
minimum RMS value of i, is not realized outside the boundary
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Fig. 7. Phase relationship between vagB, vcp, and resonant current When
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domain waveforms in MCT. (e) Phasor diagram outside boundary of MCT.
(f) Time-domain waveforms outside boundary of MCT.

of MCT. A similar conclusion is drawn for the case when
M>1.

In summary, although the RMS value of the resonant current
is minimized, the phase between vop and i,- is matched under
the traditional MCT modulation. The resonant current i, is
zero due to the phase matching when the power switches on
the phase-matched side turn ON or turn OFF. When parameter
accuracy is compromised, the resonant current i, may either
exceed zero or fall below zero, both of which can affect the ZVS
condition. When i,. is less than zero, the body diodes conduct
in advance, allowing for soft switching and meeting the ZVS
condition. However, when i,. is greater than zero, the body diodes
of the power switches do not conduct in advance, preventing
ZVS, and the MCT modulation strategy is not automatically
correct this deviation. Moreover, as G* decreases, the ZVS range
of the power switches in the nonphase-matched side is further
limited. As G* increases, the MCT modulation strategy degrades
and the current stress of i, increases.

In addition, the 4DOF modulation strategy proposed in [30]
based on MCT method introduces four independent control
variables: two phase-shift angles, duty cycle, and switching
frequency. By controlling the phase margin between the port
voltage and resonant current, it enables ZVS ON the secondary-
side power switches while simultaneously reducing the rms
value of i,,, thereby improving the efficiency. However, several
notable limitations remain. First, the modulation strategy lacks
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the closed-form analytical solutions, relying on the precomputed
lookup tables or offline numerical optimization. Second, to
ensure the power regulation and ZVS operation, this method
operates over very wide switching frequency range, which poses
the challenges for the design of magnetic components. The
4DOF modulation strategy still suffers from the limitations in
terms of the analytical tractability, implementation complexity,
and real-time feasibility. Therefore, the analytical method of
reducing the rms value of high-frequency resonant current while
achieving the full ZVS range with the narrow frequency variation
should be deeply researched.

B. Principle of Proposed Optimized Modulation Strategy

Based on the above-mentioned analysis, due to the phase
matching, the body diodes are not turned ON before i,. reaches
zero under the MCT modulation strategy. Consequently, mini-
mizing the rms of the resonant current is in contradiction with
achieving the ZVS. Therefore, how to realize the full-range
quasi-minimum rms value of i, needs to be researched, mean-
while, the full-range ZVS is ensured.

In this section, the full-range ZVS modulation strategy based
on the QMCT is proposed and introduced as follows.

Taking M<1 as an example, in the region 2 of Fig. 5, by
controlling D1, Do, and ¢, i, is controlled to keep slightly ahead
of Veop. The zero-crossing is occurred after the moment #3, as
shown in Fig. 8(a) and (b). Based on the method, the quasi-
minimum rms value of i, is realized while the ZVS for S1—S5 is
ensured. Therefore, the efficiency of the proposed converter is
obviously improved. In this case, only D1, D2, and ¢ need to be
controlled.

As G* decreases, Dy and ¢ are reduced and the ZV-ON
conditions for the power switches S3—S4 are not met. At this
situation, D1, D2, and ¢ have already been calculated and deter-
mined to realize the quasi-minimum rms value of i,. However,
the primary power switches S3 and S, are not achieve ZVS
unless a new degree of freedom is introduced. Through analysis,
fs is the only remaining degree of freedom for the proposed
converter. As shown in Fig. 9(a) and (b), when G* decreases to
the non-ZVS region of S3 and Sy, fs is increased to raise the
resonant impedance and reduce the power. Then, D; and ¢ are
correspondingly increased to ensure that S5 and S, realize ZVS.
Similarly, when G* increases to the boundary condition of the
QMCT, f; is decreased to reduce the resonant impedance and
improve the power, as shown in Fig. 10(a) and (b). In this way,
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the ZVS of all power switches and the quasi-minimum RMS
value of i, are achieved simultaneously.

Next, the proposed modulation strategy is calculated and
derived. Under the given desired power P*, the junction ca-
pacitors C,s of the secondary power switches need to be fully
discharged by the resonant current i,. to realize the ZVS. The
phase difference between Ve and i, is defined as 6. Under the
constraint of ZVS for the secondary power switches, angle 6
meets

0 > arctan [2V5 Cos/ (1P Ty)] - (10)

In (10), T is the dead time. The minimum constraint in (10)
need to be satisfied. Typically, since the junction capacitors
Coss of the power switch is quite small, the calculated phase
difference 6 is approximately 1-10°. @ is selected to ensure the
efficient operation across a wide range of load conditions while
maintaining ZVS. In addition, considering the impact of the
practical parameters, the theoretical value of § may differ from
the actual value, and adjustments to € can be made to correct
for such differences, increasing the flexibility of the proposed
modulation strategy. In the practical condition, # needs to be
selected with a compromise. The rms value of the resonant
current will be increased if the 6 is too large. However, ZVS
for the power switches will not be realized if the 6 is too
small.

In the proposed full-range ZVS modulation strategy based
on the QMCT, the corresponding 6 is calculated based on (10)
under P*. Therefore, 6 is regard as a known constant. In the
region 2 of the proposed modulation strategy, Dy, D2, and ¢ are
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controlled, and f; is constant. In the region 3, D1, D3, ¢, and f;
are controlled to achieve the quasi-minimum rms value of the
high-frequency resonant current and full range ZVS of power
switches simultaneously.

The method of seeking the corresponding D1, D2, ¢, and
fs based on G, 6, and the relevant circuit parameters is the
key to the proposed optimized modulation strategy. The detailed
derivation is as follows.

Taking M<1 as an example, the high frequency resonant
current i,- is written as

P A% [M sin(p)]?

" 7 Z. \| +[M cos(p) — sin(0.5D;)]
where o represents the phase of the resonant current i,. « is
derived as follows:

o sin(wgt + «) (11)

tan(a) = M cos(ip) - sin(0.5D)
M sin(p)
The phase of vcp is -¢. When the phase difference between
the resonant current i,- and vgp is 6, (13) is obtained

. (12)

13)
Both sides in (13) are simultaneously subjected to the tangent
function and it is expressed as
tan(a) = tan(6) — tan(p) '
1+ tan(@) tan(p)
Combing (8), (12), and (14), after the simplification, the
following equation is calculated and derived as follows:

tan(f) cos(p) —sin(p) M sin(p) cos(p) — G*
cos(¢p) + tan(f) sin(p) Msin? () '
Based on (7) and (15), since |sin(0.5D;)| < land |sin(¢)| <
1, D1, D2, and ¢ are further obtained as
if|G*| < V1—- M2
Dy = 2arcsin <\/(A2 +1)G*? 4 M2 — QAMG*)

Dy =m, fs = fon

0—p=a.

(14)

5)

(16)

(p = arcsin &
V(AZ4 )G 2+ M2 2AM G

where A = tan(). The difference and the advantage are that the
quasi-minimum RMS value of i, and full-range ZVS of power
switches are simultaneously achieved in the region defined by
(16). Next, the ZVS conditions under the QMCT modulation
strategy are analyzed. By combining (9), (11), and (16), under
the proposed modulation strategy, the full range ZVS of §1-S2
and S5—Sg are achieved. However, the ZVS condition for S5 and
S, 1s expressed as

(A241)G* 2+ M2 —2AMG* >/ A2G*2+ M2 —2AMG*.
a7
Since A = tan(0) is relatively small, (17) is simplified to

|G*| > /M — M?2. (18)

When |G*| < VM — M?, the quasi-minimum rms value of
the high-frequency resonant current and full-range ZVS of all
of the power switches are achieved by D1, Ds, and ¢ obtained
from (19). In this region, the variable frequency modulation is
not used. However, when|G*| < VM — M2, the ZVS of S3
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and S, are not achieved. In this case, as the above-mentioned
analysis, the switching frequency f; is introduced as an ad-
ditional degree of freedom, and Di, D5, and ¢ are confined
within the region |G*| > +vM — M?2. In order to minimize
the range of frequency variation and simplify the modulation
strategy, D1, D3, ¢ are determined based on the ZVS critical
conditions|G.| = v M — M?2, as shown in (18). fux is the rated
switching frequency.

Next, the new switching frequency f;* need to be derived. At
the switching frequency f*, there are

{G*Pmax = 2:;}‘{2 sin(£t) sin(£2) sin(p)
2
rl

Z7 = wilpy = 1/(wiCp1) = n*/(wiCra)

19)

where Z,* is the corresponding impedance of the switching
frequency f;*. By combining (4), (5), (16), and (19), the pro-
posed modulation strategy when |G*| < M — M? is further
optimized as

if|G*| < VM — M?
Go=vVM—M?Dy =7

Dy = 2arcsin (\/(A2 +1)G.2+ M2 — QAMGC)

= arcsin (GC/\/(A2 +1)G.2 + M2 — 2AMGC>
% Ac+y/A24+4 o SN r
f = 2 fT7As - G (L - L)

o G\ fr fsn

S

(20)

if|G*| > V1 — M?
Gy=V1I—M2, D, =nx

Dy = 2 arcsin (\/(A2 +1)G,? + M2 — 2AMGq>

= arcsin (Gq/\/(A2 +1)G 2+ M2~ QAMGq)

o= AS+\2/A'§.+4fT7AS . ‘Gq (M _ L)

- ?*I fr fsN

S

21

Similarly, when M>1, the proposed optimized modulation
strategy is derived as

if|G*| > \/1— 1/M?
Gy=+/1—1/M%,D, =1

Dy =2 arcsin <\/ 1+ A2M2G,2 + M2G,2— 2AMG, /M)

p=arcsin (MGq/\/1+A2M2Gq2+M2Gq2— 2AMGq>
Asty/ A3 g (fn i
f*: - 2 +4f7'7As_ = (L fi)

s —4 —

IRCH N fsn
(22)

if\/1/M — 1/M? < |G*| < \/1— 1/M?
fe=fn,Di=m

Dy — 2 arcsin <\/ 1+A2M2G*2+M2G*22AMG*)
= M

(p=arcsin (MG*/\/1+A2M2G*2—|—M2G*2 —2AMG*>
(23)
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Fig. 11.  Curve graph of control parameters D1, D2, ¢, and switching fre-
quency fs with Gx when M<1.

if|G*| < /1/M — 1/M?
G.=+/1/M —1/M?,D; =1

. 1+A2M2G 24+ M2G . 2—2AMG.
Dy = 2 arcsin <\/ * tu

p=arcsin (MGC/\/1+A2M2G02+M2Gc2—2AMGC)
v Asty/AZH4 . (£ :
fr=t R A= By (G2 - )

s |Gx‘ fr fsN

(24)

And the backward and forward modes are symmetrical, and
the distinction lies in the sign of the external phase-shift angle
. Under the backward mode, D1, Do, ¢, and the switching
frequency f; are obtained by (20)—(24), but it is noted that the
external phase-shift angle ¢ is negative.

Curve graph of control parameters D1, D2, ¢, and switching
frequency fs with Gx when M <1 is drawn in Fig. 11. In the fixed-
frequency region (Region (2)), the switching frequency f; is set
to the rated switching frequency f; n, and the shift-phases D1, Do,
 are determined based on the constraints of the desired power,
ZVS and quasi-minimum rms value of the resonant current.
Outside the boundary condition—that is, in Regions (2) and (3),
the switching frequency control is introduced according to the
precalculated boundary conditions to satisfy the aforementioned
constraints. In this way, both quasi-minimum rms value of the
resonant current and full ZVS are achieved simultaneously. The
case when M>1 is similar.

C. Comparison With MCT Modulation Strategy

Under the different P*, the values of Dy, Do, ¢, and f; are
calculated according to (16) and (20)—(24). The QMCT and the
MCT for M = 0.5 and M = 1.8 are drawn in Fig. 12. When
M<1, for the desired power P*, two operating points Q(y1-) and
Q(y1+) are located on the «v1- and 1+ branches of the QMCT, as
illustrated in Fig. 12(a). The two points are physically equivalent
and they correspond to the same phasor diagrams. The QMCT
is approximately elliptical. The proposed QMCT is wider than
that of MCT. The situation is similar when M>1, as shown in
Fig. 12(b).

Frequency variation graphs surfaces under different G* and
M under the proposed modulation strategy are drawn in Fig. 13.
The switching frequency is increased under light load. Within
the boundaries of the ZVS and QMCT, the switching frequency
is fixed and D1, D5, and ¢ are designed to achieve the full range
ZVS of the power switches and the quasi-minimum rms of i,.. As
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Fig. 12.  QMCT and MCT. (a) On D2 = 180° plane for M = 0.5. (b) On Dy
= 180° plane for M = 1.8.
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Fig. 13. Three-dimensional distributed curves of the switching frequency as
the functions of G* and M under proposed modulation strategy.
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Fig. 14. Surface graphs of ratios of rms of i, under proposed modulation
strategy and that of MCT under different G* and M.

G* increases, f; is decreased to realize the above functions. From
Fig. 13, the frequency variation range is 0.9—1.2 times the rated
frequency and the design of magnetic components is relatively
simple.

Surface graphs of ratios of the rms of i,- under the proposed
modulation strategy to that of MCT are drawn in Fig. 14. The
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full range ZVS is not achieved under the MCT modulation
strategy. Outside the boundary of MCT, the MCT modulation
strategy degenerates into single phase shift and the minimum rms
value of i, is not ensured. Compared to the MCT modulation
strategy, the full range ZVS is achieved at the cost of a 3%
increase in current stress in the fixed switching frequency under
the proposed optimized modulation strategy. It is worthwhile to
achieve the full range ZVS with a slight increase of the rms of
the high frequency resonant current. In the region of decreasing
the switching frequency, the rms value of i, is less than that of
MCT modulation strategy. Therefore, the full range ZVS of the
power switches and the quasi-minimum rms value of the high-
frequency resonant current are achieved simultaneously under
the proposed optimized modulation strategy. The efficiency of
the proposed converter is improved.

IV. EXPERIMENTAL VERIFICATION

To verify the bidirectional power transfer characteristics and
the proposed optimized modulation strategy, the general half-
bridge modules are adopted and the experimental prototype
of the proposed bidirectional isolated HBTL resonant dc—dc
converter is built, as shown in Fig. 15(a). The system control
diagram is shown in Fig. 15(b). The process flow chart of system
is presented in Fig. 15(c). The voltages of the divided capacitors
Cq1, Cyo, Cys and C 44 are detected and passed to the DSP28377.
As shown in Fig. 15(b) and (c), the parameter V7, Vo, M, and
Z, required for the proposed modulation strategy is calculated
based on the circuit parameters. Then, the mode selection is
performed based on the value of M. When M <1, the control
parameters D1, Ds, ¢, and f; are calculated and gained based
on Px, (16), (20), and (21). When M> 1, the control parameters
D1, Do, p, and f; are calculated and gained based on P* and
(22)—(24). The calculated control parameters are transmitted
to the FPGA by the communication. For the balancing of the
divided capacitor voltages, the sampled voltages are sorted. The
sorted voltages are compared to determine whether the carrier
signal should be led or delayed. The corresponding carrier phase
shift (advance or delay) information is then transmitted to the
FPGA. Based on the above-mentioned information, the FPGA
generates all the PWM signals for the power switches. Finally, all
power switches are controlled by the isolated driven circuits. In
this way, both the proposed modulation strategy and the dynamic
balancing of the divided capacitor voltages are achieved.

The experimental parameters are presented in Table I. Apart
from the balancing control of the voltages of the capacitors,
the experimental verification is conducted under the open-loop
conditions.

A. Experiment Waveforms

First, the proposed modulation strategy is verified in the for-
ward mode. Under the different desired power P*, the switching
period level waveforms of the MCT and the proposed optimized
modulation strategy are shown in Figs. 16 and 17, respec-
tively. When P* = 1600 W and P* = 2000 W, the steady-state
waveforms of the MCT modulation strategy and the proposed
optimized full-range ZVS modulation strategy based on QMCT
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Fig. 15.  Experimental prototype of proposed converter and diagram of control
system. (a) Experimental prototype. (b) Diagram of control system. (c) Process
flowchart.

TABLE I
EXPERIMENTAL PARAMETERS

Names of parameters Values of parameters

Input voltage (V1) 400V/800V
Output voltage (V>) 200V/400V
Rated switching frequency (fin) 50kHz

Range of switching frequency (f5) 49kHz~65kHz
Turn ratio of transformer (n:1) 1:1

Resonant inductance (L) 208uH/249uH
Resonant capacitances (Cyy, Cra ) 110nF/200nF
Divided capacitances (Cyqi~Ciqa) 220uF
Type of power switches IPW60R070C6
Deadtime (7;) 300ns

are presented in Figs. 16 and 17, respectively. The experimental
values of D1, Da, ¢, and f; are almost the same as the theo-
retical calculation results. In Fig. 16(a), the ZVS for S5—Sg is
not achieved under the MCT modulation. However, under the
proposed optimized modulation strategy, the ZVS of all power
switches and the quasi-minimum rms value of i, are achieved
simultaneously, as shown in Fig. 16(b). In Fig. 17(a), when P* =
2000 W, the MCT modulation strategy degenerates into single
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Fig. 16.  Experimental waveforms when P* = 1600 W in forward mode.
(a) MCT. (b) Proposed.
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Fig. 17.  Experimental waveforms when P* = 2000 W in forward mode.

(a) MCT. (b) Proposed.

D070 VanGO0N/EY) - p=034x D064 - pn200Vdiv)
) ~ ] r = Ly | - . = » i H. T P - =
=007 Loy Ly g > A - — r
e aonyidy S boovain™
D,=m N D,=n
— S SeSol ) Lo — — . o, -
e Z*;/S/ 6=0° Non-ZVS iQ23AMY) o 0070 SeSTiZVS i25AMIV)
T=20us yms ~18.2A = i~ 18.5A%
T.=20us ‘- T.=20us s S

Vess(10V/div) ,vg;s(SQV,/div): vs(I0VAiY) res(50VAdiv) g

[n\e — — . | » 1l M- -
(10us/div) Ve (10V/div)  visr(S0V/div) (10uS/dIY) e (LOVAY) Vi (SOVIY)

(2 ()

Fig. 18.  Experimental waveforms when P* = —1600 W in backward mode.
(a) MCT. (b) Proposed.

phase shift and the minimum rms value of i, is not ensured.
However, under the proposed modulation strategy, the rms value
of i, is reduced by 10% and the ZVS of all power switches is
realized, as illustrated in Fig. 17(b). The voltage stresses on all
power switches are limited to half of the input or output voltage.
The advantages of the proposed converter and the optimized
modulation strategy are verified in the forward mode.

Next, the proposed optimized modulation strategy is verified
in the backward mode. When Px = -1600 W, the steady-state
waveforms of the MCT modulation strategy and the proposed
modulation strategy are presented in Fig. 18(a) and (b), re-
spectively. In Fig. 18(a), the ZVS for the secondary power
switches S5—Ss is not achieved. However, under the proposed
optimized modulation strategy, the ZVS of all power switches is
achieved, and the rms value of i,- is approximately equal to that
of MCT. When P* = -2000 W, the MCT modulation strategy
is degenerated and the rms value of i, increases, as shown in
Fig. 19(a). However, as shown in Fig. 19(b), under the proposed
modulation strategy, the quasi-minimum rms value of i,- and the
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Fig.21. Experimental waveforms under high input voltage when P* = 400 W

under light load. (a) MCT. (b) Proposed.

ZVS of all of the power switches are realized simultaneously.
The effectiveness of the proposed modulation strategy is verified
in the backward mode.

Under the light load, when P* = 200 W, corresponds to 10%
of the maximum power, the steady-state waveforms of the MCT
modulation strategy and the proposed optimized full-range ZVS
modulation strategy based on QMCT are shown in Fig. 20(a) and
(b), respectively. In Fig. 20(a), the ZVS of the power switches
S3—Sg is not achieved under the MCT modulation strategy.
However, by introducing the QMCT and the frequency variation,
the ZVS of all power switches is achieved under the proposed
modulation strategy, meanwhile the rms value of the resonant
current i,- is close to that of MCT. The effectiveness of the
proposed modulation strategy is verified under the light load.

To further enhance the persuasiveness of the proposed strat-
egy, the input voltage is increased to 800 V. The corresponding
experimental waveforms are shown in Figs. 21 and 22. As can
be seen from Figs. 21 and 22, the proposed modulation strategy,
based on the closed-form analytical solution with four degrees
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Fig.23. Capacitor voltage balancing experimental waveforms. (a) Voltages of
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Fig. 24. Bar chart of loss distribution between the proposed modulation
strategy and MCT modulation strategy under the different transfer power.

of freedom, achieves the quasi-minimum rms resonant current
while maintaining ZVS for all power switches. The results
further verify the effectiveness of the proposed strategy under
the high voltage levels.

In addition, the voltages V.q1—V.q4 of the divided capacitors
and the voltages V1 and V.. of the resonant capacitors are
dynamically balanced, as shown in Fig. 23. Therefore, the effec-
tiveness of the balance of the voltages of the divided capacitors
and resonant capacitors are verified.

B. Comparison

Furthermore, the proposed converter is compared with the
other bidirectional isolated TL dc—dc converters, as shown in
Table II. In the T-type TL converter in [9], the voltage stresses
on the power switches are high. The cost of the DNPC-DAB
converter in [12] is low. However, the distribution of the power
loss is unbalanced and the ZVS range is limited. Therefore, the
efficiency of the converter is reduced. There are the numerous
diodes and clamping capacitors in the HNPC-DAB converter in
[16]. The reliability of this converter is reduced by frequently
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TABLE II
COMPARISON WITH OTHER BIDIRECTIONAL ISOLATED TL DC-DC CONVERTERS

Number of Components Voltage Stress

Voltage Stress Current

Converter Switches  Diodes Capacitors on Primary on Secondary ZVS Range Stress Efficiency
[9] 8 0 5 Vin Vo Relatively Wide Relatively 97.2%@2kW
[12] 16 8 4 0.5Vin 0.5V, Narrow Low 94% @90k W
[16] 8 4 6 0.5Vin 0.5V, Relatively Wide High 95.8%@2kW
[20] 12 0 4 0.5Vin 0.5V, Wide High 92%@1kW
[21] 12 0 4 0.5Vin 0.5V, Wide High 94.5%@1kW
[29] 8 0 4 Vin Vo Narrow Low 94%@1kW
Proposed 8 0 6 0.5Vin 0.5V, Wide Medium 96.3%@2kW
TABLE III
COMPARISON WITH OTHER MODULATION STRATEGIES
Parameters [28] [30] [9] [31] Proposed
CF-FB+ F-
Topology TL-LC+LC-TL HBTL T-Type LLC DAB F-HBTL
Modulation Strategy VFM+PSM MCT 3DOF 4DOF QMCT+ZVS
Degrees-of-Freedom 2 3 3 4 4
(Dl,fs) (DlsDZ’ (p’f;) (Dls (ﬂ’fS) (DI,DZ, (pafs) (DlaDzs ?, fs)
Closed-form Analytical Solution Yes Yes No No Yes
Table Look-up No No Yes Yes No
Computational Complexity Low Medium High High Medium
Current Stress Global Minimum ~ Part Minimum Global Global quasi- Global quasi-
Minimum Minimum Minimum
Buck-Boost Conversion M<1 M<I1 or M>1 M<1 M<1 or M>1 M<1 or M>1
ZVS of Primary Side Part Part All All All
ZVS of Secondary Side No No No All All
Frequency Range Wide Fixed Wide Wide Narrow

charging and discharging of the clamping capacitors. Compared
to the ANPC converters in [20] and [21], there are only eight
power switches and the volume and cost are reduced in the
proposed converter. In terms of current stress, the full-bridge
converters presented in [12] and [28] exhibit the lowest stress
levels. The converters in [9], [20], and [21], as well as the
proposed topology, adopt the half-bridge structure. Due to the
introduction of switching frequency as an additional degree of
freedom in [9] and the proposed modulation, the resulting cur-
rent stress is lower than that in [20] and [21]. However, the pro-
posed converter achieves the reduced voltage stress compared
to [9]. The full-range ZVS is realized in the proposed converter
and the efficiency of the proposed converter reaches 96%. The
two-level structure is still used in the hybrid current-fed isolated
bidirectional series resonant dc—dc converter in [27]. The voltage
stresses on the power switches are increased. The ZVS ranges
of the power switches are limited under the MCT modulation
strategy in [27]. In summary, there are more advantages in the
bidirectional power transfer, ZVS range, cost, and efficiency in
the proposed converter.

Then, the proposed modulation strategy is compared with
other modulation strategies, as shown in Table III. The MCT
modulation strategy presented in [29] supports both M <1 and
M>1 operation mode. However, it only achieves the resonant
current RMS minimization within the boundary conditions and
fails to realize ZVS on the secondary-side power switches. In
[9], a 3DOF optimized modulation strategy for the T-type TL
converter is proposed, where the introduction of switching fre-
quency as an additional degree of freedom enables minimization
of the resonant current rms. Nevertheless, it does not achieve

secondary-side ZVS, lacks closed-form analytical solution, and
the frequency variation range is wide. The VFEM+PSM modu-
lation strategy in [8] is similar with that in [9]. Although the
4DOF modulation strategy [30] considers the phase margin
between voltage and current to achieve ZVS on the secondary
side, meanwhile achieving the quasi-minimum RMS value of
the resonant. However, this method depends heavily on numer-
ical precomputation and does not offer closed-form analytical
solutions. Moreover, its wide frequency variation range poses
significant challenges for magnetic component design and
power density optimization. By contrast, the proposed strategy
achieves a well-balanced trade-off by providing the analytical
control expressions, realizing the full-range ZVS and quasi-
minimum rms of the resonant current, and maintaining the low
complexity within a narrow frequency range.

C. Loss Breakdown

To further analyze the efficiency of the proposed optimized
modulation strategy, a general power loss model of the proposed
converter is established. Based on this model, the detailed loss
breakdown and comparison between the proposed strategy and
the MCT strategy are carried out. The total power loss of the
converter mainly consists of the switching loss and conduction
loss of power switches, as well as the core loss and copper loss
of magnetic components.

1) Switching Loss: The switching loss of MOSFET is calcu-
lated as

0-501VDCIDontr +0.5O'2VDCID0ﬁ'tf) (25)

Psw :fS (w-5CossVD52+Q9%+03erwr
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where f; is the switching frequency. Vpg is the drain source
voltage. Ipon and Ipog are the turn-ON and turn-OFF drain
current, respectively. ¢, and #; are the rise time and fall time.
Coss 1s the output capacitance. Q, and V, are the gate charge
and gate voltage, respectively. O, and V.. are reverse recovery
charge and voltage, respectively. The variables 01, 02, and o3 are
equal to O or 1 according to the specific soft-switching conditions
(ZVS turn-oN or ZCS turn-OFF).

The switching loss is related to MOSFET parameters and
soft-switching performance. The part number of MOFSFET is
IPW60R070C6. Combined with the parameters read from the
MOSFET datasheet, the switching loss can be calculated.

2) Conduction Loss: The conduction loss of power switches
is calculated as

(26)
where the ipgrus is the rms value of current. The Rpgon is the
drain-source ON-state resistance of the power switches, which is
known from the MOSFET datasheet.

3) Core Loss: The core loss is calculated by means of the
improved Steinmetz equation. The equation is

Peore = Veore 4% k- .fsa : Bpkﬁ 27

where Veore is the core volume, By is defined as half of the peak
ac flux density. The parameters k, «v, 3 are constants obtained
from curve fitting for a given material with relative permeability.
The sendust toroid core is used as the magnetic coupling core in
this article. The related parameters and B-H curve are obtained
from the datasheet. Then, the core loss can be calculated.

4) Copper Loss: The copper loss generated in the inductor
windings and in the transformer windings are calculated as

. 2
Peond = Rpson * iDSRMS

Pcopper = Pcopper,Tr + Pcopper,Lr
Pcopper,Tr = RL (fs) : 7;7'7RMS2
Pcopper,Lr - RTr(fs) ' iT,RMS2
where Ry, (fs) and R1:(fs) are the copper resistance of the induc-
tor and transformers at the switching frequency, respectively.
ir,rMs 1S the rms value of the current flowing through them.
5) Total Loss: In the general power loss model, the cooling
loss and the fixed loss of the drive circuit is not discussed. Total
loss P11 10ss 1 calculated as

Pall,loss = Psw + Pcond + Pcore + Pcu- (29)

Based on the above-mentioned analysis, a comprehensive
estimation of the total energy loss is presented in (25)—(29).
Each loss component is quantitatively evaluated based on
device parameters, magnetic core characteristics, and the rms
values of the current. In order to evaluate the loss breakdown,
Bar chart of loss distribution between the proposed modulation
strategy and MCT modulation strategy under the different
transfer power is drawn in Fig. 24. As shown in Fig. 24,
under the low transfer power conditions, the conduction loss
and copper loss of magnetic components in the proposed
modulation strategy are comparable to those of the MCT
strategy. However, the proposed strategy achieves ZVS of all
power switches and switching losses are lower than the MCT
strategy. As the transfer power increases, the proposed strategy
exhibits the lower conduction loss and copper loss compared

(28)
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Efficiency curves of proposed converter under different modulation

to the MCT strategy, while the switching losses of both remain
approximate. Therefore, it is seen that the proposed modulation
strategy achieves lower or equal switching loss, conduction
loss, and copper loss across different power levels, thereby
reducing the power loss and improving the system efficiency.

Finally, by using the same proposed topology, the efficiency
of the proposed converter in the forward mode is tested under
the MCT modulation strategy, the PFM modulation strategy and
the proposed modulation strategy. The efficiency curves at the
different power levels are shown in Fig. 25. Under the proposed
modulation strategy, the efficiency exceeds 90% across the entire
power range, with the peak efficiency reaching 96.3%. Com-
pared to the MCT and PFM modulation strategy, the full range
ZVS of the power switches and the quasi-minimum rms value of
the high-frequency resonant current are achieved simultaneously
under the proposed optimization modulation strategy. Therefore,
the current stress, switching loss, and conducting losses are
decreased. Throughout the entire power range, the efficiency
under the proposed modulation strategy is higher than those
under the MCT and PFM modulation strategies.

V. CONCLUSION

In this article, a bidirectional isolated HBTL resonant dc—dc
converter is proposed. The symmetric four-switch TL struc-
ture and the compact design are used without the clamping
diodes, power switches, or flying capacitors in the proposed
converter features. The system volume and cost are reduced.
Under the proposed full-range ZVS optimization modulation
strategy based on the QMCT, the full-range ZVS of the power
switches is achieved, meanwhile the quasi-minimum rms value
of the high-frequency resonant current is realized in the entire
power. Therefore, the current stress, switching loss, and con-
ducting losses are reduced and the efficiency of the proposed
converter is improved. Moreover, the proposed modulation strat-
egy is universal and applied to other types of resonant dc—dc
converters.
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