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Continuous Pulse-Density Modulation of
Series-Resonant Converter for Wide-Range
High-Resolution Output Voltage and High Efficiency

, Member, IEEE, Shizhao Liu
and Junhao Luo

Zhijian Fang

Abstract—Pulse-density modulation (PDM) can achieve high ef-
ficiency in high-frequency dc—dc converters by implementing both
zero-voltage-switching (ZVS) and zero-current-switching (ZCS).
However, the discrete feature of pulse density, defined as the ratio
of transferring energy switching cycles P to total switching cycles
NN, limits the voltage regulation flexibility. This article proposes
a continuous pulse-density modulation (CPDM) for bidirectional
series-resonant converter (BSRC). Compared to conventional
PDM methods, this approach integrates a hybrid modulation
comprising pulsewidth modulation and phase-shift modulation
into one of the energy transfer switching cycles. The duty cycle is
regulated to achieve continuous voltage regulation. The phase shift
is controlled to ensure that the resonant current reaches zero at the
end of the switching cycle, thereby enabling both ZVS and ZCS
to be achieved during the remaining switching cycles. In addition,
the converter achieves perfect load-independent output voltage
and high-efficiency features, making it well-suited for a wide range
of de—dc converter applications. Finally, a 500 W BSRC prototype
is constructed to verify the proposed CPDM. A high efficiency of
95% is achieved across the entire load range, along with continuous
voltage regulation capability and load-independent characteristics.

Index Terms—Bidirectional series-resonant converter (BSRC),
continuous voltage regulation, load-independent voltage, pulse-
density modulation (PDM).

1. INTRODUCTION

IDIRECTIONAL dc—dc converters, serving as the inter-
face between the battery and grid-connected inverter, have
drawn increasing attentions in recent years due to the rapid
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development of EV chargers and storage systems [1], [2], [3],
[4], [5]. Given the wide voltage variation of batteries during
charging or discharging, bidirectional dc—dc converters need
to operate across a wide range. In addition, a high switching
frequency is also desired to reduce the equipment volume and
weight. However, a wide operation range and high switching
frequency could degrade the converter’s efficiency, leading to
significant power losses and complicated thermal design, thus
increasing costs. Achieving high efficiency and high frequency
across the entire operation range presents a challenge for bidi-
rectional dc—dc converters [6], [7].

The series-resonant converter is used for bidirectional dc—dc
conversion, which is also named as bidirectional series-resonant
converter (BSRC), but limited by its operating range. To extend
the output range, a bidirectional LLC' resonant converter is
proposed in [8], [9], and [10], offering high efficiency and high
switching frequency owing to its wide soft-switching range.
However, the resonant tank’s asymmetry may lead to a transition
to LC' series resonance when the power transfer is reversed.
Subsequently, numerous symmetric resonant tanks have been
introduced, suchas LLLC'[11], LCLC [12], LC'L [13], among
others. However, the bulky tank could increase costs and lead
to significant circulating currents. Therefore, the BSRC is pro-
posed [14], [15], [16], [17], employing an LC' series resonant
tank, which is symmetric and simpler, thus reducing costs and
enhancing efficiency.

Since BSRC can be regarded as resonant versions of the
famous dual active bridge (DAB) converter, pase-shift modula-
tions (PSMs) can be used for the BSRC. Single-phase-shift mod-
ulation, a traditional control method for DAB converters, regu-
lates the outer phase shift between the input and output bridges.
Despite simple implementation, it suffers from a limited ZVS
range and reduced efficiency. To overcome these limitations,
an additional degree of freedom is introduced by incorporating
the inner phase shift, resulting in dual phase shift [7], [18] and
extended phase-shift modulations [19]. When both inner phase
shifts of the input/output bridges can be adjusted independently,
triple phase-shift modulation [20] is achieved.

Despite the PSM [21], [22] could achieve wide operating
range, soft-switching losing and large circulating currents result
in significant power losses. To extend the soft-switching range,
pulse-frequency modulation (PFM) is employed in BSRCs [23],
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[24]. However, the flat curve of gain versus frequency renders it
nearly impossible to adjust the wide battery voltage range. To ad-
dress large circulating currents, pulsewidth modulation (PWM)
is introduced into the inverter or rectifier bridges of the BSRC
to mitigate the circulating power loss induced by PSM [25],
[26]. However, soft switching may be compromised, particularly
under light load conditions. To preserve all the advantages,
PFM is integrated with PSM to attain soft switching while
accommodating a wide range [27]. Nevertheless, achieving soft
switching necessitates a large circulating current, which reduces
efficiency. In [28] and [29], a hybrid modulation scheme in-
corporating PFM, PSM, and PWM is proposed to enhance the
efficiency of BSRC across a broad power and gain range. How-
ever, the use of fundamental approximations leads to inaccurate
optimal results, and complex calculations pose challenges to
implementation.

To address these challenges, sinusoidal modulation is em-
ployed to control the BSRC at a fixed resonant frequency [30],
[31], enabling soft switching and unidirectional power flow to
achieve high efficiency. However, this approach fixes the voltage
gain and lacks control over power. Recently, pulse-density mod-
ulation (PDM) has been proposed, which regulates the output
power by adjusting the duration of energy transmission to the
load within a fixed control period. By fixing the switching fre-
quency to the resonant frequency during the transmission period,
sinusoidal currents can be achieved, enabling both zero-voltage-
switching (ZVS) and zero-current-switching (ZCS), thereby
achieving high efficiency over a wide operating range [32], [33].
However, significant power fluctuation occurs in PDM due to the
long control period, leading to increased filter stress and reduced
efficiency.

An enhanced PDM (EPDM) is proposed in [34] to reduce the
power fluctuations. The original switching cycle is divided into
two subperiods to distribute the transmitted energy. However,
the presence of a dc component in the output voltage can lead
to unbalanced switching and increased conduction losses in
the switches. An improved pulse-density modulation (IPDM) is
introduced to optimize the distribution of switch sequences and
minimize power fluctuations [35]. However, the discrete feature
of pulse density, defined as the ratio of energy-transferring
switching cycles P to total switching cycles N, poses chal-
lenges to voltage regulation in all PDM methods. Unfortunately,
batteries are highly sensitive to voltage fluctuations, as even
slight overcharging can cause irreversible damage. Therefore,
accurate voltage regulation is crucial in battery charging or
discharging applications, which presents a challenge to PDM
methods.

To address the traditional PDM issues, a continuous
pulse-density modulation (CPDM) is proposed for BSRC in this
article. A hybrid modulation incorporating PWM and PSM is
introduced into one of the energy-transferring switching cycles
in traditional PDM. The duty cycle is regulated to achieve
continuous voltage regulation. The phase shift is controlled to
ensure that the resonant current reaches zero at the end of each
switching cycle, thereby enabling both ZVS and ZCS to be
achieved during the remaining switching cycles. In addition,
the proposed method achieves perfect load-independent output
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Fig. 1.  Schematics of the BSRC.

voltage and high efficiency features, making it suitable for a
wide range of dc—dc converter applications.

The comparison between the proposed CPDM and traditional
methods is presented in Table I. Compared to traditional meth-
ods, the contributions of the proposed method are summarized
as follows.

1) The proposed CPDM achieves a wide output voltage and
load range. Theoretically, the output voltage can be con-
trolled from zero to V7 /K. In addition, the output voltage
is independent of the load, resulting in a wide load range.

2) The proposed CPDM achieves both zero-voltage ZCS
(ZVZCS) and nonbackflow power over a wide range,
resulting in high efficiency across a wide load range.

3) High-resolution voltage can be achieved even with a small
control period N, as continuous voltage regulation is re-
alized by the proposed CPDM, thereby reducing power
fluctuations.

The rest of this article is organized as follows. Section II pro-
vides an introduction to both traditional PDM and the proposed
CPDM, along with their corresponding waveforms and phase
plane trajectories. The operation analysis and the corresponding
mathematical description of the CPDM are given in Section III.
In Section IV, the characteristic analysis is presented. Section V
discusses the experiments conducted to verify the proposed
modulation. Finally, Section VI concludes this article.

II. PROPOSED METHOD

The structure diagram of the BSRC is shown in Fig. 1. V; and
V5 are the input and output voltage, respectively. 1 and i, are the
input and output current, respectively. The terminal voltages of
the inverter and rectifier bridges, labeled as v,}, and v.q, consist
of four MOSFETs, namely S1—S5, and S5—Ss, respectively. L, and
C, are the resonant inductor and capacitor, forming the series
resonant tank. 7, represents the resonant current flowing through
the resonant tank, while v, signifies the resonant voltage across
C:. In addition, a high-frequency transformer 7" with a turn ratio
of K connects with the resonant tank and rectifier bridges.

A. Conventional PDM

In the conventional PDM, the resonant period 7, reflects
the switching cycle, allowing for ZVS-ON and ZCS-OFF of the
switches. In addition, a control period of PDM, denoted as
Tan, consists of N resonant periods 7;. As shown in Fig. 2,
T,y is divided into two parts: the transmitting period 7y, with
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TABLE I
COMPARISON OF MODULATION SCHEMES FOR BSRC
Operating Soft Backflow | Efficiency of | Efficiency of | Input / Output . L .
Methodology range switching power light load full load voltage Power | Regulation ability | Power ripple
ZVS-ON, . 400V/ Nonlinear, ]
PFEM [23], [24] Narrow hard-OFF Medium 86% 95% 24V - 48V 480W continuous Small
. 7ZVS-ON, 20V/ Nonlinear,
PSM [21], [22] Wide hard-OFF Large 82% 95% 20V 40W continuous Small
PSM+PWM . ZVS-ON, o o 500V/ Nonlinear,
[25], [26] Wide | parg-opF | Small 83% 95% 400V Tkw continuous Small
. ZVS-ON, . 200V/ Nonlinear,
PSM+PFM [27] Wide hard-OFF Medium 95.5% 88% 100V - 200V 800W continuous Small
PSM+PWM-+PFM . ZVS-ON, o o 195V - 250V/ Nonlinear,
[28), [29] Wide | parg-opp | Small 93% 0% uv-agy | KW continuous Small
X ZVS-ON, 500V/ Linear, ;
PDM ([32], [33] Wide 7CS-OFF None 86% 95% 480V 100kW discrete Large
. ZVS-ON, 500V/ Linear, .
EPDM [34] Wide 7CS-OFF None 90% 95% 480V 100kW discrete Medium
. ZVS-ON, 300V/ Linear, .
IPDM [35] Wide 7CS-OFF None 80% 88% 300V 20kW discrete Medium
i ZVS-ON, 200V/ Linear, .
Proposed CPDM Wide 7CS-OFF None 94.5% 96.1% 100V - 200V 500W continuous Small
transmitting period holding period regulation period
T,,=PT, T,;=MT, 4
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To=(P+)T, T,;=MT, Vol ,,:3: TH
I I
Vab R il
nAaAA il AL DT f L
oooouTg oo,
Ved ¢ DT
nAann o IO I O O O O 4 L
i] [ I By Ry [ ogug i
ACAAN AN ANNL 4
v A VARAVARV J \ J J AR ARV 4 v
, { ¥
AN N AN AN PN 4
r Y VUV V'V vV
ttots o o b s t Loty tlot. Ll

Fig. 2.

Resonant voltage and current waveforms of conventional PDM.

P switching cycles T, and the holding period Tog with M
switching cycles 7. In the transmitting period 75, the inverter
bridges operate at the resonant frequency f,., generating sinu-
soidal waveforms of 4, and v,.The power is delivered from the
input to the output, with ¢, in phase with v,, achieving ZVS-ON
and ZCS-0OFF. Conversely, during the holding period Ty, the
inverter bridges supply a zero-level voltage of v,y,, resulting
in no power transmission. Consequently, the output voltage is
determined by the pulse density, defined as P/N.

Since the number P, N, and M are integers, the pulse density
is discrete in conventional PDM, preventing step-less adjust-
ment.The resolution of PDM is determined by N. A larger N
improves voltage regulation accuracy. For example, to achieve
a voltage accuracy of less than 0.1% in an EV charger, the total
number of switching cycles within one control period N should
exceed 1000. However, a large NV can lead to significant power
fluctuations and voltage ripples. Various optimal design methods
have been proposed to select an appropriate N or distribute
the switching sequence to balance high accuracy and minimal
power fluctuations. Nevertheless, pulse density remains discrete
in all optimal PDM methods, preventing the implementation of
step-less regulation. Therefore, improving conventional PDM
to achieve continuous voltage gain is necessary to meet the
high-accuracy requirement of battery charge or discharge.

Fig. 3. Resonant voltage and current waveforms of CPDM.

B. Proposed CPDM

To improve the voltage regulation accuracy, a CPDM is pro-
posed in this article. PWM is introduced into one of the switching
cycles for voltage control, as illustrated in Fig. 3. The CPDM
control period consists of three stages. Stages 1 and 3 represent
the transmitting period 75, and holding period T},g, respectively,
are identical to conventional PDM. In the additional Stage 2, the
duty cycle of the resonant period can be continuously regulated
to control the voltage gain between P/N and (P + 1)/N. Con-
sequently, high-voltage accuracy can be achieved even with a
small value of N. For instance, with a minimum duty cycle of
approximately 0.01, a voltage accuracy of 0.1% can be attained
with N = 10, reducing the power ripples as well. In essence,
the introduction of PWM changes the transmitting period from
an integral P to a floating value P + sin(D), thereby ensuring
continuous pulse density and enabling step-less adjustment.

During Stage 2, the initial and final values of resonant current
i, should be zero. Otherwise, ¢, and terminal voltage v,};, become
out-of-phase, leading to hard switching and significant reactive
power during Stages 1 and 3. Therefore, PSM must be employed
to control the duty cycle phase ¢, and achieve zero resonant
current 7, for variable duty cycle at the beginning and end
of Stage 2. This ensures that the remarkable characteristics
of conventional PDM, specifically ZVZCS and nonbackflow
power, are preserved by the proposed CPDM.
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Fig. 4. Trajectory diagram of conventional CPDM with ¢, versus v,.

III. OPERATION ANALYSIS OF CPDM

In Fig. 3, the proposed CPDM is divided into three stages. The
operation analysis of each stage is provided below. To clearly
express the operation, the trajectory curve of CPDM with i,
versus v, is also depicted in Fig. 4.

A. Stage 1: Transmitting Period

In stage 1, the transmitting period 7, comprises P switching
cycles, fixed to the resonant period, i.e., Ty, = PT;. In each
switching cycle, the inverter and rectifier bridges are controlled
to provide a square waveform with duty cycle of 0.5, generating
sinusoidal resonant current. ¢ ; denotes the switching time of
each switch and v, ¢; is the instantaneous value of v, at #; j,
where 1 = 0, 1, 2, ..., 2P. As the switching frequency equals
the resonant frequency, & ; = %Tr.

1) ty 0—ty,1: S1, Sa and S5, Sg are ON while the other
switches are OFF, resulting in v,, = V; andveq = V5. V) charges
V5 through the resonant tank. Then, the state equations can be
written as

di,
Lr% —+ Vy = 'Ueq (1)
dv.
= 2
Cr T (2)

where veq is the equivalent voltage, calculated as Vi — K'V5.
Owing to the sinusoidal resonant current 4., ¢, is zero at t_;. iy
and v, can be derived

— Ur, t0

Ly

Uy = —(Veq — Vr,10) €OS(wyrt) + Veq %)

Veq

sin(wyt) (3

Iy =

where w; is resonant angular frequency and Z, is characteristic
impedance, as defined in the following equation:

1
wy =27 fr = = (&)
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Fig. 5. Equal circuit of six states during the regulation period.

L,
Zy =] —=. 6
. (6)

Combining (3) and (4), the resonant current and voltage can be
rewritten as
(’L'rZr)2 + (Ur - Ueq)2 - (veq - Ur,t0)2' (7)

The phase trajectory diagram of ¢, versus v, forms a circle with
a center at (0, veq) and a radius of veq — vy, 1. At the end of this
period, 7, could reach zero again and v, changes to

Ur,t1 = 2Ueq — Ur,t0- (8)

2) ty, 1—tt,2- During this period, S2, S3 and Sg, S7 are ON
while the other switches are OFF. v,}, and v.q reverse to — V7 and
—V5. Similar to the previous period, ¢, and v, can be derived

—Veq —
Ly

Ur, t1

i = sinfwy (t — t4,1)] )

Uy = (Veq + Vr,11) COS[wy (t — t¢,1)] — Veq- (10)

The center and radius of the trajectory curve circle changes to
(0, —Veq) and —veq — ¥, t1. Uy AL Ty g2 1S

an

Similarly, the remaining equations for ¢, and v, can be obtained
as shown in Fig. 4. The instantaneous values of v, at each time
can be derived as follows:

Ur,t2 = _4Ueq + Ur, t0-

—21Veq + Vr.10, ?1Seven
vr,ti—{ a7 60 (12)

2iVeq — Vr, 10, ¢ is0odd.
At the end of stage 1, 4, could reach zero again at ¢;_op and v, is

Ur,t2P = _4PUeq + Vr, t0- (13)

B. Stage 2: Regulation Period

In stage 2, the regulation period is fixed to 7. The duty cycle
D and shifting phase ¢ are regulated to control the voltage
and maintain ZVZCS. The total period can be divided into six
states, as illustrated in Fig. 5. The detail analysis of each state is
presented as follows.

1) ty op—t;,1: During this period, S;, S5 and S5, Sg are ON
while the other switches are OFF, resulting in v,}, = 0 and v.q =
V5. Then, 7, and v, can be derived as

_ —KVy — v qop

= 14
iy 7 (14)

sin[wr (t — tt, gp)]
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vy = (K'Va 4 vy, 42p) coslwy (t — 4, 2p)] — K'Va. (15)

At the end of this period, the instantaneous values of i, and v,

can be obtained as

—-K Vé — Ur, t2P
Zy

Ur 1 = (KVa + vy 1op) cos(wrty) — K'Va

sin(wyty) (16)

lr,rl =

a7

where tx = tr}1 — tt}gp.
2) ty,1-ty,2: S3 is OFF while Sy turns ON, then v,, = V.
Similarly, ¢, and v, can be given as

— Ur,rl

Iy = 7 sinfw, (t — t;,1)]
+ 4y, 11 coswy (t — ty1)] (18)
U = — (Veq — Ur,r1) COS[wy(t — tr,1)]
+ Zyiy,r1 sinfwy (t — tp1)] 4 Veq- (19)
Then, 4, 2 and v, ;2 can be derived as
ir,r2 = Yeq _ZUr,rl Sin(wrtd) + Z'r,rl Cos(wrtd) (20)
r
Up 2 = —(Veq — Uy, r1) COS(wita) + Zyiy,r1 sin(witd) + Veq-

21

where tq =t 2 — &y 1.

3) ty 2-ty, 3: Sy is OFF while Sy turns ON, then vy, = 0.
The state equation is similar to that in the period from ¢; op
to ?, 1. The ending time is half of the switching cycle, i.e.,
ty 3 —ty ap = T;/2. Then, i, ,3 and v, 3 are given as

Tp.p3 = KV~ oz sinw, (tx + ta)
; 7
— iy, r2 COS Wy (tx + tq) (22)
Up s = — (KVa 4 vy 12) coswy(tx + tq)
+ Zyiy, o sinwy (tx + tq) — K'Va. (23)

Specially, 7, should reach zero at ¢,3. 5 should be optimally
design to ensure that ¢, ,3 = 0 for variable Z4. The duty cycle D
and shifting phase ¢ are define as

— td

D= T (24)
_ ta _ T

¢ = Wr (2 + tx) 2 (25)

Combining (14) to (25), the critical conditions for ¢, 3 = 0 are
derived as

o Tr td
k=73 (26)
¢ =0. Q27)

Noticeably, the phase shift ¢ is set to zero during the regulation
period regardless of the duty cycle D. There is no need to use
the closed-loop regulation to control the phase shift angle. The
CPDM can be simply implemented.
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Then, the instantaneous values of ¢, and v, at each time can
be calculated

N
Ue,r1 = asin (“;) ~ KV, (28)
) wrtd . (Jthd
Ur,r2 = 2V sin 5 — asin 5 - KV, (29
Ny

Vexs = 2Vi sin (w2d> —a— KV, (30)
. a wrty

Zr,rlz_ZrCOS< 21> (31
. . | a wrtq

Iy y2 = A sin (wytq) A cos ( 5 > (32)
Z.1r,r3 =0 (33)

where a = KV, + v, top.
Similarly, the instantaneous values of ¢, and v, at the remain-
ing time can be obtained as

vt . wrl
Vpea = 2Visin? 204 (9K Vs + a)sin 9 4 KV, (34)
. wrtd
vp,r5 = 2Vi(coswytq — 1) + KV, + (2KVa2 4 a) sin
(35)
ot
Vexe = —4Visin =4 L ARV, + vy op (36)
2KV, + @eld /) sin w,t
= ( >+ a)cos 2 | sin wytq 37)
k) Zr
—2Vy sinw,tq + (2KVa + “rid
e = 1sinwytg + ( > +a)cos #5 (38)
Z,
tr,r6 = 0. 39)

C. Stage 3: Holding Period

In stage 3, the holding period T,g consists of M switching
cycles, denoted as T,g = MT;. During this period, the inverter
bridge maintains a fixed zero level, while the rectifier bridge
is modulated with resonant period and a duty cycle of 0.5. ¢y, ;
denotes the switching time of each switch and v, y; represents
the instantaneous value of v, at ¢y, ; where i =1, 2, ..., 2M.

The operation of stage 3 is similar to stage 1. The instanta-
neous values of v, at each time can be derived as follows.

Veni = {QZKVQ + Uy, v6, 118 even “0)

—2iKV5 — vy 16, 1isodd.

At the end of stage 3, ¢, could reach zero again at ¢}, o) and v,
is

Ur,haM = 4M KVa + vr 6. 41)

According to the abovementioned operation analysis, it can be
observed that the power characteristics of the BSRC with CPDM
are determined by the initial value of v,, which varies with the
pulse density % and duty cycle D. Consequently, the output
power can be controlled by regulating % and D. In addition, the
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Fig. 6. Curves of output voltage gain K V5 /V; versus D with different P.

shifting phase ¢ during the regulation period should be set to
zero to ensure ZVZCS during both the transmitting and holding
periods.

IV. FEATURE ANALYSIS
A. Output Voltage

Since the resonant current 4, and voltage v, are continuous
throughout the entire control period, (42) can be obtained
Uy, h2M = Ur,t0- (42)

Then, the output voltage can be derived based on the analysis in
Section III

P + sin &xld _ P +sin(Dn)

V:— =
T KQ+M+P) ! KN

Vi (43)

where N is the total switching cycles in a control period,
given by P+ M + 1. Compared to the conventional PDM,
the discreted pulse density % is transformed into a continuous

function %(D”). The transmitting period P determines the
approximate range of the output voltage V5. Then, V5 can be
continuously and precisely controlled by regulating the duty
cycle D within the gain range from % to %. The proposed
CPDM allows for a wide gain range from O to 1.

Fig. 6 presents curves illustrating the output voltage gain
KV5/V; as a function of duty cycle D for various values of
P. As the duty cycle D varies from 0 to 0.5, the gain range
almost linearly increases from % to %. In addition, when
D is regulated to 0.5, the regulation period may transfer to
a resonant switching cycle, resulting in an automatic increase
from PJ’%‘(D”) to %. Therefore, the voltage gain could
continuously vary across different regions.

The output voltage Vo remains independent of the load,
achieving constant output voltage, which is a crucial attribute
for battery charging or discharging applications. Based on the

operation analysis in section III, the output current can be derived
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as

2 P(M +1 M — P)sin(D
o 2 [y PO+ + (M = P)sin(Dn)
oA ’ N

1

(44)
The output current is determined by the load and the initial value
of v, 0.

B. Soft Switching

The outstanding feature of PDM is ZVZCS for all switches. In
conventional PDM methods, the switching frequency f; is fixed
toresonant frequency f;, aligning the resonant current 7, in phase
with the terminal voltage v,}, and v.q, thereby achieving ZVZCS
for all switches. In CPDM, PWM is introduced for continuous
output voltage regulation, but this may result in the loss of soft
switching. To address this issue, the initial resonant currents
ir,t0 and %, ¢, should be zero, which can be achieved when
¢ = 0 according to the analysis in section III. In summary, the
critical conditions for achieving soft switching in CPDM can be
concluded as follows.

1) fsisfixedto f;.

2) ¢ of duty cycle in the regulation period is set to zero.

Then, the terminal voltages reverse at the zero current crossing
time, realizing ZVZCS.

In addition, because of parasitic capacitance and dead time,
ZVZCS can only be achieved when the load is sufficiently large.
The dead time ¢ 4c,q Of the switches should be adjusted to ensure
that the current remains consistently positive or negative as the
terminal voltage transitions from V) (or —V}) to —V; (or V7).
According to [35], the critical condition can be given as

1
tdead > — cOS ! (1 — 45)

T

2w, Ce V1 )
Ipeak

where C. is the equivalent parasitic capacitance of switches and
Ipeak 1s the peak value of resonant current.

When the load is light, the resonant current ¢, is zero when the
terminal voltage reverses. Consequently, both ZCS-ON and ZCS-
OFF are achieved by the switches, as noted in [5]. The resulting
switching loss is minimal compared to other losses and can be
considered negligible.

Specially, hard switching occurs for S; to S, in stage 2
(regulation period). However, since the hard switching loss only
occurs in one switching cycle. As a result, the average switching
loss over the entire control period could be almost negligible.

C. Loss Analysis

The power loss of BSRC using CPDM consists of five com-
ponents: switch loss Pg, transformer loss Pr, inductor loss P,
capacitor loss Pc, and other losses Pog. The detailed losses
calculation are listed in the Appendix.

Due to soft switching, the switching losses can be ignored.
The conduction loss, determined by the RMS value of resonance
current [, is the primary factor affecting efficiency. To eval-
uate the conduction loss of the converter, a ratio k;; is defined
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where F'(K, P, M, D) is a function of P, M, D, and K, as
shown in Fig. 7. When the duty cycle D is increased from 0 to
0.5, F(K, P, M, D) decreases. A higher P/N can result in a
lower F(K, P, M, D), thereby reducing the conduction loss.
F(K,P,M, D) is typically very small, usually less than 1.
In addition, the characteristic impedance Z, is designed to
be significantly larger than the load resistor R. Consequently,
the influence of the duty cycle can be ignored. I,,,s can be
approximately derived as
kiiio ~

(47)

o

Irms = 2_\/57/2
where i is the average absolute value of resonant current ¢,.. The
relationship between the rms current and the average current of
the proposed CPDM is almost equivalent to that in sinusoidal
currents. This result proves that the proposed method minimizes
conduction loss.

Based on the abovementioned analysis, the total power loss
of the proposed BSRC is given by

Pross = Ps + Pr + Pry + Pc + Pow

2
=1 rmsTtotal T PT,core + PLr,core
where 7ta] 1S the total loss resistance, expressed as

Trotal = (274 + 2K21rs + 70 + 71 + Toth + 7). (48)

Due to nearly full soft switching and low I,,s, minimal switch-

ing and conduction loss can be achieved, resulting in high

efficiency. In addition, I, is linearly proportional to the out-

put current 75 and core loss remains constant and negligible.

Therefore, the efficiency can be expressed as

Vaio Vaio Vo
n= : ~ - — = -
V222 + PLoss k?ﬂ%rtotal + V222 kl‘ziZQrtotal + ~V2

(49)

where k;; = ﬁ The efficiency slightly decreases with increas-

ing output power. High and nearly constant efficiency can be

achieved.
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TABLE II
PARAMETERS OF THE BSRC

Parameters Symbols Values
Primary-side switches S1-S4 C3M0065090D
Secondary-side switches S5—Sg C3MO0065090D
Resonant inductor L. 95 uH
Resonant capacitor Cr 20 nF
Switching frequency fs 115 KHz
Turn ratio K 18:19
Transformer EE65/32/27 PC40
Inductor EE42/21/15 PC95
Controller TMS320F28335

Digital Controller

S

X J

‘o
- Ty \\

Secondary Switches

Resonant Tank & Transformer

Fig. 8.  Experiment setup.

V. EXPERIMENTAL VERIFICATION

A 500 VA experimental prototype of BSRC is built with
the parameters given in Table II to verify the proposed CPDM
method. The experimental setup is shown in Fig. 8.

A. Operating Waveforms

The operating and soft-switching waveforms are depicted in
Fig. 10. The input voltage is V; =200 Vwith P =1, M =1,
and D = 0.25. The load resistance is Ry, = 65 2. The output
voltage remains constant at Vo = 120 V.

As shown in Fig. 9(a), the switching period is divided into
three stages. In Stage 1, both v, and v.4 are square waves,
generating sinusoid resonant current. Stage 2 corresponds to
the resonant cycle. vy, is regulated by duty cycle D using
centrosymmetric PWM. The resonant current ¢, is controlled
and reaches zero at the end of the stage. Stage 3 features vy,
at zero level, while the resonant current remains sinusoidal,
delivering power from the resonant tank to the load. Throughout
the switching cycles, v.4 is modulated into a square wave with
the resonant frequency.

The operation waveforms of S71—S% are presented in Fig. 9(b),
which are consistent with the operation principle analyzed in
Section III, as shown in Fig. 3.

Specifically, the experiments with N = 6 and M = 3 are also
conducted to verify the features of the proposed CPDM. The
input voltageis V; = 200 Vwith P =2, M = 3,and D = 0.25.
The load resistance is Ry, = 18 2. The operation waveforms are
given in Fig. 10(a) and (b). A same performance can be achieved
with large NV and M.
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In addition, the V35 waveforms of the switches with NV = 3
and M = 1under heavy load (Ry, = 65 £2) and light load (R, =
1202) conditions are shown in Fig. 11. And the operation
waveforms of S1—Sg with NV =6 and M = 3 under heavy
load (Ry, = 18 2) and light load (R, = 502) are presented in
Fig. 12. Under heavy load conditions, the resonant current is
sufficient to flow through the antiparallel diodes, achieving ZV S-
ON. Simultaneously, low-current turn-OFF is achieved. Since the
current is near zero, ZCS-OFF is achieved. Under light load
conditions, the resonant current is zero. Switches S; and Ss
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Fig. 10.  Operation waveforms of CPDM with P = 2, M = 3 and D = 0.25.
(a) Waveforms of terminal voltage and resonant current. (b) Operation wave-
forms of S1-Sg.

(b)

achieve ZCS-ON and ZCS-OFF, while S5 and S4 achieve ZVS-ON
and ZCS-OFF.

B. Measured Output Characteristics

Fig. 13 illustrates the measured output voltage V5 as a function
of different duty cycle D, with P = 1,M = 0,and P = 2, M =
3. When the duty cycle D is increased from O to 0.5, the output
voltage linearly increases from 100V to 200 V under condition
of P =1 and M = 0. And the output voltage rises from 66 V
to 100V for P = 2 and M = 3.

The waveforms of output voltage and resonant current for
different duty cycle D are depicted in Figs. 14 and 15. With
continuous voltage regulation capability, the proposed CPDM
can achieve higher resolution compared to traditional PDM
regardless of N and M.

Fig. 16 illustrates the experiment results of output voltage
Vo with P=1, M =0 and P =2, M = 3 under different
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delivered power P and duty cycle D. The output voltage remains
nearly constant regardless of the delivered power.

The power transfer characteristic is shown in Fig. 17. When
the load resistor is low, the converter operates in constant current
mode, with the output voltage rising with the load. When the load
resistor is high, the converter switches to constant voltage mode.
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C. Measured Efficiency

The measured efficiency are shown in Fig. 18, with V; fixed
at 195V, D =04, P =1, and M = 0. The delivered power is
increased from 150 W' to the peak value 500 W. The efficiency
remains almost constant, ranging between 95% and 96%. The
efficiency of traditional PDM are provided for comparison. To
achieve similar output voltage resolution, the control cycle of
PDM is 10 times that of CPDM, meaning CPDM contains only
two resonant cycles while PDM contains 20 resonant cycles.
This results in higher conduction loss with PDM, leading to
lower efficiency compared to CPDM.

It is observed that under the same input conditions, the
converter can achieve a maximum efficiency of 96% using the
proposed PDM, representing a two-point improvement over tra-
ditional methods. Fig. 19 presents the power losses breakdown
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analysis. High efficiency can be achieved across a wide range,
making it well-suited for battery charging applications.

VI. CONCLUSION

This article introduces a novel control method, named CPDM,
for BSRC. Compared to traditional PDM, CPDM incorporates
a hybrid modulation of PWM and PSM into one of the en-
ergy transfer switching cycles, enabling continuous and load-
independent voltage regulation. The operation of the proposed
CPDM is analyzed, the power characteristics and power losses
are derived. CPDM achieves nearly full ZVZCS and minimal
RMS of the resonant current, leading to high efficiency with
almost constant values. Experimental results demonstrate high
efficiency of up to 96% across a wide power range, validating
the effectiveness of the proposed method.

APPENDIX

The converter losses can be calculated as follows.
1) Switch loss Py
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The switch loss Ps comprises the switching loss Py, and the
conduction loss P,,,q of switches

PS = -Psw + Pcond~ (50)

Due to the soft switching, the switching losses can be ignored.
Only the conduction loss needs to be considered, which can be
derived as

Pcond = I2

2 (2rq 4+ 2K%r) (51)

where rq and 7y are the conduction resistances of the primary
and secondary side switches, respectively. I,.,s is the rms of
resonance current.

2) Transformer loss Pr

The loss of transformers, including core loss Pr . and
conduction loss Pr c,nd, can be expressed as

Pr = PT,core + PT,COHd' (52)

For a given frequency f;, the total loss of the iron core can be
obtained as

Prcoe = K7 [0 B 1 jnax Vi (53)

where a1, 51, V can be found in the product manual of the iron
core material. By yax 1S the maximum magnetic flux density.
Since f; is fixed at a high value, constant, and minimal core loss
can be achieved.

The conduction loss of the transformer is determined by
the effective value of current I, and the ac resistance of the
transformer, given by

PT,cond = IQrmsTT (54)

where r7 can be measured using an LCR meter.

3) Inductor loss Fp,;

The losses of the inductor also include core loss and conduc-
tion loss, defined as

Pr. = Prr cond + PLr core- (55)
The core loss is obtained as
Pri core = K11 [ B L max V. (56)
Similarly, the conduction loss can be calculated as
Prr cond = PimsTLr (57)

where r, is the ac resistance of the inductor, which can be
measured using an LCR meter.

4) Capacitor loss and other loss

The capacitance loss P¢, caused by the equivalent resistance
of the capacitor, is given by

Pc = IzrmsrC (58)

where r¢ represents the equivalent series resistance of the capac-
itor, which can be obtained from the data manual. Other losses
Potn can be obtained as

Powm = I2rmsroth (59)

where 1o, represents other resistances of the wires and the
circuits.
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