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New DC-DC Converter With Direct
Power Transfer Capability

Milad Zareie
and Majid Pahlevani

Abstract—This article presents a novel isolated dc—dc converter
circuit topology, which is able to offer high performance for a
wide range of operating conditions. The prominent features of
the proposed circuit topology include its direct power transfer
(DPT) capability, quasi-rectangular waveform for the input cur-
rent, and soft-switching performance for a wide range of oper-
ating conditions. The amount of power processed by the power
switches and transformer is reduced through DPT. In addition,
the quasi-rectangular waveform of the input current decreases its
peak and root-mean-square values, leading to reduced conduction
losses associated with the magnetics and power semiconductors.
In the proposed structure, the power switches benefit from zero-
voltage-switching characteristics, while the output diodes operate
under zero-current-switching conditions. Thus, the proposed topol-
ogy minimizes both the conduction and switching losses, thereby
improving the overall efficiency. Extensive simulation and experi-
mental results are provided to verify the feasibility of the proposed
circuitry and demonstrate its superior performance.

Index Terms—Coupled inductors, dc-dc converters, direct
power transfer, soft-switching, zero-current-switching (ZCS), zero-
voltage-switching (ZVS).

1. INTRODUCTION

NCREASING energy demand along with concerns over
I climate change requires a significant paradigm shift toward
renewable energy sources. A reliable and efficient architecture
is required to harvest energy from renewable sources and supply
loads. The idea of microgrids is a fairly new and attractive
concept to efficiently integrate renewable energy sources into the
power system. In particular, dc microgrids have recently gained
a lot of interest due to their tremendous advantages such as
efficient operation [1]-[3]. Many renewable energy sources such
as solar panels, fuel cells, and wind turbines generate dc power
(although wind turbines along with generators produce ac power,
the ac power is of variable frequency and amplitude, so that it is
required to be converted to dc). Also, almost all energy storage
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Fig. 1. Structure of a dc microgrid.

systems (ESSs) are based on batteries, which are naturally dc. In
addition, the landscape of loads has recently been changing as
there are now many dc loads such as electronic devices (smart
phones, tablets, etc.) and LED lighting [4]. Thus, dc systems
seem to be a natural fit for the future grid with dc sources,
dc loads, and dc ESSs. DC systems have better efficiency, do
not require to deal with reactive power, and are not sensitive to
harmonics. Thus, they are generally superior compared to their
ac counterparts [5]. The introduction of dc-powered homes is a
testament to the huge potential of dc microgrids [6], [7].

Fig. 1 shows an exemplary arrangement of a dc microgrid that
can be used for dc-powered homes. According to this diagram,
the dc microgrid includes a high-voltage (HV) bus (i.e., £190 V)
and a low-voltage (LV) bus (i.e., 48 V). The high-power com-
ponents such as the main ESS, renewable energy sources, and
high-power loads are connected to the HV bus, whereas the LV
bus feeds low-power loads such as LED lighting and electronics
[8]-[10]. A dc—dc converter is used between the HV bus and the
LV bus to maintain the LV dc-bus voltage within a desired range.
High efficiency, high power density, galvanic isolation, and low
output current/voltage ripple are desired attributes for this dc—dc
converter. Although this converter may have bidirectional power
flow capability for some applications, unidirectional power flow
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suffices for this application due to the fact that the LV bus is
merely responsible for feeding the loads and not for providing
power for the HV bus.

One of the most popular circuit topologies utilized for dc—dc
power conversion in the range of a few kilowatts is the full-bridge
(FB) circuit topology. Thus far, extensive research studies have
been carried out to achieve high-performance converters based
on this structure. In particular, phase-shifted modulation (PSM)
offers desirable features such as zero-voltage-switching (ZVS)
and/or zero-current-switching (ZCS) for semiconductor devices
in the FB structure. Due to its simple structure and attractive
features, PSM FB converters have widely been used in industrial
products. However, these circuit topologies suffer from several
performance issues such as voltage spikes across the output
diodes, free-wheeling intervals, duty-cycle loss, high circulating
currents, and hard-switching operation at light loads [11], [12].
Many research studies have attempted to address the aforemen-
tioned issues [13]-[20].

Resonant-type converters are another popular circuit topolo-
gies for dc—dc power conversion [21]. In particular, series res-
onant converters (SRCs) is one of the fundamental structures,
which can provide superior performance compared to PSM FB
converters. SRCs normally operate above the resonant frequency
to achieve ZVS with continuous current [22], [23]. The other
main resonant structure is the LLC-type resonant converter,
which has many attractive features and is currently used in
many industrial products for various applications [24]-[27].
Despite their simple structures, resonant-type converters lose
soft-switching at light loads. In fact, there is a trade-off between
the ZVS range and the resonant tank current stress (to achieve
ZVS at light loads, high reactive current circulating through the
resonant tank is required, which increases the current stress and
conduction losses).

Higher order resonant converters have been introduced to
address this issue and improve the performance. For instance, a
CLLC-type resonant converter can achieve ZVS at the primary
side and ZCS at the secondary side over a wide range of operation
[28]. In addition, a CLTC-type resonant converter is introduced
in [29] by integrating the LLC, SRC, and CLLC structures. In
this topology, an auxiliary transformer and extra resonant capac-
itor are used to achieve full-range ZVS characteristics. In [30], a
dual-active-bridge (DAB) SRC with a new modulation strategy
is proposed to achieve both an extended soft-switching range
and reduced resonant tank current stress. In addition, another
resonant DAB converter, introduced in [31], is able to achieve
the same objectives by reconfiguring the converter structure
under different load conditions. These circuit topologies offer
excellent performance over entire load range and are well-suited
for bidirectional applications. However, they are not suitable
for unidirectional applications (having diodes instead of active
switches at the secondary side).

In [32], a nonresonant current-driven FB converter is intro-
duced for unidirectional applications, which is able to provide
full-range soft-switching performance using a simple passive
auxiliary circuit. However, the reactive current provided by
the auxiliary circuit can increase the current stress. Another
current-driven FB converter is introduced in [33] to eliminate
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Fig. 2. (a) Single-stage ac—dc converter proposed in [35]. (b) Its dc—dc stage.

the need for the auxiliary circuit. Further improvement of this
structure is found in [34] to reduce the effects of parasitic
components. In [35], the nonresonant current-driven structure
has been extended to ac—dc converters. Fig. 2(a) shows the circuit
diagram of this single-stage ac—dc converter that integrates a
bridgeless boost power factor corrector with a dc—dc stage. As
shownin Fig. 2(b), the dc—dc stage is a half-bridge (HB) structure
derived from the current-driven converter introduced in [33].
For convenience, the circuit topology illustrated in Fig. 2(b) is
referred to as the current-driven HB converter (CDHBC) in the
rest of this article. The ac—dc converter of Fig. 2(a) offers a
simple structure and naturally provides ZVS over a wide range
of operation with a simple control system. Although this power
circuit topology offers many advantages, it has some setbacks.
Operation of the input inductor in the discontinuous conduction
mode (DCM) results in high peak currents. Consequently, the
root-mean-square (rms) value of the current is high, leading to
high conduction losses. The other drawback of this topology
is that the entire power is processed by the power switches and
the high-frequency transformer. This increases the current stress
and conduction losses, which requires more effective thermal
management.

In summary, compared to basic resonant converters with uni-
directional power flow, non-resonant current-driven structures
can naturally achieve an extended ZVS range due to the series
inductance size and the triangular nature of the transformer
current. On the other hand, this triangular current results in high
peak and rms currents, thereby increasing the overall conduction
losses. To achieve ZVS over a wide range of operation as well
as reduced current stress, a new dc—dc converter based on the
non-resonant current-driven structure is proposed in this article,
which offers a simple solution for unidirectional applications.
This power circuit topology has been derived from the structure
proposed in [35] for ac—dc applications. The main feature of
the proposed converter is its direct power transfer (DPT) capa-
bility that effectively reduces the amount of power processed
by the power semiconductors. In other words, a portion of the
input power is directly transferred to the output, resulting in
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Fig. 3. The proposed dc—dc converter.
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reduced current stress on the power switches and high frequency =

transformer. The other main advantage of the proposed structure (b)

is that the input current has a quasi-rectangular shape, which

offers lower peak and rms values compared to one with trian- . -

gular waveform. Thus, the proposed circuit can benefit from M:'L, L om o

reduced conduction losses. Furthermore, this converter naturally o i T w
provides ZVS for the power switches at the primary side and ZCS B 1o D

for the output diodes at the secondary side for a wide range of
operation. As a result, the proposed circuit topology takes ad-

vantage of the inherent features of the current-driven structures
having extended soft-switching range, while its current stress e l':LTC e m Das
and conduction losses are maintained low. T I_L M}"é oL
The rest of this article is organized as follows. The proposed Vi ol . it
converter is introduced in Section II and its operating principles 1 N
are explained. In Section III, the circuit is mathematically an- @
alyzed and Section IV discusses some guidelines to design the
converter. Simulation and experimental results are provided in
Sections V and VI, respectively. Finally, Section VII concludes Mj;f; & T% 5 » N
the article. o YE T [
L. o
II. PROPOSED DC-DC CONVERTER WITH DPT @
In this section, the proposed dc—dc converter with DPT capa-
bility is introduced. Then, the operating principles of the pro- e s oL ,,“Ti
posed circuit topology are described. Fig. 3 shows the schematic i ""\—%”i @]
diagram of the proposed circuit. According to this figure, the Vi T
input power is transferred to the output through two different iy L

paths. A portion of the power is processed through the power
semiconductors and the other portion is directly transferred

®
to the transformer secondary side through a coupled inductor N
(providing the DPT capability). In this power circuit, the amount ol 5 T¢ "“‘f .
|

Ly n:1
of power processed through the power semiconductors and the ML%”}
transformer is reduced. Thus, this configuration can offer highly
efficient power transfer. The other main feature of the proposed
converter is the quasi-rectangular waveform of the input current
that effectively reduces its peak and rms values, leading to lower  pjq 4.
conduction losses and higher efficiency. The proposed converter — modes.
also provides galvanic isolation between the input and output as
well as soft-switching over a wide range of operating conditions.
The proposed converter has seven operating intervals (modes)
within one switching cycle. Equivalent circuits of the proposed
circuit topology in different modes are shown in Fig. 4 and
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the key waveforms are depicted in Fig. 5. In order to obtain diry dirs
the currents flowing through the coupled inductor windings vpr = I dt M dt
during each mode, the following set of equations describing the diq digo

relation between the currents and voltages of a coupled inductor vy = M dat Ly ar
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Equivalent circuits of the proposed converter within different operating
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Fig. 5. Key waveforms of the proposed converter.

From (1), the current derivatives can be written in terms of

the voltages as

where

I T dl T T
JMode2  Mode3  JMode5 Mode6  Mode

Mode 1

TR I

1
vr1 + 73VL2
t Ly

Ly =+/L1Ly — M?2.

N
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The operating modes are described as follows. Prior to Mode
1, it is assumed that the input current is zero, the power switch
S1 is ON, and the output diodes D,; and D, are conducting.

Mode 1 [tg,t1]: Attg, the switch S is turned OFF under ZVS
condition due to existence of the snubber capacitors Cy; and
Clys. The current i, charges the capacitor C; and discharges
the capacitor Cso. As a result, the voltage across S linearly
rises, while the voltage across S linearly reduces to zero.

Mode 2 [t4, t2]: When the voltage across Sy becomes zero,
its body diode starts conducting. Then, So turns ON under ZVS
condition. Consequently, v,y = —Vg./2 and vy,1 = Vj,,. At the
output side, since the total current ¢; (the sum of nip, and i19)
flowing through the output bridge diodes is positive, D,; and
D,y are still conducting. As aresult, v = V, and vgo = —V,.
On the other hand, the voltage across the inductance L is
obtained as

VLs = Vinv — MUsec- 4)

From (4), the slope of the current 775 during this mode is
equal to

Ve +2nV,
2L, '

According to the voltages applied to Ly and Lo, 771 linearly
rises from zero, while i 1,5 starts decreasing. Therefore, the input
diode D;,, turns ON under ZCS condition. The slopes of ¢,; and
11,2 are obtained using (2) as

&)

my =

L2‘/;n + MVO
mi = = (©)
MVin + Vo
Mgy = — @)
t

Since both the currents i1 s and 77,2 are decreasing, the current
i; decreases as well. When it reaches zero, D, and D, turn
OFF under ZCS condition and this mode ends.

Mode 3 [to, t3]: As the direction of the current i; reverses
and it becomes negative, the output diodes D3 and D3 turn ON
under ZCS condition. Thus, the polarity of the voltage across the
transformer secondary winding as well as across the coupled
inductor secondary winding is reversed, i.e., vsec = —V,, and
vra = V,. Asthe switch S5 is still ON, the inverter output voltage
as well as the voltage across L; remains the same as the previous
mode (Viny = —Vg./2 and vr; = Vjy,). Using (4), the slope of
11,5 during this mode is expressed as

Ve — 2nV,
= — = . 8
m2 5L. ®)
From (2), the slopes of 71,1 and 779 are also obtained
mig = QT ©)
(2) ¢
_M‘/in + L Vo
Moy = Tl (10)
t

Mode 4 [t3,t4]: At t3, the switch Sy is turned OFF under
ZVS condition. The sum of magnitudes of the currents i7,4; and
(3) ips charges the capacitor C'so and discharges the capacitor Cy;.
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As aresult, the voltage across S linearly rises, while the voltage
across 57 linearly reduces to zero.

Mode 5 [ty,15]: When the voltage across S; becomes zero,
its body diode starts conducting. Then, S; turns ON under ZVS
condition. As a result, vipy = Vy./2 and vp1 = Vi — Ve At
the output side, diodes D, and D,3 are still conducting since
the current ¢, is negative. Thus, vy and vyo are the same as the
previous mode. Similarly, the slopes of the currents iz s, 1,1, and
11,2 during this mode can be obtained as

Vie + 2nV,
mg,:dQT:—ml (1)
L Vc_‘/in +MV0
may = — 220 L2) (12)
t
M Vc_‘/in +L Vo
mo3 = ( d LQ) ! . (13)
t

On the other hand, magnitude of the current ¢; linearly reduces
to zero. When the current becomes zero, D,s and D,3 turn OFF
under ZCS condition and this mode ends.

Mode 6 [t5, tg]: As the direction of the current i; reverses and
it becomes positive, D,; and D,4 turn ON under ZCS condition.
As a result, vee =V, and vy = —V,,. On the other hand, Sy
is still ON, hence, vipy = Vy./2 and vy = Vi, — Vye. Slopes of
the currents ¢z, ¢11, and ¢7o during this mode can be obtained
as

Vdc—QnVo_
m4_T_ mao (14)
—Lo(Vye = Vi) + MV,
My = 2(Va L2) (15)
t
M (Ve — Vin) — L1V,
Moy = (Va L2) 170 (16)
t

This mode ends when the current 7,1 becomes zero and D;,,
turns OFF under ZCS condition.

Mode 7 [tg,t7]: During this mode, the input current %y, is
zero. The voltages viyy, Usec, and v 5 are the same as the previous
mode. Also, the current i, 5 keeps rising with the slope given in
(14). Since the input current is zero, (2) implies that the voltage
across Lj is determined by vy, i.e., vp1 = (M/Ls)vrs. The
slope of 71,5 is obtained as

mas = —V,/ L. (17)

III. STEADY-STATE ANALYSIS

In this section, the proposed converter is mathematically
analyzed in detail under steady-state conditions. The dc—dc
conversion stage can be simplified as depicted in Fig. 6. In this
figure, the voltage v;,, represents a square waveform alternating
between V;./2 and —Vj;./2 as switches turn ON and OFF (with
a 50% duty cycle). The polarity of the voltage applied to the
transformer secondary winding depends on the direction of the
total high-frequency current ¢y = nirs + 12 flowing through
the output diode rectifier. When i, is positive, D,; and D,y
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Fig. 6.

conductand vge. = V,,. Alternatively, v = —V,, when; is neg-
ative. Thus, the output part is represented by a current-controlled
voltage source.

A. Output Power P,

As established earlier, the input power in the proposed power
circuit topology is transferred to the output through two paths: 1)
through the power switches and the high-frequency transformer;
and 2) through the coupled inductor. The amount of power
transferred through the transformer can be obtained quite similar
to the one for DAB converters [36]. For this purpose, 7 is first
calculated.

Since time duration of Modes 1 and 4 is short enough com-
pared to the other modes, they are neglected in the analysis.
According to Fig. 5 and assuming o = 0, 1,5 can be expressed
by four linear equations within each switching cycle as

irs1(t) = mit+ Iy t €0, ty) (18)

. [ T

irs2(t) = mo(t —ty) + 11 t € |tg, 2] (19)

. T, (T, T,

insa(t) =mg (t— 5 ) + 1o te |5 5 e
(20)

T, [T,
irsa(t) = my (t -5 t¢) +1I3 te 5 +ty, TS]

where m; through m, are givenin (5), (8), (11), and (14), respec-
tively. The constants Iy, I;, and I, are obtained by evaluating
(18), (19), and (20), respectively, at t,, T /2, and T /2 + t

Vie + 2nV,
Vie —2nV, Ty  2nV,
Iy = — — — t I 2
2 2L, 2 L, et 23)
Vdc*ZHVo Ts
[3=—-—-—— [ ——t 1. 24
3 5L, (2 ¢> + Iy (24)

Substituting (5), (8), (11), (14), and (22)—(24) into (18)—(21),
the four linear pieces of i1 s are obtained:
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i (t) = —V‘“;Ti"v"t s 25)
inea(t) = — Ve ;Linv"t - QZV to + Io (26)
irs3(t) = Vdc;rTinV"t — ‘2—‘1% - 22/" to+1o  (27)
ipaa(t) = 22 oF Li"Vf’t - Ve oF Li”% T, + Io. (28)

To calculate the averaged power P, transferred to the sec-
ondary side of the high-frequency transformer, the instantaneous
power vy (t).i1,5(t) is integrated over one switching period.

]. Vdc /t¢ . Vdc TS/2 .
Piyogn = — | — Zle(t)dt — ZLsQ(t)dt
an TS 2 0 2 te
V TS/2+t¢
+ ;C ins3(t)dt
T, /2

Vdc T, )
+ ipsa(t)dt] . (29)
2 Ts/2+ty

Substituting (25)—(28) into (29) and calculating the integrals
yield the averaged power as

Vdcho

tran —
2L,

to(1— 2ty f,). (30)

By defining a new parameter n, = t4 /T (t; normalized to
the switching period), (30) is simplified to
VanVO (
n
2L,f, °

Piran = 1-— 2n¢). 31

Equation (31) shows that P, reaches its maximum value at
ng = 0.25. Moreover, it is inversely proportional to the switch-
ing frequency. In other words, the amount of power transferred
through the transformer is decreased with the switching fre-
quency.

In addition to the power transferred through the power
switches and the transformer, a portion of power is transferred
to the output through the coupled inductor. To calculate this
portion, it is required to derive the current i75 flowing through
the secondary winding of the coupled inductor.

According to Fig. 5, i 1,5 can be expressed by five linear pieces
within one switching cycle

Z'Lg’l(t) = moit + Iop te [0, t¢] (32)
‘ T
ZLgyg(t) = mgg(t — td)) + 191 t e t¢, ? (33)
T. T, T.
] = _ s T s s
ZL273(75) m23<t B) )+ 29 t e [ 2 9 +t¢:|
(34)

T T
Z'L274(t) =Myo4 <t — é—t¢> +1s3 te |:2 + t¢, Tg—tzj|
(35)

ir25(t) =mos(t —Ts+t,)+1Tas te[Ts—t,, Ty (36)
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where the current slopes ms; through msos are given by (7),
(10), (13), (16), and (17). Also, t ¢ is the time duration of Mode
6 for which the current 1,1 reduces to zero as indicated in Fig. 5.
Evaluating (32)-(35) at ty, Ts/2, Ts/2 + ty, and T /2 + ¢4 +
t, respectively, yields the following constants ([21, I22, Io3,
and 124).

M‘/zn + L1Vo

Iy = — 7 ty + 1o 37
t
MV, + LV, T 2LV,
lwy= - e — - — — ————¢ I 38
22 2 5 72 o t1I20  (38)
M(Vdc - sz ) - L].VO
I3 = 72 t¢
t
(39)
MV Lo T
Lt2 2 20
M Vye —Vin) — L1V,
Iy = MV L2) L0 (ty + )
' (40)
MVt LV T
L2 g

By substituting (7), (10), (13), (16), (17), and (37)—(40) into
(32)-(36), the linear pieces of i1 are obtained.

 MViu + L1V,

ir21(t) = 72 t+ I (41)
7
. MV, + L1V, 2041V,
in2a(t) = 7 LA L12 to+1I0  (42)
7 h
. M(Vie — Vin) + L1V,
ZL273(t) = ( d L2 ) ! t
h
43
MV Ty 211V, )
— 12 Tl 2 ty + I2o
. M V c ‘/in - L Vo
ir24(t) = s 12 )~ Lo,
t
44
MV + 2LV, T, “44)
Iz 2 Iz
. VO VO
ir2s(t) = _fzt + ETS + Iy. (45)

The averaged power that is directly transferred to the output
through the coupled inductor, Pppr, is derived by integrating
the instantaneous power —vy,2.i1,2 over one switching cycle

T,

Ts/2+t¢
— VO/ iLQ)g(t)dt
Ts/2

Ts/2+ts+ts
LV, / i12.4(t)dt
T, /24t

Ts
+VO/ iL2,5(t)dt .
T./2+ts+t;

1 ty Ts/2
Pppr = — {Vo/ ir21(t)dt — VO/ ir2,2(t)dt
0 ty

(46)
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By substituting (41)—(45) into (46) and calculating the inte-
gral, Pppr is derived as

Vo fs Tf
Pppr = fz MViy | =2 = (ty +t5)* + Ts(ty — ty)
2L 4

M2V, (T 2
MV (t2 — t2 4 2tut+) — o=, —t .
+ MVac(ty — 15+ 2toty) ——7- (2 o f)}

(47)

Defining a new parameter ny = t¢ /7 (ty normalized to the
switching period), (47) is simplified to

Pppr = {MVin[0.25 = (ng +15)* + ng — ny]

Vo
2L fs
M?V,

T (0.5 —ng —ny)?}

(48)

+ MVge(nG —nl + 2ngng) —

Equation (48) shows that Pppr, similar to Py, is inversely
proportional to the switching frequency. Consequently, as the
switching frequency rises, the amount of power transferred to the
output through both paths (through the transformer and through
the coupled inductor) is decreased. Having both Py, and Pppr
determined, the total output power is expressed as

Po = Rran + PDPT (49)

where P, and Pppr are given by (31) and (48), respectively.

B. Averaged Input Current I;,

The other important parameter is the averaged input current
I;,,. For this purpose, i 1,1 is first formulated. According to Fig. 5,
11,1 can be expressed by five linear pieces within each switching
cycle

ir11(t) = magt telo, t¢] (50)
i [T
’LLLQ(t) = mlz(t - t¢) + [11 t e t¢’ 2:| (51)
. T, T, T,
ir13(t) = mas(t — —) + I te g 2+t¢]
(52)
T, [T,
ir1,a(t)=mua (t - 2_t¢) +Ii3 te ?‘i‘tqﬁ’ T, — tz]
' (53)
ir15(t) =0 te(Ty—t., T, (54)

where mq1 through m14 are given in (6), (9), (12), and (15). The
constants /11, I12, and I13 can be calculated by evaluating (50),
(51), and (52) at t4, T5/2, and T /2 + t4, respectively

LQV;'n + MVot

Iy = 72 ® (55)
£
LoV, — MV, T,  2MYV,
Iio = — t 56
12 L2 2 L2 ¢ )
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7L2(Vdc - Vm) + Mvo
Lz = 7z ty
t
(57)
LQ‘/in — MVO E
12 2"

By substituting (6), (9), (12), (15), and (55)—(57) into (50)—
(53), the four linear pieces of 71,1 are derived.

L2Vvin + MVOt

ir11(t) = (58)
L7
. LQV;n - MVO 2MV0
ZLLQ(t) = t+ t (59)
L2 rz
. _L V c ‘/z - Mvo
ir1,3(t) = oAV 12 ) 3
' (60)
LaVac Ty | 2MV,,
2 2 "z
. —Lo(Vige — Vi) + MV,
ir1a(t) = e 2 ) t
' (61)
| LaVa = 2MV, T,
12 2

According to its definition, the averaged input current [, is
obtained as

1 te Ts/2
Lin = — |:/ iLl,l(t)dt +/ Z.L172(t)dt
TS 0

ty

T5/2+t¢
+ / iL173(t)dt
Ts/2

Ts/24te+ts
+ / ir1,a(t)dt] . (62)

Ty /24t

By substituting (58)—(61) into (62) and calculating the inte-
grals yield the averaged input current as

! T ’
Lin = == {LQVm <s+t¢+tf> — LoVae(ty + ty)?

202 2
2

+MV, [(w + 1)+ Ts(ty —tg) — TLJ } . (63)

Rewriting (63) in terms of ng and n s results in the following
simplified equation:
1
2L

+MV, [(ng +ng)® +ng —ny —0.25] }.

Lin {Lng(Oﬁ +ng + nf)2 — LoVye(ng + nf)2

(64)

Equation (64) implies that the averaged input current (or
equivalently, the input power) is inversely proportional to the
switching frequency. This is well aligned with the fact that the
output power linearly decreases with the switching frequency as
given by (31) and (48).

C. DC-Bus Voltage V4.

In the proposed converter, the dc-bus voltage V. is deter-
mined such that the charge/discharge current balance for the
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dc-bus capacitors is satisfied. The steady-state dc-bus voltage
level can be derived by equating the averaged input power P,
with the output power P, (the converter conduction losses are
neglected). Thus, the following equation must be satisfied:

Vinlin = Prran + Popr. (65)

By substituting (31), (48), and (64) into (65), the dc-bus
voltage, V., can be derived as given by (66), shown at the bottom
of this page.

D. Normalized Parameters ng and ny

According to Fig. 5, t4 represents the phase difference be-
tween the square voltages vi,, and wvg.. The voltage v, is
dependent on the switching state. However, the voltage vge. 1S
equal to V, sgn(nirs + ir2) as shown in Fig. 6. According
to Fig. 5, 74 = 0 at t = %2 and at ¢ = t5. Thus, the following
equations are valid:

nly+ 151 =0
{ 1+ 1oy 67)

TLIg + 123 =0.

The following equations are derived by substituting (22), (24),
(37), and (39) into (67):
Vie + 2nV,
TLIO + Igo = ”CIQT%
M‘/zn + Ll Vot

L2 ¢

Vie —2nV, (T,
n10+1202nu (2_t¢)

2L
M(Vdc - sz ) - leo
—-M ‘/zn + L 1 Vo Ts
L? 2
Since the left-hand side terms of the equations given in (68)
are the same, the right-hand side terms must be equal. After
some mathematical manipulation, n is derived as

nL?(Vye — 2nV,) — 2L(L1Vy, — MVy,)
4Vye(MLg + nL?) '
According to Fig. 5, £ is the time duration of Mode 6 during
which 77,1 linearly reaches zero. This time can be calculated by
evaluating (61) at ¢t = T/2 4ty + t;. Thus, ¢; is calculated
from the following equation:

(68)

(69)

nNg =

T
11,4 <2 + 1y + tf) =0. (70)
From (70), ny is given by
1 LoViy, — MV,
ny 2Vi V. (71)

T2 Lo(Vae — Vin) = MV, ?

where ny is given in (69).
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E. ZVS Range

Generally, in power converters, snubber capacitors provide
the turn-OFF ZVS operation by reducing the current—voltage
overlap for the power switches. The snubber capacitors must
be fully discharged before the respective switch turns ON. This
is achieved by charging/discharging the snubber capacitors
through a resonance with an inductor when the other switch
of the leg turns OFF. Therefore, it is necessary for the inductor to
have enough energy to charge/discharge the snubber capacitors.
Thus, the following equation must be satisfied:

1 2 1 2

iLquLeq 2 §C€qVCeq (72)
where L., is the equivalent inductance resonating with the
equivalent capacitance Cq, ¢4 is the current of L., at the
switch turn-OFF instant, and V¢, is the equivalent capacitance
voltage.

According to the operating principles of the proposed circuit
topology, the inductor current ¢7,; increases the current stress
of Sy while decreases the current stress of S, compared to a
conventional CDHBC shown in Fig. 2(b). Since S; turns OFF at a
lower current level (with respect to Ss), it is essential to evaluate
the ZVS operation at £y when Sy is switched OFF. Therefore, (72)
can be rewritten as

1 1
§LSI§ > §csvd28 (73)

where Cy = Cy1 + Cyo.

IV. DESIGN CONSIDERATIONS

In this section, the design procedure for the proposed con-
verter is described in detail. The procedure is mainly based on the
theoretical analysis presented in the previous section. According
to the waveform of 771 shown in Fig. 5, as the time duration of
Mode 7 (in which i1; = 0) approaches zero, or equivalently,
ng -+ ny approaches 0.5, the peak and rms values of the input
current for a given averaged current are minimized. Additionally,
transferring the maximum possible power directly through the
coupled inductor minimizes the amount of power processed by
the power switches. Thus, it is desirable to design the proposed
converter such that it achieves the maximum possible direct
power transfer with ng + ns close to 0.5.

To simplify the analysis, a new parameter is defined as
x = M/Ls. 74)

By using this definition, (48), (64), and (71) can be rewritten
as
VoL
Pppr = 722 {J:Vin[O.QS +ng —ng— (ng +ny)?
2fsL3

+1’Vdc(n? - ni + 2ngny) — x2V0(0.5 —ng — nf)2} (75)

B & L%Vii(o.i—) +ng + nf)2 + QMLQVOVm[(TL(z, + nf)2 — 0.25] + M2V02(0.5 —Ng — nf)2

Vie =
de =T,

nVoLing(1 —2ng) + LaLsVip(ng +nyg)? + MLSVO(n? — ni +2ngny)

(66)
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Lo
L, = 2st2 {Vm 0.5+ ng + nf) — Vdc(n¢ + nf)2
+2V,[(ng +ny)? +ny —ny — 0.25]} (76)
‘/in - xVo
== ) 77
n¢+nf 2Vvdc*‘/vin*37‘/0 ( )
From (77), the parameter x is derived as
_ 0.5V, — (n¢+nf)(vdc*‘/m)' (78)

(0.5 —=ngy —nyg)V,

Since x is the ratio of two inductances (M /Ls), it must be
positive. According to (78), it is observed that the denominator
is positive. Thus, its numerator must be positive as well. This
results in the following equation:

0.5+n¢+nf

Ve <
e Nng +ny

Vin. (719)

This equation imposes a maximum limit on choosing the
dc-bus voltage. In addition, according to (75) and (76), the nor-
malized direct power transferred through the coupled inductor
Pppr.p is derived in (80), as given at the bottom of this page.

As the variation intervals of the parameters n and n s are lim-
ited to 0 < mg,ny < 0.5 under the condition ng + ny < 0.5, it
is possible to obtain the normalized direct transferred power
in terms of different values of ny and ny using (78) and (80).
Among all different combinations of ng, 1y, and Pppr ., the one
that achieves the maximum direct power transfer, while ng + ny
close to 0.5, can be selected as the desired operating point.

The ratio of Lo/ Lf can be calculated using (76) as

L
L; = 2fsIin)/ {Vin(0.5 + ng + ny)?
+ 2V, [(ng +nyp)* +ng —ny —0.25]
—Vdc(N¢ —l—nf)Q}.

For a coupled inductor, the mutual inductance is defined as

(81)

M = k+/LqLs. (82)
The ratio of L /Lo is obtained using (74) and (82) as
Li/Ly = (z/k)?. (83)
By using (3) and (74), L can be derived as
L?/Lsy
Ly= —T 2= 84
2= Ty /L) — 22 (84)

By substituting (81) and (83) into (84), the following equation
is obtained:
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Having the parameters ng, s, and x determined, the induc-
tance Lo is designed using (85). Then, the inductances M and
L are determined according to the values of M /Ly and Ly /Lo,
respectively.

From (31), the ratio of L4 /n is given by

Ly VaV,
no 2Ptranfs
where Py., = P, — Pppr and Pppr is given by (80). After some
mathematical manipulation, (69) is rewritten as
_ LiVae — 2(5)(LaVy — MVi) — dngVae(M % + L})
2V, L? '

TL¢(1 - 2n¢). (86)

87)

By substituting L /n given in (86) into (87), the desired turns
ratio of the transformer is designed. The inductance L is then
obtained based on the values of L, /n and n.

The snubber capacitors C's; and Co are designed such that
the turn-OFF switching losses are reduced to a desired level by
decreasing the current—voltage overlap of a power switch when
it turns OFF. For this purpose, the following equation can be used
[37]:

12 > I swt f 7

4k’U ‘/TS’LU
where I, is the switch current right before it turns OFF, ¢ z; is
the fall time of the switch current, i.e., the time that it takes for
the switch current to become zero from I,,,, k, determines the
amount of current—voltage overlap for the switch, and Vi, is the
final value that the switch voltage reaches when it turns OFF. As
Sy carries more current than Sy, (88) must be evaluated at 3
when S5 is switched OFF. Therefore, (88) is rewritten as

(T2 — L)ty
4k1JVdc

where /5 and [19 are given in (23) and (56), respectively.

Cs (88)

Cs12 > (89)

V. SIMULATION VERIFICATION

In this section, the proposed converter is first designed using
the guidelines given in the previous section for this specific
application (i.e., charging a 48 V battery from a 190-V dc grid
with the nominal power of 450 W). Then, it is simulated using
the OrCAD PSPICE software package to verify the theoretical
analysis. Also, in order to demonstrate the merits of the pro-
posed circuit topology, its performance is compared to that of
the SRC (as a resonant structure) as well as the CDHBC (as
a current-driven structure) through simulation. These circuits
have been selected for the comparison, since they have similar
structures as the proposed converter with unidirectional power

L= k2 {Vm (0.5 + 1 + nf) flow. The proposed copverter is designed such that the minimum
2fslinz?(1 — k?) frequency (at the nominal power) will be 140 kHz.

) The first step in the design of this converter is to choose a

+ aVol(ng +nys)” +ng —ny —0.25] proper dc-bus voltage using (79). As mentioned earlier, it is

) desired to achieve ng + ny close to 0.5. On the other hand, to en-

—Vae(ng +ny) } (85 sure DCM operation of the proposed converter, ng + n s should

Popr = Poer _ Vo 2Vin[0.25 +ng — ng — (ng +ny)*| + aVae(nG — n3 + 2ngng) — 2°V,(0.5 — ng —ny)? 80)

’ P, Vin Vin(0.5 +ng +np)2 + 2V, [(ng +ny)% +ne —nyp —0.25] — Vye(ng +ny)?
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Fig. 7. Plotof Pppr,y in terms of different values of ng and ns.

be sufficiently less than 0.5. Considering ng4 + n s equal to 0.4,
(79) implies that V. should be less than 427.5 V. Therefore, V.
is selected to be 400 V.

The next step is to calculate the normalized direct power
transferred Pppr,,, in terms of different values of ny and ny
using (78) and (80) as plotted in Fig. 7. This figure shows the
plot of Pppr,, in terms of different values of ny in the range
of 0 <ny < 0.5 —ng for several values of ng equal to 0.05,
0.10, 0.15, 0.20, 0.25, 0.30, and 0.35. Also, the dashed line
illustrates the curve of Pppr,, in terms of different values of
ng and n ¢ that satisfy ng + ny = 0.4. According to this figure,
Pppr,,, reaches its maximum value of 36% at ng = 0.15 and
ny = 0.25. However, with ng = 0.1 and ny = 0.3, Pppr,, is
34% which is near the maximum value. This results in Pppr =
153 W and P, = 297 W. In other words, around 150 W is
transferred to the output directly through the coupled inductor
and around 300 W through the transformer.

Having ng and ny determined, x is obtained equal to 2.29
using (78). According to (82)—(85), the design of the inductances
Ly, Lo, and M is dependent on the value of the coupling
coefficient k. Fig. 8 demonstrates how this parameter affects the
design of these inductances. As observed, all the inductances
L1, Lo, and M tend toward large values as k approaches unity.
Therefore, with a sufficiently small coupling coefficient, it is
possible to use small inductances. According to Fig. 8, having
a coupling coefficient in the range of 0.9 < k£ < 0.95 results
in reasonable values for the inductances. Moreover, achieving
this range for the coupling coefficient does not complicate
implementing the coupled inductor. Considering k = 0.93, (85)
results in Ly = 107 pH. Consequently, M and L; are deter-
mined as 244 and 647 uH, respectively, based on the values of
MLy and Ly /Lo given in (74) and (83).

Using (86) and (87), the series inductance and the transformer
turns ratio are obtained as Ly = 43 pHandn = 2.4. Considering
ty; = 10ns and k,, = 0.1, (89) implies that the snubber capaci-
tors Cs1 and Cso should be greater than 640 pF to significantly
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coefficient k.

TABLE I
LIST OF THE PARAMETERS USED IN SIMULATION

Parameter Value
Input voltage V;,, 190 V
Output volage V, 48 V
Output power P, 450 W
Switching frequency fs 140 kHz

Coupled inductor L1, L2, M 620 pH, 120 pH, 255 pH

Transformer turns ratio n 2.8

Series inductor Lg 40 pH
DC-bus capacitors C', Co 10 uF
Snubber capacitors Cs1, Cs2 680 pF
Output capacitor C, 22 uF

reduce the current—voltage overlap of the power switches at
their turn-OFF instants. An adaptive technique is used to set
the required dead time based on the load. Here, the maximum
required dead time is considered to be 200 ns, which is nearly
2.5% of the switching period.

The proposed converter is simulated with the parameters listed
in Table I and its waveforms are illustrated in Fig. 9. Fig. 9(a) and
(b) shows the waveforms of the power switches S and S5, re-
spectively. As observed, when one of the switches is turned OFF,
the body diode of the other switch turns ON, thereby providing
ZVS turn-ON conditions. In addition, current—voltage overlap at
turn-OFF instants is sufficiently small for both the switches. It
is also observed that the dc-bus voltage is near 400 V. Fig. 9(c)
illustrates the currents i1, and ¢y flowing through the primary
and secondary windings of the coupled inductor. It is observed
that the input current has a quasi-rectangular waveform. More-
over, 1y is equal to 2.4 us, whichis 34% of the switching cycle. In
other words, the parameter 7 is slightly greater than the desired
value of 0.3. Voltage waveforms of the inverter output and the
transformer primary winding as well as current waveform of
the series inductor are illustrated in Fig. 9(d). As observed, the
square voltages have a 0.7 us delay (almost 10% of the switching
cycle). In other words, the parameter n4 is approximately equal
to the designed value of 0.1. Fig. 9(e) shows the voltage wave-
form of the transformer secondary winding v and the current
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Simulation results at the nominal load. (a) Waveforms of the switch S . (b) Waveforms of the switch Sz. (¢) Current waveforms of the coupled inductor.

(d) Waveforms of viny, Vprim, and iz, s. (¢) Waveforms of ve and #¢. (f) Current and voltage waveforms of the output diodes D1 and D,2.

waveform flowing through the output bridge diodes ;. As ex-
plained earlier, direction of this current determines the polarity
of the voltage applied to the transformer secondary winding. Ac-
cording to Fig. 9(f), showing the current and voltage waveforms
of D,y and D,2, the output diodes turn ON and OFF under ZCS
conditions.

From (31) and (48), it can be obtained how the power trans-
ferred through the transformer P, as well as the power directly
transferred to the output Pppr are inversely proportional to f.
Thus, as shown in Fig. 10, both the power components will keep
their ratio over the entire f; range.

As signified by the mathematical equation derived for V.
given in (66), the proposed converter benefits from an almost
constant dc-bus voltage over the entire load range. However,

possible variations of the inductance values can result in V.
variation. Therefore, it is required to investigate the sensitivity
of Vy. in the proposed converter to the inductance values. For
this purpose, V. is obtained using (66) having each of the
inductances Lj, Lo, and Ly individually vary in the range of
+5% of its nominal value. According to Fig. 11, the deviation of
the dc-bus voltage from its desired value as a result of variations
of the inductances is less than 15%, which is not significant.
To investigate the impact of variation of each parameter on
the overall performance of the proposed converter, the output
power is obtained having each of the inductances L, Lo, M,
and L individually vary in the range of +10% of its nominal
value. According to Fig. 12, the impact of the coupled inductor
parameters (L1, Lo, and M) on the output power is more than
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Impact of Variation of the Converter Inductances on the dc-bus

that of the series inductance L. As the coupled inductor is
located at the converter input, it has an important role in the
operation of the converter. However, the deviation of the output
power from its nominal value due to the variation of L can be
readily compensated by adjusting the switching frequency.

In order to investigate how the DPT capability can result in
reduced current stress and conduction losses, the rms currents of
the power switches S7 and So as well as the peak and rms values
of the input current are obtained for the proposed circuit topology
for two different cases, with and without DPT. In the case of
not having DPT, it is assumed that the inductor Lo no longer
exists. In this situation, the other components are redesigned
using the guidelines given in the previous section, assuming k is
zero and Lo approaches infinity. The components are obtained
as Ly =114 yH, L, = 46 uH, and n = 2.5. Fig. 13 illustrates
the rms currents of .S7 and S for the two cases. As observed, the
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Fig. 13. RMS currents of the power switches for the proposed converter with

and without the DPT capability.

TABLE I
LIST OF THE COMPONENTS USED IN THE IMPLEMENTED PROTOTYPE

Component Value or part number
Power switches S1 and S2 IPB60R280P7
Input diode D;,, TPMR10G

VB30100S-E3
620 pH, 120 pH, 254 uH

Output diodes Do1 — Doa
Coupled inductor L1, Lo, M

Transformer turns ratio n 2.8
Series inductor Lg 40 pH
DC-bus capacitors C, Ca 10 uF
Snubber capacitors Cs1, Cs2 680 pF
Output capacitor C, 4 x 4.7 pF

rms currents are reduced with the DPT capability. Also, Fig. 14
shows how the proposed converter with the DPT capability ben-
efits from reduced peak and rms values for the input current due
to its quasi-rectangular shape instead of triangular waveforms.
To compare the performance of the proposed circuit topol-
ogy with that of the SRC and the CDHBC, these circuits are
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with and without the DPT capability.

Fig. 17. Photograph of the implemented prototype.
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Fig. 15.  ZVSrange of the power switches for the proposed converter, the SRC,
and the CDHBC.
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Fig. 16. rms currents of the power switches for the proposed converter, the
SRC, and the CDHBC.

TABLE III
CONDUCTION LOSSES OF THE COMPONENTS USED IN THE IMPLEMENTED
PROTOTYPE
Component Resistance RMS Power
[mQ2] current [A] loss [W]
Power switch S 280 2.47 1.71
Power switch So 280 4.12 4.75
Inductor Ly 115 2.71 0.84
Inductor Lo 55 3.23 0.57
Inductor L 80 2.58 0.53
Primary coil Lyyim 190 2.58 1.26
Secondary coil Lsec 35 6.74 1.59
Voltage Average Power
Component drop [V] current [A] loss [W]
Input diode D;,, 0.60 2.48 1.49
Output diodes D14 0.35 4.67 4x1.63
Total 19.26

designed and simulated for the same specifications (190 V input
voltage, 48 V output voltage, 450 W rated power, and 140 kHz
nominal switching frequency). The SRC is designed based on
the guidelines given in [38] to have minimum stress for its
resonant components and semiconductor devices. For this pur-
pose, the converter components are obtained to be L,, = 5.9 uH,
C, = 400nF, and n = 1.88. Similarly, the components of the
CDHBC are calculated as Ls = 6.7 4H and n = 1 according to
the design considerations provided in [33].

The ZVS range for each circuit can be achieved using (72).
For this purpose, the snubber capacitors Cj; o are first designed
using (88). Considering the same values for ty; and k., the
snubber capacitors are obtained as Cs; o = 780 pF for the SRC
and as Cy; 2 = 2.7nF for the CDHBC. To achieve the ZVS
range, the inductor energy for each converter is obtained using
the left-hand side term in (72) at different output powers and is
then normalized to the corresponding capacitor energy using the
right-hand side term in (72).

Fig. 15 illustrates the ZVS range of the power switches for
the proposed converter as well as the SRC and the CDHBC.
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D41 and Dyo.

As expected, the CDHBC offers ZVS performance over a wider
operating range compared to the SRC. As the SRC has been
designed for the minimum tank current stress, its ZVS operation
is lost at light loads. On the other hand, the proposed converter
achieves the ZVS characteristics over the entire load range from
20% to 100% of the rated power. Fig. 16 shows the rms currents
of the power switches for these three converters at different
output powers. It should be noted that in the SRC and the
CDHBC, both power switches have the same current, while the
low-side power switch (S2) in the proposed circuit has higher
current compared to the other switch (S7). As observed, the
CDHBC suffers from much higher current stress with respect to
the SRC. On the other hand, the rms current of S5 in the proposed
converter is slightly higher than that of the SRC, whereas the rms
current of Sy is significantly lower. However, the sum of rms
currents of both switches for the proposed converter is less than
that of the SRC. In summary, the proposed converter benefits
from the main feature of the current-driven structures having
ZVS characteristics over a wide range of operation without high
current stress for the power switches.

VI. EXPERIMENTAL RESULTS

In order to examine the performance of the proposed converter
in practice, a 450-W laboratory prototype is implemented for the
given application and its experimental results are presented. A
battery simulator is used in the experimental setup to model
the ESS. The model of the battery system is NHR 9210 from
NH Research Inc. and the equipment is configured to have a
discharged voltage of 42 V and a fully charged voltage of 50 V.
The components used in the prototype are listed in Table II and
its photograph is depicted in Fig. 17. According to the power
rating and dimensions of the implemented prototype shown in
Fig. 17, its power density is obtained as 0.989 W/cm?.

Fig. 18 shows the experimental waveforms obtained from
the implemented prototype under the full-load condition. These
experimental waveforms are in good accordance with the the-
oretical and simulation waveforms illustrated in Figs. 5 and
9, respectively. Particularly, according to Fig. 18(c) and (d),
ty = 2.5pus and 4 = 0.6 ps, which are almost the same as the
simulation values. To examine the proposed converter perfor-
mance under different load conditions, the waveforms obtained
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Fig. 20.  Efficiency plot of the implemented prototype.

from the implemented prototype at 50% of the nominal power
are also illustrated in Fig. 19. In order to reduce the power
delivered to the output to half the rated power, the switching
frequency is increased to 280 kHz. According to Fig. 19(a)
and (b), showing the voltage waveforms of S; and S;, the
power switches operate with ZVS characteristics. In addition,
it is observed that the dc-bus voltage is still the same as that
for the rated power. In other words, the proposed converter
benefits from a nearly constant dc-bus voltage under different

load conditions. From Fig. 19(c) and (d), it is observed that ¢
is 1.5 us (ny = 0.4), slightly greater than its value at full-load,
while t4 is 0.3 us (ng = 0.1), equal to the desired value. In this
case, ng + ny is near 0.5 or, equivalently, time duration of Mode
7 is short enough. This results in low peak and rms values for the
input current. In other words, the proposed converter keeps the
quasi-rectangular waveform for the input current under different
load conditions.

Fig. 20 shows the efficiency measured from the implemented
prototype from 20% to 100% of the rated power. As observed,
with reducing power from full-load to light-load, efficiency first
rises from 95.5% (at the nominal power) to a peak value of 96.6%
(at 70% of the nominal power) and, then, it starts decreasing. As
mentioned earlier, the output power reduces with the switching
frequency in the proposed converter. Consequently, decreasing
the output power results in lower conduction losses, however,
higher switching losses. It is worth mentioning that switching
losses are negligible compared to conduction losses in low fre-
quencies due to the ZVS performance of the proposed converter.
However, as the output power decreases below 70% of the rated
power, switching losses become considerable and, consequently,
efficiency starts degrading.

To analyze how each component contributes to the total power
losses, the loss breakdown of the implemented prototype is
illustrated in Fig. 21 under full-load and half-load conditions.
As observed, the power losses associated with output diodes
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Fig. 21.  Loss breakdown of the implemented prototype.

D,1—D,4 and power switch Ss constitute the major portion of
the total losses. Considering the high output current level and
the fact that in the proposed circuit topology, Ss conducts an
increased current, it is reasonable that these components show
higher losses with respect to the other components. However,
the power losses associated with output diodes D,1—D,4 can
be reduced by using the synchronous rectification technique. To
further investigate the power losses, Table III lists the conduction
loss of each component at the rated power calculated by mea-
suring its rms or average current. It should be mentioned that the
reported ON-resistances of the power switches are found in their
datasheets, while the ohmic resistances of the inductors and coils
as well as the voltage drops of the diodes are measured from the
implemented prototype. From Fig. 21 and Table III, it can be
observed that the conduction losses are dominant compared to
the switching losses, which is expected due to the soft-switching
performance.

VII. CONCLUSION

A novel isolated dc—dc converter circuit topology has been
proposed in this article, which is able to demonstrate high perfor-
mance for a wide range of operating conditions. This isolated dc—
dc converter is well-suited for dc microgrid applications, where
the converter should be able to maintain the dc voltage level of an
LV bus within a desired range. The proposed converter is able to
minimize both the conduction and switching losses. The power
semiconductors on the primary side of the converter operate
under ZVS while the output diodes operate under ZCS. One of
the main features of this converter is its DPT capability, which
reduces the power processed by the power semiconductors and
minimizes the conduction losses. A portion of the power can
directly be transferred to the output, which reduces the power
ratings of the components and their costs. Another advantage
of this structure is the quasi-rectangular waveform of the input

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

current. This feature effectively reduces the peak and rms values
of the input current. Consequently, the conduction losses in this
power circuitry can be reduced significantly. Simulation and
experimental results confirm the superior performance of the
proposed structure.
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