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A Dual Half-Bridge Converter With Hybrid Rectifier
for DC Power Supply in Railway Systems

Lei Zhao”, Member, IEEE, Zejia Luo

Abstract—Dual half-bridge (DHB) converter is a recent inno-
vation in the family of full-bridge converters, and it can achieve
higher efficiency compared to the traditional converters. The DHB
converters with center-tapped rectifier (CTR) and full-bridge rec-
tifier (FBR) have been adopted in low (<100 V) and high (>200 V)
output voltage applications, respectively. However, the output volt-
age is between 100 and 200 V in some applications, such as aux-
iliary railway dc power supply, both CTR and FBR can be the
candidate and it is very indistinct to select the matched rectifier.
To suit for such specific application, this article proposes a DHB
converter with hybrid rectifier (Hyb-R). The Hyb-R is composed
of a CTR section and an FBR section, which are connected in
series by sharing two diodes. As a combined structure, the voltage
stress of Hyb-R is between that of FBR and CTR, which makes
Hyb-R well appropriate for dc power supply in railway systems.
In this article, the operational principle and performance of the
proposed converter are analyzed in depth. Three prototypes based
on the DHB converters with CTR, FBR, and Hyb-R are built and
tested, respectively. Experimental results show that the proposed
converter can achieve a superior efficiency compared with other
converters.

Index Terms—Dual half-bridge (DHB) converter, full-bridge
converter, hybrid rectifier (Hyb-R), zero-voltage switching.

1. INTRODUCTION

N MODERN electric railway systems, the dc power supply
I is an important component, which supplies the interior light-
ing, battery charger, and control system [1]—-[3]. The required
voltage level is around 110 V, and the required power level is
generally at least several kilowatt [3]-[6]. In addition, the gal-
vanic isolation is required. The phase-shifted full-bridge (PSFB)
converter is a preferred topology for dc power supply because
of its simple structure and natural zero-voltage switching (ZVS)
[7]. Generally, the primary structure of PSFB converter is fixed
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while different rectifiers, such as full-bridge rectifier (FBR) and
center-tapped rectifier (CTR), can be applied to suit for various
applications in the secondary side of PSFB converter. The FBR
has low transformer volt-ampere requirement and voltage stress
but high conduction loss of diodes and it is widely adopted
in high output voltage applications (>200 V), such as electric
vehicle battery charger (250 ~ 400 V) [8] and plasma display
panel power module (205 V) [9]. Compared to FBR, CTR can
achieve lower conduction loss but higher voltage stress, and it is
very popular in low output voltage applications (<100 V), such
as server power system (12 V) [10] and charger for neighborhood
EVs (36 ~ 72 V) [11]. However, for the dc power supply in
railway systems, the output voltage is between 100 and 200 V,
both CTR and FBR can be the candidate and it is very indistinct
to select the matched rectifier.

On the other hand, the traditional PSFB converter has some se-
rious problems, such as narrow ZVS range and large circulating
current. Many auxiliary commutated full-bridge converters have
been proposed to improve the performance of PSFB converter
[12]-[16]. Generally, ZVS is achieved by using the energy stored
in the inductive components to discharge the junction capaci-
tance of switch. Therefore, the range of ZVS can be extended
by introducing auxiliary inductors into full-bridge converter to
increase the available ZVS energy. The introduced circuit is
independent of load current and can guarantee ZVS capability
from light load to heavy load. However, the auxiliary circuit
brings additional conduction loss and more cost.

The PSFB converter with zero-voltage and zero-current
switching operation can provide effective solution to the prob-
lems [17]-[20]. In these converters, the leading-leg switches are
turned ON with ZVS and the lagging-leg switches are turned OFF
with ZCS. The ZVS operation is obtained in the same way as
that of the conventional PSFB converter and the ZCS operation
is created by introducing an auxiliary voltage source to reset the
primary current. However, the primary power cannot be trans-
ferred to the output side during the freewheeling interval and
large filter requirement is needed in wide-input-voltage-range
applications.

Dual half-bridge (DHB) converter is another effective solution
to improve the performance of full-bridge converter [21]-[26].
Compared to the traditional PSFB converter, the DHB converter
has the following advantages.

1) The available ZVS energy is enough to achieve a wide

ZVS range.

2) The circulating current is removed, which contributes to

the reduction of conduction loss.
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Fig. 1. DHB converters with different rectifiers. (a) CTR. (b) FBR.
Vinr

Fig. 2. Proposed DHB converters with Hyb-R.

3) The primary power can be continually transferred to the
secondary side and the output filter requirement is signif-
icantly reduced.

The primary side of DHB converter is composed of a lagging
half-bridge inverter and a leading half-bridge inverter, which are
placed in parallel with input voltage. Various rectified structures
can be adopted in the secondary side. Fig. 1 shows the DHB
converters with FBR [21]and CTR [22]. Compared to CTR, FBR
presents advantage in terms of voltage stress of diodes although
six diodes are adopted. On the other hand, only four diodes are
adopted in CTR and only one diode conducts during the power
transmission, resulting in less conduction loss. The converters
with FBR are widely employed in high voltage applications,
whereas the converters with CTR are widely employed in low
voltage applications.

Based on the DHB converters with FBR and CTR, a novel
DHB converter with hybrid rectifier (Hyb-R) is proposed in
this article, as shown in Fig. 2. The Hyb-R is composed of a
FBR section and a CTR section, which are connected in series
by sharing two rectified diodes. The total number of diodes
and secondary windings in Hyb-R is the least compared with
FBR and CTR. As a combined structure of FBR and CTR, the
maximum voltage stress, switching loss, and conduction loss of
Hyb-R diodes are between CTR and FBR. These features make
the proposed converter well appropriate for the medium output
voltage applications.

The detailed operational principle of the proposed converter is
analyzed in Section II. Section I1I then analyzes the performance
of the converter. A 1.2-kW hardware prototype with 380-450 V
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Fig. 3. Equivalent circuit with current and voltage notations.
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Fig. 4. Key waveforms of the proposed converter.

input 120 V/10 A output is built and tested to verify the theory
analysis in Section IV. In addition, two prototypes based on the
DHB converters with FBR and CTR are also built to compare
with the proposed Hyb-R converter. Section V concludes this
article.

II. OPERATIONAL PRINCIPLE

Fig. 3 shows the equivalent circuit with current and voltage
notations. To simplify analysis, the following assumptions are
made:

1) the output filter inductor L, is modeled as a constant

current source;

2) the output capacitor C, and the blocking capacitor C'p are
considered as constant voltage sources of V, and 0.5V},
respectively;

3) the leakage inductances of 77 and 7o are Ly and Lo,
respectively. The magnetizing inductance of 75 is L,,, and
the magnetizing inductance of 77 is large enough to ignore
the effect;

4) the junction capacitances of MOSFETS are Cogs;

5) Ty and T» have the same turns ratio of n = ng/n,,.

Fig. 4 shows the key waveforms of the proposed converter,

where 7T’ is switching period and D means duty cycle of rectified
voltage. In order to show the detailed waveforms during the ZVS
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(2)

Fig. 5. Equivalent circuits in the first half cycle. (a) State 1 [tg ~ #1]. (b) State 2 [t1 ~ t2]. (c) State 3 [to ~ t3]. (d) State 4 [r3 ~ t4]. (e) State 5 [t4 ~ t5].

() State 6 [15 ~ t6]. (g) State 7 [tg ~ t7]. (h) State 8 [t7 ~ tg].

transition, the transition times are enlarged in Fig. 4. The phase-
shifted control method is employed. Q1 -Q3 form the leading-leg
and Q»-Q, form the lagging-leg. The output voltage is regulated
by adjusting the phase time 0.5D7T; between the leading-leg
and the lagging-leg. There are 16 states in one switching period,
which can be divided into two half cycles, g ~ fg and tg ~
t16. Due to the symmetry of the circuit, only the first half cycle
is analyzed here and the corresponding equivalent circuits are
shown in Fig. 5.

State 1 [ty ~ t1]: In this state, Q1 and Q4 are ON and Dy and
D3 are conducting. The primary voltages of 77 and 75 are
0.5V;, and the rectified voltage viec(?) is equal to the sum
of secondary voltages of 77 and T, i.e., nV;,. This state
is defined as duty-cycle interval. During this interval, both
lagging-leg and leading-leg can transfer the primary energy
to the output side. The leading-leg current is maintained at nf,
and the magnetizing current i,, (t) increases linearly from its
minimum value. The primary currents can be calculated as
follows:

im(®) = — Iy + 2V ) ()
L,
z'pg(t) =nl, + in(t). 2)

State 2 [t; ~ ta]: At t1, Q7 is turned OFF with ZVS due to
the existence of junction capacitances. The duration time
of this state is very short, and all the primary currents are
considered as constants. The leading-leg current 7, starts
to charge/discharge the junction capacitance of Q1/Qs. The
leading-leg voltage vi.,(f) and the secondary voltage v (t)

of T4 linearly decrease

I,
Viea(t) = Vin = 55 (t = 1) 3)
Vs1(t) = n [Viea(t) — 0.5Viy] . 4)

State 3 [t ~ t3]: At ta, Viea(?) falls to 0.5V;, and v (¢) falls to

zero. D starts to conduct and the secondary voltage of 77 is
clamped to zero by D and D-. At the same time, the resonance
of Lj1 and 2C,4 occurs in the leading-leg. According to the
initial conditions and Kirchhoff’s law, the voltage and current
of leading-leg can be expressed as

ip1(t) = nl,cosws (t — t2) 5)
Vea(t) = 0.5Vi, — nl, Liiwisinw (t — to) (6)

where wy = 1/v/2CssLp1.

State 4 [t3 ~ t4]: At t3, viea(?) falls to zero. Then, the parasitic

diode of Q3 begins to conduct and Q3 can be turned ON with
ZVS. During this state, vs; is maintained at zero and the
voltage 0.5V, appears on L. Due to this voltage across L1,
the leading-leg current linearly decreases. The commutation
between D and D, is progressed, i p1 (t) increases and i po ()
decreases. This state ends when i po(t) falls to zero at #4.

State 5 [ty ~ t5]: At t4, the commutation between D and D5 is

completed, D5 turns OFF naturally and the leading-leg current
falls to zero. The primary voltage of T5 vz (t) is 0.5V;,, and the
rectified voltage is equal to the secondary voltage of 75, i.e.,
0.5nViy,. This state is defined as freewheeling interval. During
this state, the primary power is transferred to the secondary
side through only the lagging-leg.
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State 6 [t; ~ tg]: At t5, Q4 is turned OFF and the magnetizing
current 4,, () reaches to the maximum value I,,,. During this
state, the lagging-leg current can be considered as a constant
current source of nl, + I,,. The junction capacitances of
lagging-leg switches are linearly charged by this current
source. The key voltages in this state can be calculated as
follows:

nl, + Ip,
Ulag(t) = Tess(t —t5) (7N
Vs2 (t) = Urec (t) =n [05‘/111 — Vlag (t)] (8)
vs1(t) = —0.5nVi,. 9)
The voltage across Dy is
vpa(t) = 2vs2(t) + vs1 (). (10)

Based on the equations, vp4 decreases linearly. At 75, vp4(¥)
falls to zero and D, starts to conduct. Therefore, vgso (tg) is
0.25nViy, and viag(t6) s 0.25V,.

State 7 [tg ~ t7]: During this state, the commutation between D3
and D, is progressed and the resonance of junction capaci-
tances and leakage inductances occurs in the primary side. The
lagging-leg voltage vi,4(?) increases and the voltage across
Q- decreases with sinusoidal shapes, respectively. Based on
the equivalent circuit and the initial conditions at fg, the key
currents and voltages in this state are given by

an
12)

ip2(t) = (ndy + Ipy)coswa (t — tg)
ip1(t) = —0.5(nl, + Iy) [1 — coswa(t — tg)]
Vlag (t) = 0.25Viy

+ (nIo + Im)(025Lk1 + LkQ)(UQSinUJQ(t - tG)
13)
0Q2(t) = Vin — viag(t) (14)

where wy = 1/\/20053(0.25Lk1 + Lgo).

State 8 [t7 ~ tg]: At t7, the voltage across Qo falls to zero and
Q> can be turned ON with ZVS. During this state, the voltages
of leakage inductors can be expressed as follows:

0.375L 1
t)=———Viy 15
vk (?) Ly + 0.25L5, as)
0.75L
ko (t) = Vi (16)

Lo+ 0.25L5

Due to the existence of vy (¢) and wvgs(t), the currents of
leading-leg and lagging-leg rise in the negative direction. In
the secondary side, the commutation between D3 and Dy is
continually progressed, ips(t) decreases and ip4(t) increases
linearly. The key currents are expressed as follows:

ia®) = i) + 2 1) a7
i (®) = i (1) + S 1) as)
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ipa(t) = _in() (19)
n
ips(t) = I, —ipal(t). (20)

At the end of this state, ip4(t) reaches to I,, ips(t) falls to
zero, and Dj3 is naturally turned OFF. Then, 77 and T5 simulta-
neously transfer the input power to the secondary side.

III. PERFORMANCE ANALYSIS AND COMPARISON

A. Voltage Conversion Ratio

Since the durations of ZVS transitions are very narrow, only
State 1 and State 5 are considered. The rectified voltage during
the duty-cycle interval (State 1) is nVi,, whereas it is 0.5nVj,
during the freewheeling interval (State 5). The output voltage is
equal to the average of rectified voltage. Therefore, the voltage
conversion ratio is given by

G(D) =V, /nViy = 0.5(1 + D). @1

B. ZVS Condition

Based on the operational principle of proposed converter,
the ZVS tansition of leading-leg switches can be divided into
two phases, State 2 [t; ~ t2] and State 3 [t5 ~ t3]. In the first
phase, the output filter inductor participates in ZVS transition
and the leading-leg voltage vie, (f) decreases linearly, as shown in
Fig. 5(b). When vy, (f) falls to 0.5V, at £, the resonance between
leakage inductance L and junction capacitance 2Css OCCUrs in
the leading-leg and vy, () decreases with a sinusoidal waveform,
as shown in Fig. 5(c). The leading-leg switches can achieve
ZVS at the end of the secondary phase. The ZVS condition of
leading-leg switches is obtained from (6) as follow:

nl,Liiwy; > 0.5V,. (22)
In the view of energy, (22) can be rewritten as
1 4
§Lk1(nlo)2 > 50035(0.514“)2. (23)

It can be noted from (23) that the remaining energy in the
junction capacitors, which should be discharged by the leakage
inductor L1, is one quarter of the total energy.

The ZVS transition of lagging-leg switches is also divided into
two phases, State 6 [t5 ~ tg] and State 7 [tg ~ t7]. The lagging-leg
voltage linearly increases from 0 to 0.25V;, at first and then
increases with a sinusoidal waveform due to the resonance
of leakage inductances and junction capacitances. The ZVS

condition of lagging-leg switches is obtained from (13) as
(nlo + I,)(0.25Lk1 + Li2)wz > 0.75Viy. (24)

In the view of energy, (24) can be rewritten as
1 4
5(0.25Lk1 + Lio)(ndy 4 1,,)? > gcoss(o.75vm)2. (25)

According to (25), the magnetizing current I,,, contributes to
the ZVS and the ZVS range can be extended by increasing I,,.
However, large magnetizing current increases the conduction
losses of primary switches and transformers. Fig. 6(a) shows
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TABLE I

COMPARISON OF DHB CONVERTER WITH DIFFERENT RECTIFIERS

Rectifier CTR Hyb-R FBR
Number of secondary winding 4 3 2
Number of diode 4 4 6
Voltage conversion ratio 0.51+D) 0.5(1+ D) 0.5(1+ D)

ZVS condition of leading-leg

1 4
S La(nl,) > 3C, 057,

SLu(iL) > 3C, 07, )’

oss in

1 4
ELk,(nln)2 >§c 0.51, )

ZVS condition of lagging-leg

%(o.zstl +L,)nl, +1,)

m

%(0.25Lk, +L,)nl,+1,)°

m

%(Lkl + L)l +1,)

>3 €L 0757, >3 €L 0757, A
: Dy, D3 : 2nV;, Ds, Dy :1.5nV5, Dy, D3, Dy, Dg : 0V,
Voltage stress of diode D,. D, : 1.5nV}, D,, D, :0.5nV,, D,, Ds :0.51V,,
High switching loss Medium switching loss Low switching loss

Power loss

Low conduction loss

Medium conduction loss
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High conduction loss

Q, Gate signals [~ Q, 4
Q4 Q3 //
‘ — <%
Im / é‘z
nl,-1, I’n10+1m =
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0.5(1-D)T;  0.5(1-D)T, 1,(A)
(@) (b)

Fig. 6. (a) Simplified waveform of lagging-leg current. (b) RMS current of
lagging-leg versus load current.

the simplified waveform of lagging-leg current. The rms current
of lagging-leg is approximately evaluated as

1+1 I, \>
3\nl, /)

Fig. 6(b) shows the rms current versus load current. Since
the average value of magnetizing current is zero during a half
switching period, its contribution to the total rms current can be
negligible, as shown in Fig. 6(b). Therefore, large magnetizing
current has a little impact on the conduction loss but it is benefit
to extend the ZVS range of lagging-leg switches.

iRMS?lag = n—[o (26)

C. Performance Comparison

In this section, the DHB converters with CTR and FBR are
selected to compare with the proposed converter. The structure of
rectifier, voltage conversion ratio, ZVS conditions, voltage stress
of diodes, and power loss of different rectifiers are considered
for comparison, as shown in Table I.

1) Structure of rectifier: The CTR contains four secondary
windings and four rectified diodes, and only one diode
conducts during the power transmission. On the other
hand, the FBR requires two secondary windings and
six diodes, and two diodes simultaneously conduct. The
Hyb-R is consisted of three secondary windings and four

diodes. Therefore, the total number of secondary windings
and diodes in the proposed Hyb-R is the least.

2) Voltage conversion ratio: The rectified voltage is nViy

during the duty-cycle interval and it is 0.57V;, during
the freewheeling interval. Therefore, the DHB converters
with different rectifiers have the same voltage conversion
ratio. Moreover, since the output filter inductor is designed
based on the rectified voltage, they also have the same filter
requirement.

3) ZVS conditions: The DHB converters with CTR and Hyb-

R have the same ZVS conditions, and the required energy
for lagging-leg ZVS transition in them is smaller than that
in the DHB converter with FBR. The magnetizing currents
in these converters can be used to extend the ZVS range
of lagging-leg switches without causing extra conduction
losses and high current stress. Compared to the traditional
PSFB converter, all of the DHB converters can achieve a
wide ZVS range with small leakage inductances.

4) Voltage stress of rectified diodes: In order to simplify anal-

ysis, the secondary voltage oscillation caused by parasitic
circuit elements is ignored. Fig. 7 shows the equivalent
circuits of rectifier stages in different DHB converters. The
voltage stress of diodes can be calculated based on Fig. 7.
The maximum voltage stress in CTR, Hyb-R, and FBR
are 2nVi,, 1.5nVi,, and nVi,, respectively. CTR diodes
withstand the highest votlage stress and FBR diodes with-
stand the lowest voltage stress. Therefore, CTR is suited
for low output voltage applications and FBR is suited for
high output voltage applications. As a combined structure
of FBR and CTR, the maximum voltage stress of Hyb-R
diodes is in the middle of CTR and FBR. Hence, the pro-
posed Hyb-R is suited for medium voltage applications.
In addition, the voltage stress of D; and Dy in Hyb-R
are very low and they can use low-voltage rating diodes,
such as Schottky diode. Therefore, the conduction losses
of diodes can be considerably reduced.

5) Power loss of rectifiers: The loss of rectifier generally

contains conduction loss and switching loss, and they can
be calculated approximately using the datasheet values
[27], [28]. The conduction loss is caused by the forward
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Fig. 7. Equivalent circuits of rectifier stages during. (a) Duty-cycle interval. (b) Freewheeling interval.

30 TABLE III
§25 F]%R 5 SPECIFICATIONS OF RECTIFIED DIODES
£20 — Part numb v v
T T
515 3 J D), D; : DSEP15-06A 600 V 135V
g // Hyb R CTR b
~ 10 /7 D,, D, : DPG151400PM 400 V 1.14V
5 Hyb-R D;, Dy : DPG151400PM 400 V 1.14V
Y Dy, D, :12TQ150 150V 0.63V
0 2 4 6 8 10 FBR Dy, D3,D4,Dg :DPG151300PA 300 V 1.01V
Load Current (A) D,, Ds : 12TQ150 150 V 0.63 V
Fig. 8. Total loss of different rectifiers. 50
B Filter inductor
40| = Rectifier 375 W
B Transformers —
® MOSFETs
I, § 30 —
® Z 21W
520 —
13.1'W
104—
0+ 0
20% 50% 100%

Fig. 9. Equivalent circuit during [fg~]. (a) Detailed equivalent circuit.

(b) Simplified equivalent circuit. Fig. 11.  Loss breakdown at different load currents.

h s voltage drop of diode and it is the main contributor to
MOSFETS the total diode power loss under heavy load conditions.

oy Therefore, the use of diode with low forward voltage

’é R ; drop, such as Schottky diode, can considerably reduce the

N e o conduction loss and improve the conversion efficiency.
However, the peak reverse voltage of Schottky diode is
limited to 200V and it is widely adopted only in low
output voltage applications. The switching loss is mainly
decided by the reverse voltage, reverse current, and reverse
recovery time of diode and it makes up almost all of the
diode power loss at light loads. Fig. 8 shows the total loss
of different rectifiers versus load current. As shown in
Fig. 8, the loss of FBR is the smallest at light loads due

.. Sl
Main transformers

Fig. 10.  Photograph of the proposed converter.

TABLE II
PARAMETERS OF THE PROPOSED PROTOTYPE

to low switching loss, whereas it is the highest at heavy
It Symbol Value/Part . .
o ympo e loads due to high conduction loss. The total loss of CTR

Input Voltage Yy 380430V is contrary to that of FBR because of high switching loss

Output Voltage Vv, 120 V K .

Output Current 7, T0A and low conduction loss. As a combined structure of FBR
Switching Frequency 1 100 kHz and CTR, both the switching loss and conduction loss of
Blo"Ckmg Czpac‘“’r Ca 4.7 pF Hyb-R are between CTR and FBR, and the total loss is the

utput Inductor L, 130 pH . .-
Output Capacitor C R0 o least under medium and heavy load conditions.
Primary Switches Qi ~Qq SPW20N60C3
. ) D.D, 12TQ150 D. Analysis of Ringing Mechanism
Rectified Diodes D. D, DPGI51400PM
. Core: PQ3535, n = 0.34 The ringing voltage and current are caused by the resonance
Main transformers For Ty: Ly =5 uH. L, = 1 mH: X R R
(T, T5) Or bie L= o L, Ly = 4 mEL between leakage inductance of transformer and junction ca-
For T2: L;,= 6.8 uH, L,,= 0.4 mH.

pacitance C; of rectified diode after the lagging-leg transition

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on June 14,2020 at 08:46:25 UTC from IEEE Xplore. Restrictions apply.



ZHAO et al.: DHB CONVERTER WITH HYBRID RECTIFIER FOR DC POWER SUPPLY IN RAILWAY SYSTEMS

e (100V/div)

4585

v Viee(1 OOV/le)
_é___p.____..____y.._ __lé_ ___.‘F._L_f_.)-_. -’-J—ZV.‘.- t--3 -—3 - - =3 152y i, -
—--b———--—-——---&——--—l——\—16y P == = - = — +—- i——---h---f—’ --?——364- £
! ! G o TS O R FPp— == pp—
100V/di
vps100V/div) L. A IPA100VAV) 228y i i
________________ e gl N A/ I | f_r---—'_--—’_r---"—'2§y‘?_r-—
20 Y R i ST 26Vh Rt b — 11— gev 1 oo —_—
. ' Lk voi(T00V/diY) T 228V 1,
y— : == 152V
Ll crp(QOV/di) | BV L W (IUOVidi)_L_ || 76V, IR o S S g 75

Time scaleEls/div

Time scale :2ms/div

Time scale :2ms/div

@) (®) ©
Fig. 12.  Key waveforms of secondary voltages at Vi, =450 V and I, = 10 A in the (a) FBR converter, (b) Hyb-R converter, and (¢) CTR converter.
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Fig. 13.  ZVS waveforms of lagging-leg switch at Vi, =450 V. (a) 1 A. (b) 5 A. (c) 10 A.

[29], [30]. The junction capacitance of diode is ignored to
simplify the analysis when the operation principle is introduced
in Section II. In the experimental prototype, D; and D, are
selected as 12TQ150 (C; ~ 100 pF) [31], whereas D3 and D,
are selected as DPG151400PM (C; =~ 16 pF) [32]. In this part,
only the junction capacitances of D; and D, are considered to
analyze the ringing mechanism. After the lagging-leg transition
is finished at fg, the leakage inductances and junction capaci-
tances constitute the resonant circuit, as shown in Fig. 9.

Based on Fig. 9(b), the ringing voltage and current are ex-
pressed as

v;(t) = 0.5nVin + (vjo — 0.5nVi, )cosw;t
ip1(t) = nl, — n(vjo — 0.5nVi,)Cjw;sinw;t

27)
(28)

where w; = 1/n,/CjLy1, and vjo means the initial voltage
of Cj.

IV. EXPERIMENTAL RESULTS

To verify the theoretical analysis, a laboratory prototype based
on the proposed converter was built, as shown in Fig. 10. The
parameters of the prototype are described in Table II. In order to
compare the performance of the proposed converter with other
DHB converters, two prototypes based on FBR and CTR are
also built. The biggest difference between the three prototypes is
the parameters of rectified diodes. The specifications of diodes
in three prototypes are listed in Table IIl. V» means forward
voltage drop and Vrpy means repetitive peak reverse voltage.
Fig. 11 shows the loss breakdown of the proposed converter
under different load conditions. It can be seen that the loss

of rectifier makes up more than half of the total power loss.
Therefore, the structure of rectifier has a significant effect on
the overall power conversion efficiency.

Fig. 12 shows the experimental waveforms of rectified volt-
ages and voltages across diodes in the DHB converters with FBR,
Hyb-R, and CTR, respectively. As shown in Fig. 12, the rectified
voltage during the duty-cycle interval is almost double that
during the freewheeling interval in all the converters. Therefore,
the converters with different rectifiers have the same voltage
conversion gain. If the secondary voltage oscillation is ignored,
the maximum voltage stresses of diodes in FBR, Hyb-R, and
CTR are nVi,, 1.5nViy,, and 2nV;,, respectively. CTR diodes
withstand the highest voltage stress and it is suited for low output
voltage applications. On the other hand, FBR diodes withstand
the lowest voltage stress and it is suited for high output voltage.
As acombined structure of FBR and CTR, the maximum voltage
stress of Hyb-R diodes is in the middle of CTR and FBR. Hence,
Hyb-R is suited for medium output voltage applications. The
experimental results coincide well with the theoretical analysis.

Figs. 13 and 14 show the ZVS waveforms of lagging-leg and
leading-leg switches at different load currents, respectively. It
can be seen that all the switches are turned-ON after the drain-
source voltages drop to zero. Therefore, the proposed converter
can achieve a wide ZVS range.

Fig. 15 shows the key experimental waveforms of the DHB
converter with Hyb-R at V;, =450 V and I, = 10 A. It can be
noted that the durations of ZVS transitions are very narrow in
fact. As shown in Fig. 15(a), the leading-leg current ¢, falls to
zero after the ZVS transition starts. Therefore, the power flowing
through the leading-leg is zero during the freewheeling interval.
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On the other hand, the lagging-leg current i,,5 are nonzero during
the whole switching period, as shown in Fig. 15(b). The lagging-
leg can continually transfer the primary power to the secondary
side.

The impact of different rectifiers on the efficiency of the
prototypes is depicted in Fig. 16. As shown in Fig. 16, the
efficiency of FBR prototype is higher than that of CTR prototype
atl, = 1 A duetolow switching loss, whereas itis lower than the

efficiency of CTR prototype at heavy load due to high conduction
loss. As acombined structure, the proposed Hyb-R prototype can
achieve an improved efficiency over wide ranges of load current
and input voltage since the switching loss and the conduction
loss of Hyb-R are between that of FBR and CTR. It should
be noted that the efficiency improvement is very limited under
heavy load conditions compared to the CTR prototype. This is
due to that the conduction loss is the main contributor to the total
power loss and the forward voltage drop of CTR is the smallest
among the three rectifiers.

V. CONCLUSION

This article proposes a novel DHB converter with Hyb-R.
The Hyb-R is composed of a FBR section and a CTR section,
which are connected in series by sharing two rectified diodes.
The total number of rectified diodes and secondary windings in
Hyb-R is the least compared with FBR and CTR. As a combined
structure of FBR and CTR, the maximum voltage stress of
Hyb-R is between that of FBR and CTR, which makes it well
suited for the dc power supply in railway systems. Compared to
the CTR converter, the Hyb-R converter can adopt low-voltage
rating rectified diodes. This feature is beneficial for decreasing
the conduction loss and switching loss. Compared to the FBR
converter, the proposed converter requires fewer number of
rectified diodes and achieves higher efficiency under medium
and heavy load conditions.

To verify theoretical analysis, three laboratory prototypes with
380-450 V input 120 V/10 A output based on CTR, FBR, and
Hyb-R are built and tested, respectively. The measured efficiency
shows the superiority of the proposed converter with Hyb-R over
the converters with CTR and FBR.
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