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Abstract

It is very important to improve the overall efficiency of systems with a source of power that has low-voltage high-current terminal
characteristics such as fuel cells. A resonant converter is required for high efficiency systems. However, the peak value of the

switches current is large in a resonant converter. This peak current requires a large number of switches and results in system failures.
In this paper, an analysis and experiments of a resonant isolation push-pull converter are performed. A switching loss analysis is
performed in order to compare losses between a resonant push pull converter and a hard switching push-pull converter. Specially,
the conduction loss is studied based on the ratio between the resonant frequency and the switching frequency. In addition, a method
for improving the efficiency is implemented with conventional HF insolation converters.

Key words: Full-Bridge, Hard switching, LoV-HiC system, Push-Pull, Resonant Converter, Soft switching

I. INTRODUCTION

Nowadays, the interest in clean energy has been focused all
over the world because of environmental pollution caused by
the fossil fuels. Solar, wind, fuel and biomass are promising
sources of clean energy. Moreover, the Korean government has
declared a policy of ‘Lower carbon and Green growth’ for the
national development of renewable energy. The usable output
of wind and solar energies is dependent of environmental
conditions such as the weather, the wind speed and the
insolation level. However, regardless of these external
conditions, the output energy can be maintained at an
acceptable level with fuel cell systems. At the moment,
renewable energy sources such as FC (Fuel Cell) energy with
hydrogen fuel can be regarded as the most promising for use in
the near future. However, a fuel cell stack has a relatively low
voltage and a high current, plus the characteristic of a large
voltage drop when increasing the current.[1]-[5] A FC stack
can be regarded as a low-voltage high-current (LoV-HiC)
system. Recently, a lot of development has been done on
inverters. As a result inverters with an efficiency of 95% are
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available on the global market. However, most of converters
have an efficiency that is lower than 90%, which means that
they need to be developed to achieve a higher efficiency.[6] In
a LoV-HiC PCS (Power Conditioning System), the DC/DC
converters are classified into four typical types: non-isolated
boost converters, isolated converters, two-stage converters and
PISO connection resonant converters. In a non-isolated boost
converter, a single non-isolated boost converter results in a
large input current ripple, and hence an interleaved
non-isolated boost converter is used for reducing the current
ripple.[7~9] Also in an isolated converter a line frequency
transformer should be used for the galvanic isolation between
the input and the output, which could cause disadvantages such
as a high cost and a large volume. HF (high-frequency) isolated
converters of the FB (Full-Bridge) and PP (Push-Pull) types
can be used to overcome these disadvantages. Since these
converters are hard-switching, their efficiency is relatively
low.[10]-[14] For higher efficiency resonant type converters
are needed. However, it is not easy to apply a resonant
converter to LoV-HiC systems such as fuel cells because a
resonant converter with a fixed duty cannot control the output
voltage. Therefore there are two choices for controlling the
output voltage: the two-stage converter and the PISO
(Parallel-Input Series-Output) converter structures. In the
two-stage converter the output can be controlled by hard
switching the boost converter, but the efficiency becomes
lower because of hard-switching [15]. The PISO structure is
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composed of several fixed-duty resonant converters, which
maintain the DC link voltage level to within an acceptable
range by changing the connection of the converters according
to the different input voltages [16].

Since the PISO structure has the same circuit as the dc
resonant topology, a single DC/DC resonant converter is
designed and analyzed in this paper. A 1 kW resonant
push-pull (PP) converter is theoretically investigated and then
experimentally implemented. In addition, a loss analysis is
studied and compared to the resonant push-pull converter and
hard-switching converters in various schemes for improving
the overall efficiency. Also a factor K is suggested to
investigate the relationship between the switching frequency
and the resonant frequency for the conduction loss of switches.
Finally, the overall efficiency of the resonant converter is
found and then compared with the those of different
hard-switching converters. In the resonant PP converter, the
characteristic of high efficiency can be shown and proven
theoretically and experimentally.

II.  RESONANT PUSH-PULL CONVERTER

A. Basic Structure

Fig. 1 shows the power circuit of the resonant push-pull
converter topology studied in this paper. It consists of a
resonant push-pull converter and a voltage doubling circuit.
The former is composed of two MOSFET switches, which
enable the magnitude of the output voltage, V. The latter is

composed of two diodes and two capacitors rather than four
diodes. The voltage doubling circuit makes the output voltage,
Vot becomes doubled by two series-connected capacitors. In

addition, the HF transformer has a center tap at the primary
winding of push-pull type. The circuit topology for this
resonant push-pull converter is quite similar to that of a
switching-type PP converters. For making resonance, the
internal leakage reactance of the HF transformer is used instead
of an external inductor. The high-frequency capacitors C;

and C, have two functions; voltage-doubling and

circuit-oscillating. [17]-[19]

The resonant frequency becomes f, = and the

1
2 A/ L2Cr
switching frequency of the resonant push-pull converter is
defined as fg, . The switching frequency should be chosen as

fow < fr to ensure the resonant operation. It is important to

determine the leakage inductance of the HF transformer, which
can be regarded as a physical structure such as the core,
winding, gap size, and thickness of the isolation between the
conductors.

B. Proposed PISO Structure
To operate an inverter stably its DC link voltage should be
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Fig. 1. Power circuit of resonant push-pull converter.
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Fig. 2. The PISO system with fuel cell of LoV-HiC.
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maintained within an acceptable range. However, because a
resonant converter cannot control its output voltage or the DC
link voltage of the inverter, a special structure such as a PISO
connection can be considered as in Fig. 2. Its structure can be
determined according to several factors such as variations of
the input voltage, the loading conditions, the number of
resonant converters, the transformer ratio and the allocated
power capacity. The connection of four resonant converters
should be made considering these factors. For example, four
outputs of 180[V], 90[V], 60[V], 30[V] can be set to get a DC
voltage of 360[V]. In addition, it is possible to do this with
three outputs of 240[V], 80[V], 40[V] with a different input
voltage.

III. CIRCUIT ANALYSIS

Each converter of the PISO connection in Fig. 2 has the
same circuit topology as the resonant push-pull type. As a
result, the analysis for a resonant push-pull converter can be
made in this paper. Suppose that the energy is charged
completely at the output capacitor C,, of Fig. 1 and that the

output voltage, V,,; becomes almost constant by a large

capacitance. The output voltage can then be expressed as (1).
Ver (D) +Vea () = Vout )]

When the switch SW, is turned on at t = 0, the waveform of
Fig. 3(b), vri_j(t) appears at the primary side of the HF

step-up transformer. Therefore, the secondary voltage vy, (t)

becomes a square wave, as in Fig. 3(c), which is applied to a
loop composed of the secondary winding resistance R, , the

leakage inductance L, , diode D; and capacitor C; .
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The following expression of vy, (t) is obtained since Vp; is

negligible: (Vp; =0.7[V])

V() = Ryig () + Ly

di. (t
50 v @

A. Secondary and Primary Transformer Currents
To find the secondary current ig(t), it is necessary to get the

relationship between the capacitor voltage and the secondary
current ig(t) . If the Kirchhoff current law is applied to node A

together with (1), then the relationship between ig(t) and

Vg (t) is obtained as:

dver (®) chz(t) —(C,+Cy) dveo (V) .

t)=C
KO=C—4 27y dt

(©)

Therefore equation (2) can be expressed by using (3) as:

dig(t)
dt

wra©= L S R4V (0) + - [is0dt ()
r

where C,=C;+C,.

By differentiating (4) and then rearranging, the following
equation can be obtained as:

d? Is(t) dis(t) 2 o
e —+oris() =0 )
where a:&, y :$.
2L, L,C,

Equation (5) should be satisfied with the condition of
1+42

a’ <o, or R < in order to make a resonance

within the loop of R, — L, — D; —C; — V¢, . Hence the secondary

current ig(t) can be obtained from (5) as:

is (1) = Ippe™“sin(@gt — @) (6)

where ¢ is the phase angle, which becomes zero from the
initial condition of ig(0) =0 . Therefore the secondary current

becomes a slightly distorted sinusoidal wave as:
i (1) = Ippe ™ sin gt . (7

In addition, the primary current i,(t) flows like the

secondary current:

ipt)= N—p pefo’t sinegt . ®)

Since the secondary winding resistance R, is actually

measured as 0.1[Q] in the experimental circuit, it can be
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(a) The gate signal of SW; and SW,,

(b) The primary voltage and current of HF transformer.
(c) The secondary voltage and current of HF transformer.
(d) The voltage and current of switch SW_

(e) The voltage and current of diode Dy

(f) The voltage and current of capacitor C; and C,,

Fig. 3. Voltage and current waveforms of resonant push-pull
converter.

(D)

.~ b —— Practical case
Ideal case

Fig. 4. A complete period of both practical and ideal secondary
current.

neglected. Then both the primary and secondary currents of the
HF transformer can be represented ideally as:

N
ip)=—Flysinodt. )
NS

is(t) = I, sinoyt (10)

Fig. 4 shows the waveforms of (7) and (10) during a complete
switching period Ty, . For a given switching half period, a half

period of the practical current is Ty /2 and a half period of the
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ideal current is T, /2. In order that the practical current
becomes zero between [Ty /2, T, /2], the switching period
should be set and hence the relationship of Ty, >Ty >T, is

required for the soft switching of the resonant PP converter.
Actually both currents become closely sinusoidal as shown in
Fig. 4, and hence the soft switching can be achieved. As soon
as the switch SW, is turned on at the time instant t=0, the
secondary current ig(t) becomes sinusoidal, and then it stops
flows at t = T4 /2. For the rest of the half-cycle, if the switch
SW, is turned on at the time instant t = Ty, /2, then the current

is(t) becomes negative and then reaches zero at t =

(Tq +Tsw) /2. This resonant process is repeated for every cycle.

Assuming the constant average |y, in the doubling circuit,
the coefficients of secondary current ig(t) can be obtained as:
N o4
) idealcase: ly=——Iy (11a)

Do

27[((12 + coé)

ii) practical case : Iy, = atgout (11b)
ogywg(l+e 2 )
where Ty _2m .
@d
The relationship between Iy, and Iy, is obtained as:
Tyo
Imp = di:ﬂd' m (12)
z(l+e 2)
The peak time instant of ig(t) is obtained as:
tan~1 (20
tpeak = o, (13)
@q

Therefore, the peak value I, of ig(t) canbe expressed as:

t.am_1 (ﬂJ
(——%2)

-a

2Tgle od . 1 oy
|sp = e ( sin ( tan ;) . (14)
T |1+e 2

B. Capacitor Voltage and Output Voltage

To find the capacitor voltage, it is necessary to know the

leakage inductance of the HF transformer and also to set the

switching frequency fg, .

As shown in Fig. 4, the switching frequency should be set
1

272'1{ LZCI'

a capacitor should be chosen that satisfies the relationship of:

lower than the resonant frequency f, = . Therefore

1
C < .
Lyogy

(15)

Because the secondary current ig(t) has already been found

as in (7) or (10), the capacitor voltage v (t) can be obtained

easily from (3).
1) ideal case: ig(t) =l sinat
-1
Ve (1) =—21 t+V¢ (0 16
a(t) C,o cos ot +V (0) (16)

1 |
where V,(0)==V,,; ——"—
cl() D out Cra)r

ii) practical case: ig(t)= Impefu‘t sin eyt

Ver (t) = I e sin(wgt +8)+Vg (0)  (17)

C.op
where §=tan! 24
a
1 @y .
V. (0)==Vyt ——— I psin(&
1 (0) =3 Vou ¢ Insin()

In addition, by differentiating (16) or (17), the capacitor current
i) (t) is given easily as:

i) ideal case: iy (t)= %m -sin oyt (18)
|
ii) practical case : iy (t)= %e_“t sin wyt (19)

Through the above procedure, the operation of the proposed
resonant PP converter is analyzed theoretically, and hence Fig.
3 describes its overall operation and several important
waveforms.

Practically every capacitor voltage has an average of 178[V]
with a ripple of 10[V], which means a ripple factor of 5.6%.
However, the output voltage is almost constant at e

(356[V]), and its ripple factor is lower than 0.015%. Because
of the opposite polarity between v (t) and vg,(t), the ripple

voltages of the output cancel each other out, which can be
called self-ripple cancellation. As a result the resultant ripple
becomes almost zero, and hence a minimally sized output
capacitor can be used in the proposed circuit.

IV. POWER LOSS AND EFFICIENCY

A. Power Loss in a Resonant Push-Pull Converter

A resonant push-pull converter consists of four major
components which consist of power switches, an HF
transformer, diodes and capacitors. Table 1 shows the
specifications of the used devices in a resonant Push-Pull
converter. Loss of the four major components can be found as
follows:
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TABLE I

DEVICE SPECIFICATIONS OF RESONANT PUSH-PULL CONVERTER

Device Part Number
Features
(Company)
itch -1 ist
Switc IRFP 4668(IR) ow on resistance
- high speed switching
Transformer EE 7066 (ISU) -high permeability
Core -low loss
Diod . -ultrafast soft
iode HFA135NH(Vishay) ultrafast soft recovery
-Low loss
C it -high fr
apacitor B32592(Epcos) 81 requency
-high pulse strength
szi
; Fow
fon teon toff fon Leon Lofr

(a) resonant switching scheme (b) hard switching scheme

Fig. 5.
resonant and hard switching schemes.

Waveforms of switch voltage and current in the

1) Switch Loss

In Fig. 5, the losses of the hard switching scheme are defined
as the sum of the on-transient, off-transient and conduction
losses. So the switch loss of the hard switching scheme can
be expressed as:

Pow H = Pon +FeonH + Foft (20)
where:

on-transient 1oss Py =—-Vgy, - Iy - fow “ton

N | =

conduction 10ss Ponry = lsw” - Ras - fow - teon
. 1
off-transient loss Py = 5 Vo lsw fow - tosg - (2D

and  tg, = turn-on transient time,
teon = conduction time,

toff = turn-off transient time.

However, the switch current flows in a sinusoidal form, as
shown in Fig. 3(d). The on/off transient losses are ignored
because they are very small. Since the switch current igy,(t)

is equal to the primary current iy (t) , the power loss of SWis

I s%wl'Rds (Here, Rys is the MOSFET on-resistance). In

addition, for the negative cycle, the switch SW, is turned on to
generate the power loss of SW, and hence the switch loss Py,

for one complete period is expressed as:
Pow = Pswi + Pow2 - (22)

Here (IRFP 4668, IR) Power MOSFETs are chosen due to

their high speed power switching and low on-resistance.

2) Diode Loss
The general loss equation in a diode can be expressed as:

Po=(VpxIp+1p> Rg)" oy teon- 23)

Here Ry is the Diode on-resistance, by which the loss can be
ignored. The diode current ip;(t) becomes the positive

half-cycle of the secondary current of the HF transformer, as
shown in Fig. 3(c). Therefore, the sum of the two diode
currents is equal to the secondary current. In addition, the diode
voltage drop Vp becomes roughly 0.7[V]. Since the loss of

the diode D;is (0.7)- 1p,, the diode losses are given as:
PD=2'VD'|D1=1.4ID1. (24)

The diodes used are the ultrafast soft recovery type
(HFA135NH, Vishay), which have a very low Q, (Reverse
recovery charge) and T, (Reverse recovery time). The
characteristics are very good for reducing losses and EMI/RFI
in high frequency SMPS [20].

3) HF Transformer Loss
The HF transformer losses P are divided into copper loss

P. and iron loss B, . These relationships are summarized

as:

Pre =Fc + e 25)
Where Po=K-f™.B"

Pe=Ri-1p> +Ry- 157

An EE type transformer core (EE7066, ISU) is selected due
to its high permeability and low loss characteristics. In addition,
it has a primary winding of 5 turns, and a secondary winding of
18.5 turns. Hence the turn ratio is set to 0.27. Also litz wire is
used to reduce the copper loss.

4) Capacitor Loss

The two capacitor currents have the same waveform but
opposite polarities, as can be seen in Fig. 3(f). Let the
equivalent series resistance (ESR) be equal to R; and

R., respectively. Then the capacitor losses can be represented

as:
2 2
Pe =1 Rer+lg Rea - (26)

Here metalized polyester film (B32592) type capacitors are
chosen for high-frequency use. Therefore, the total losses can
be expressed as:

Ross =Psw +Po +Prr + ¢ - 27
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Therefore the efficiency 7 of the resonant PP converter can be

found as:

p=Tin " Floss ;HOSS -100[%] (28)

n

where R, =Vj,liy-

B. Generalized Analysis of the Switch Conduction Loss in
a Resonant Push-Pull Converter

The conduction loss of a resonant PP converter is larger than
that of hard switching converters because of its larger current.
Here, the switch current of the resonant PP converter is
represented as:

i) ideal case : gy (t) = lg,sinet (29a)
ii)  practical case : igy(t)= Iswpe_“tsina)dt (29b)

The hard switching current in the conduction time is defined
as Iy . The average value in the conduction time can be

represented as (30), which is for finding the average resonant
switching current in the conduction time.

| T2 | T2
_— i t)dt=— |, dt 30
.2 i swi(t) T2 (I) H (30)

From (30), the coefficients of the switch current are
represented as:
1) ideal case : ISW:EIH (31a)
2wy
”(“)rz)
_ad.
Ogy-og(l+e  2)

ii) practical case : lgy = Iy (31b)

The average loss of the hard switching conduction time
[0~ T, /2 ] can be expressed as (32), which is for comparing

the resonant to the hard switching conduction loss.

| Tsw/2
PeonH =——= I (TH )2 Rdsdt =1 Hszs (32)
Tow /2 0

In addition, the average loss of the resonant switching
conduction time [0, T, /2 ] can be expressed as:

ISW2 . Rds " Wsyy (333)

i) idealcase: Py = >
@

il) practical case :

—aT,
2

P.og =
conR Az

Through (31) and (33) the peak value of the resonant switching

current is increased by 1 times that of the hard switching,

Wgyy

-==-Practical Case . _
— Ideal Case

Mo |

PCONR
PConH

% 1 02 03 04 05 08 07 08 0g 1 K

Fig. 7. Conduction loss and peak current value of the switches by
K factor.

while the conduction loss of resonant switching current is

2

. o .
increased by — times.

(23

1) Conduction Loss by the K factor: For finding the conduction
loss of the resonant switching by variation of the switching
frequency, the ratio of the switching frequency and the
resonant frequency is defined as K, which can be expressed as:

i) idealcase: K= D (34a)
Oy
ii) practical case: K=—% (34b)
@y

The switch current shown in Fig. 6 is expressed by | as:

N 7
i) ideal case: |sw:i|H (35a)
(@)
ad M
K-og?-e 2 +1)

ii) practical case : lgy, = (35b)
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Jout

Aout
§ Vout

y ¥ r 3
0 Dy

(b) Push-Pull Converter.
Fig. 8. Hard switching type converters.

Here, the conduction loss by K can be expressed as:

i) ideal case: PR :g 12 Rys (36a)
il) practical case :
2 -aT
K- lgup Ras g (1= ) (),
Peonr = 2 ———— | (36b)
T a  a”+ay

2) Considerations on the Switching Frequency: The switching
frequency is an important factor for the stable and efficient
operation of a system. This is because the switching frequency
is changed with the peak value of the switch current. The
timing waveform of the switch current is changed by K as in
Fig. 6, but the average values are unchanged. The solid line

. P.
means the ratio of —SoMR

, which represents K and should as
conH

low as possible to reduce the power loss of the resonant current.

The conduction loss is inversely proportional to K. The dotted
line of Fig. 7 represents the peak value of the transformer
primary current as a factor of K. The switch current becomes
reduced to 3.14, 2, and 1.57 for each K of 0.5, 0.75 and 1.0.
The larger current can damage the switches and result in
transformer saturation. For a stable and high efficiency DC/DC
converter, the switching frequency should be set near the
resonant frequency. In addition, the practical resonant
frequency is a little lower than ideal case. Therefore, the
switching frequency should be set through repeated
experimentation.

C. Loss Comparison of Different Converters
FB and PP converters of the hard switching type are studied
and then compared with a PP converter of the soft switching

type.

TABLE I

SIMULATION PARAMETERS OF RESONANT PP CONVERTER

200100,00

Vin 50[V]
Output Power 1000[W]

Equivalent resistance 144.4[Q]

Switching frequency 21.5[kHz]

Resonant frequency 22[kHz]
R
al S — — 1
anca | . | Vswi [
8000 Iswi LT
= o =l B ;

. < 5 !
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(d) waveforms of transformer.

Fig. 9. Waveforms of resonant push-pull converter.
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TABLE III
DEVICE SPECIFICATIONS OF RESONANT PUSH-PULL CONVERTER
Converter Loss Resonant Push-Pull converter
Pow 0.195
Pry 0.65
Po 0.14
Pc 0.03
Fotal 1

Resonant
frequency [kHz]

23kHz ]

Ripple [%]

- -+ 3%
Frequency

————— Ripple

22kHz |

ZikHz |

20kHz |

10keHz | T
[ 10Cr zocr 30Cr

Fig. 10. The relationship of resonant frequency and ripple by the
variation of output capacitor.

0%

The circuit parameters are listed as follows:

Vin =50[V]
lin=20[A]

- switching frequency fg, =20[kHz]

- MOSFET (IRFP 4668) Ry =8.0[mQ]

- rated input voltage

- rated input current

V. SIMULATION AND EXPERIMENT

A. Simulation of a Resonant Push-Pull converter

All of the systems studied here are simulated by the PSIM
(Simulation tool - PowerSim, Ver 6.0), and the parameters of
the simulation are shown in the Table II.

Through the simulation, the current waveforms of the HF
transformer secondary, diode and switches are obtained, as can
be seen in Fig. 9. Therefore, the voltage and current do not
overlap at the turn-on and turn-off points. To avoid an infinite
input current, the dead time A is set to 2% of one period (actually
0.93[usec]). If both of the switches are under the turn-on state, the
magnetic fields of the HF transformer cancelled each other out.
Hence the input current flows only at the MOSFET’s low
on-resistance. The relationship between C,y and the resonance
frequency is simulated, as can be seen in Fig. 10. When increasing
the output capacitor, the frequency of the transformer secondary
current fy is decreased. If the output capacitor is set to a

value larger than 6C, , the frequency is kept at an almost

constant frequency of 21kHz. In addition, the ripple of the

425

52 Voltage S1 Voltage
{50\-".."'d|1.r} L (50N Sdiv) -l

HF/Tr. 5ecor1dary Current
(SA/ div)

(a) Switch voltage and transformer secondary current

52 Current 51 Current
{lﬂMd i) (104 div)

/\/\ X\,

51 Voltage T T 52 Voltage
(50/div -150offset) (50/div -1500ffset)

(b) Voltage and current of the switches

g S

ME

D1 Current D2Z Current

(Sa div) {5${diu} eemy
NN\ NN
i \ i l -

D1 Voltage

D2 Voltage
(200 div -600offset)

(200V/div -600cffset)
(c) Voltage and current of the diode
Waveforms of Resonant Push-Pull Converter.

Fig. 11.

output voltage is simulated by the variation of the output
capacitor Cy, as in Fig. 10.

The ripple is kept lower than 1[%] when the output capacitor is
more than 5C, . Therefore, output capacitor can be designed to

have a small value while keeping a low ripple. The normalized
loss in the resonant PP converter is shown in Table III. In the
resonant PP converter, the largest loss is dissipated at the
transformer and the secondary largest loss is at the switches.

B. Experiment on a Resonant Push-Pull converter

The efficiency and resonant characteristics are evaluated at
the rated input voltage (Vin =50[V]) according to variations of
the load. The efficiency is measured by a PM3000A
(Voltech—power analyzer). And the waveform is captured by a
Waverunner (Recroy-scope). The current
waveforms of the resonant push-pull converter are shown in
Fig. 11. It can be seen that the currents of the switches,
transformer and diodes become almost sinusoidal. As with the
previous simulation result, an overlap (between the voltage and
the current) does not occur. In Fig. 11, the current waveforms
of the switches are different from each other. This is caused by
the leakage inductance of the primary winding, since the two
windings of the primary side are not exactly equal to each other.
This is not an important defect of the system operation.

voltage and
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Fig. 12. Variation of efficiency to different diodes, cores,
number of parallel switches at Push-Pull Converter.
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Fig. 13.
number of parallel switches at Full-Bridge Converter.

Variation of efficiency to different diodes, cores,

TABLE IV
COMPARISON OF SWITCHING LOSSES AT DIFFERENT CONVERTERS
Converter Hard switching Soft switching
Loss FB Type PP Type Resonant PP Type
On-transient Loss
) 0.14 0.18(0.1) -
on
Off-transient Loss
0.18 0.21(0.12 -
Poft ©.12)
Conduction Loss
= 0.68 0.61(0.35) 1(0.44)
con
Pow 1 1(0.57) 1(0.44)

*() =Normalized by Py, of Full-bridge converter

TABLE V

COMPARISON OF TOTAL LOSSES AT DIFFERENT CONVERTERS

Converter Hard switching Soft switching
Loss FB Type PP Type Resonant PP Type
Pow 0.17 0.12(0.106) 0.195(0.086)
Pre 0.54 0.56(0.497) 0.65(0.288)
Po 0.09 0.1(0.088) 0.14(0.062)
Pc 0.02 0.03(0.026) 0.03(0.0133)
P 0.18 0.19(0.168) -
Potal 1 1(0.888) 1(0.445)

*()=Normalized by Pyt of Full-bridge converter

C. Improving efficiency in Hard switching Type Converters
The main components of the losses in the hard switching
converter of a PP converter and a FB converter can be
classified as follows: the diode, the switch (MOSFET) and the
core. To improve the efficiency, the ultra-soft diode is replaced
by a Schottky diode in the rectifier circuit. In addition, the
MOSFET’s are connected in parallel, and the inductor core of
the filter is changed. As can be seen in Fig. 12(a) and Fig. 13(a),
as a result of the changed Schottky diode, the efficiency is
improved by approximately 3% in the full-bridge converter,
which is caused by the zero reverse recovery time in the
Schotty diode. By paralleling the MOSFET’s, as in Fig. 12(b)
and Fig. 13(b), the efficiency is improved by roughly 1~1.5%
in the FB and PP converters. However, there is no big
difference when comparing the paralleling of two and four
MOSFETSs. Therefore, the paralleling of two MOSFET’s is
suitable and recommended in terms of size, volume and price.
When changing the inductor cores (MPP, Sendust, High-flux),
as in Fig. 12(c) and Fig. 13(c), the efficiency improvement is
not large. In the experiment result, the FB converter is shown
to have a 93% (approximately 3% increase) converter
efficiency. However, that requires to many improvements
when considering the efficiency of the whole system.
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Fig. 14. Efficiency Comparison of Converters.

Table IV shows a comparison of the switch loss. The switch
loss in the PP converter is small because it has fewer switches
than the FB converter. In addition, the switch loss of the
resonant converter is 44% of the FB converter loss. Table V
expresses the total loss of the converters. In the hard switching
converter type, the efficiencies of the FB converter and the PP
converter are measured at 90.06%, 91.12% respectively.

In the comparison of the hard switching converters and the
resonant PP converter, the resonant PP converter has a higher
efficiency characteristics under the light load condition. It
appears to be higher than 96% efficiency under any loading
conditions, as can be seen in Fig. 14.

VI. CONCLUSIONS

In this paper, operation and loss analysis are carried out on a
resonant isolation push-pull converter. The switching loss
analysis is performed in order to compare the losses between
the resonant push pull converter and a hard switching push-pull
converter. In particular, the ratio of the switching frequency
and the resonant frequency K is suggested for the analysis of
the conduction loss and the peak current value in the resonant
PP converter. In addition, the conduction loss of the switch and
the peak value of the current are obtained by the K factor. This
can be utilized to design the relationship between the switching
frequency and the resonant frequency in the resonant converter.
Through experiments on a resonant PP converter, the
efficiency is kept above 96[%] under all load conditions. The
superiority of the resonant PP converter over the conventional
HF isolation converter is proven through circuit analysis,
simulations and experiments for LoV-HiC systems such as fuel
cells.
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