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Abstract— This paper documents a new three-switch,
isolated boost DC-DC converter. The major features of the
proposed converter are as follows: 1) continuous input
current; 2) reduced one active switch, one additional diode,
and one additional capacitor; 3) unchanged primary and
secondary voltage waveforms of the transformer when the

duty cycle is changed; and 4) removal of the snubber circuit.

This paper presents the operating principles, analysis,
parameter design guidelines, and simulation results for the
proposed converter. To verify the performance of the
proposed converter, a 400 W prototype was constructed
with a 40-60 V DC input. A PID controller was used to
maintain the DC output voltage at 400 V. The simulation
and experimental results matched those of the theoretical
analysis.

Index Terms— DC-DC power conversion, current-fed
full-bridge (CFFB) converter, galvanic isolation, step-up
transformer, voltage double rectifier (VDR).

I. INTRODUCTION

IGH step-up DC-DC conversion techniques are required in

many applications such as fuel cells (FCs), solar
photovoltaic (PV) systems and uninterruptible power supplies
(UPS). For these applications, a high step-up voltage ratio with
high conversion efficiency is necessary. Many high step-up
DC-DC converters have been proposed and investigated to
convert low voltages into a constant DC bus voltage. For
isolated topologies that provide galvanic isolation, voltage-fed
full-bridge (VFFB) and current-fed full-bridge (CFFB) DC-DC
converters are widely used [1]-[14]. Because the voltage source
converters have a buck function, the major voltage gain of the
VFFB DC-DC converters [1]-[4] is provided by a
high-frequency transformer with a large turn ratio. To improve
the voltage boost ability, a boost converter [5], [6] or an
active-clamped three-level rectifier [7] is attached to the
secondary side of the VFFB DC-DC converter. Because the
current-fed converters have a boost function, the CFFB DC-DC
converters [8]-[14] are suitable for applications with a high
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Fig. 1. Co_nventional current-fed, four-switch, isolated boost DC-DC converter.

step-up voltage gain. In addition, the input current ripple and
turn ratio of the high-frequency transformer in CFFB
converters are lower than those in VFFB DC-DC converters.

CFFB converters, however, the resonance between the
leakage inductor of the transformer and the output capacitance
of the primary switches causes voltage spikes in devices. To
absorb the switch turn-off voltage spike in CFFB converters, a
passive snubber is used [15], which causes increased power
loss. To recover the energy of the snubber in CFFB converters,
active clamping circuits with increasing size and cost have been
proposed [16]-[19]. In an attempt to avoid the need to use the
active clamping circuits, soft-switching snubberless naturally
clamped CFFB converters have been proposed in [8], [9], [20]
and [21].

An interleaved CFFB converter was proposed in [10] to
reduce the input current ripple. By interleaving two isolated
CFFB converters, the size of the magnetic components and the
current stress of the devices are reduced. An input-series
output-parallel connection for CFFB converter modules was
proposed in [11] to increase the voltage-blocking capability at
the input and decrease the current ripple at the output. A
dual-input CFFB converter based on a distributed
multi-transformer structure was presented in [12], [13] for
hybrid renewable energy systems. However, the types of CFFB
converters proposed in [10]-[13] use a greater number of
transformers and switches, which increases the loss and cost of
the overall system.

A conventional CFFB converter is shown in Fig. 1, which
consists of a boost inductor, a full-bridge inverter with four
switches, a high-frequency step-up transformer, a voltage
double rectifier (VDR), and a load. When only a pair of
switches (S; and Sy) or (S, and S5) is turned “ON”, the input
current decreases and the converter operates in energy-transfer
mode. When all switches are turned “ON”, the input current
increases and the converter operates in boost mode. The output
voltage gain and the peak-to-peak inductor L, current ripple of
the conventional CFFB converter can be expressed as [20]:
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where D,., T, and n are the duty cycle when all switches are
turned “ON”, the switching period, and the turn ratio of the
transformer, respectively.

The turning “ON” time interval of all switches is used to
control the output voltage in conventional CFFB converters.
Moreover, the current-fed converter generates a zero voltage at
the primary side of the transformer when all switches are turned
“ON”. Therefore, the primary and secondary voltage
waveforms of the high-frequency transformer vary according to
when the period occurs for which all switches are “ON”.

In this paper, a three-switch isolated boost DC-DC converter
is proposed. Compared to the conventional CFFB converter,
the proposed converter uses one less active switch, one extra
diode, and one extra capacitor. The operating principles,
analysis, and parameter design guidelines for the proposed
converter are presented. To verify the analysis, results of the
simulation and experiment are provided.

II. PROPOSED TOPOLOGY

A circuit diagram of the proposed three-switch isolated boost
DC-DC converter is shown in Fig. 2. The low-voltage side
consists of a boost inductor (L), three switches (S}, S, and S3), a
capacitor (C)), a diode (D)), and the primary winding of the
transformer (7r). The high-voltage side consists of the load (R)
and the secondary winding of the transformer (77) connected to
the voltage double rectifier (VDR) implemented by two diodes
(D, and Ds) and two capacitors (C, and C;). The main
characteristics of the proposed converter are as follows: 1) the
input DC current is continuous with low ripple, whereby a
decoupling capacitor bank or an LC input filter at the front end
(typically used to protect the energy source such as the fuel cell)
is unnecessary; 2) it uses one less active switch, one extra diode
and one extra capacitor than the conventional isolated boost
DC-DC converter; 3) the primary and secondary side voltage
waveforms of the high-frequency transformer are unchanged
when the output voltage is controlled; this facilitates the ease of
the design of the high-frequency transformer; and 4) the
snubber circuit is not used because the voltage spike is limited
by clamping the capacitor C; voltage. As shown in Fig. 2,
switch S, in the proposed converter is now not connected to the
source ground. Thus, three gate drivers with three separate
grounds are used in the proposed converter. Compared to the
conventional current-fed, four-switch, isolated boost DC-DC
converter shown in Fig. 1 (in which four gate drivers with three
separate grounds are used), both converters use the same
number of separate grounds.

A. Operating Principle

A circuit analysis of the proposed converter is performed
under the following conditions: 1) the inverter operates in
continuous conduction mode (CCM); 2) all devices are ideal
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Fig. 2. Proposed three-switch, isolated boost DC-DC converter.
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and lossless; 3) the high-frequency transformer is modeled by
means of a leakage inductor connected to an ideal transformer;
4) the current flow to the windings of the transformer and the
inductor increases or decreases linearly; 5) the capacitance of
the capacitors is sufficient to maintain a constant capacitor
voltage; 6) oscillations between the leakage inductance and
parasitic capacitances are ignored; and 7) D, is the minimum
value of D, where D is the duty cycle of switch S;. D, is set to
0.3 in order to maintain the AC pulse primary and secondary
side voltage waveforms of the high-frequency transformer at
30% positive, 20% zero, 30% negative, and 20% zero
sequentially, respectively. D4 should be in the range of [0.25,
0.5] for the optimal utilization of the high-frequency
transformer. The selection of D, depends on the minimum
voltage gain of the converter.

Fig. 3(a) shows the equivalent circuits of the proposed
converter, in which the two windings of 77 are replaced by a
leakage inductor (L,) connected to an ideal transformer and a
mutual inductance (L,,). Fig. 4 shows the key waveforms of the
proposed converter.

Stage 1-{t,— 1, Fig. 3(b)]: S; is turned "ON", while S, and S;
are turned "OFF". The inductor L; is discharged, while the
leakage inductor of the transformer and the capacitor are
charged. The D; and D, diodes are forward-biased, while the D;
diode is reverse-biased. The primary voltage of the transformer
is V.. The secondary side of the transformer generates a
positive voltage. The time interval in this stage is #,;. We have:

di
L d;le Ve

g

; 2)
Lo’ dlLo- — VC} _ Vo
dt 2n
L diLm :L'
" dt  2n

The secondary current of the transformer increases linearly
from zero to the peak value and is calculated by

1 [2nVCl -V, _V(,]L 3)

1 =
o 2n? L L

Stage 2t — t,, Fig. 3(c)]: when the primary winding current
is charged to the inductor L; current, the D; diode is
reverse-biased. The leakage inductor of the transformer is
discharged. Because the leakage inductor of the transformer is
changed from the stored energy state in stage 1 to the
transferred energy state in stage 2, the primary voltage of the
transformer is lower than V.;. The secondary side of the
transformer still generates a positive voltage. The time interval
in this stage is (0.3-7— ty,), where T'is the switching period. The
secondary current of the transformer is expressed as
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Fig. 3. Proposed converter: (a) equivalent circuit and (b)-(h) operating stages.
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where I, , is the peak value of the secondary current of the
transformer.

Stage 3-[t, — t;, Fig. 3(d)]: when the proposed converter
requires a higher boost voltage, one further mode, as shown in
Fig. 3(d), is applied. This mode is inserted into the zero states,
where the winding voltages of the transformer are zero, such
that the voltage waveforms of the transformer are unchanged.
In this mode, S; and S; are turned "ON", while S, is turned
"OFF". The inductor L, is charged. The primary winding of the
transformer is short-circuited by S; and S;. All diodes are
reverse-biased and the secondary voltage of the transformer is
zero. The time interval in this stage is (D — 0.3)-7, where D is
the duty cycle of switch S;, and D > 0.3. We have:

m

di
L=t =y
Vdt ¢ 5
Lgdli:Lm%:O.
dt dt

Stage 4-[t; — t4, Fig. 3(e)]: At 5, Sy and S; are turned “OFF”
and S, remains turned “OFF”. The inductor L; current is
freewheeling through D), while the primary winding current
freewheels through the body diode of S,. The time interval in
this stage is very short.

Stage 5ty — ts, Fig. 3(f)]: Because the current flows through
the body diode of S, at #,, the direction of the current of S,
reverses and S is turned "ON" with zero-voltage switching
(ZVS). The inductor L; current freewheels through D; and
decreases linearly. The primary winding of the transformer is in
a short-circuit situation through S, and D,;. The secondary
voltage of the transformer is zero, the D, and D; diodes are
reverse-biased, and the primary current of the transformer is
unchanged. We get:

di
L=y -V,

Var® (6)
LJ dlLo‘ — Lm dle — O
dt dt

Stage 6-[ts — ts, Fig. 3(g)]: At ts = T/2, S5 is turned "ON",
while S; remains "OFF" and S, remains "ON". The inductor L,
is charged, while the capacitor C; is discharged. The primary
voltage of the transformer is -V,;. Also, the secondary voltage
of the transformer is -nV.. The D; and D, diodes are
reverse-biased, while the D; diode is forward-biased. The time
interval in this stage is 0.3-7, and is the sum of the time

N

intervals in stages 1 and 2 to generate symmetrical AC
waveforms at the primary side of the transformer. We get:
di,,

LSy,
dt )
L, s =Ve + A
dt 2n
; i _ Ve
"odt 2n
The secondary current of the transformer is calculated by
i - 12 —2nV . +V, + v, . (8)
2n L, L,

Stage 7-{ts — t,, Fig. 3(f)]: Atts, S;is turned "OFF", while S;
remains "OFF" and S, remains "ON". The converter operates as
stage 5. The primary winding of the transformer is in a
short-circuit situation through S, and D,;, and the primary
winding current then reduces to zero. The time intervals in
stages 5 and 7 are equal (0.7 — D)-7/2.

Stage 8—t; — t;, Fig. 3(h)]: At #7, the current of S, is zero, and
S, is turned "OFF" with zero-current switching (ZCS). The
inductor L; current still freewheels through D;. The
drain-source voltage of S, increases from zero to V¢, while the
drain-source voltage of S| decreases from V¢, to zero. The time
interval in this stage is very short.

Stage 9-[t; — to, Fig. 3(d)]: At t3, the drain-source voltage of
S is zero and S; is turned "ON" with ZVS. In this stage, S, is
turned "OFF" while S; and S; are turned "ON". The converter
operates as stage 3. The time intervals in stages 3 and 9 are
equal (D —0.3)-77/2.

As shown in Fig. 4, the transformer currents are not
symmetric about their two halves, which are positive and
negative. This could result in a deteriorated performance of the
transformer in the proposed converter in comparison to that in
the conventional full-bridge converters. Further, a small air gap
is used to avoid the core saturation caused by the asymmetric
transformer currents.

In the proposed converter, a capacitor C; is placed between
the input inductor and the leakage inductor of the transformer
for removal of the snubber circuit. When the input inductor is
changed from the stored energy state to the transferred energy
state, the currents of the inductors do not change suddenly
because the capacitor C; links between the input inductor and
the leakage inductor. Therefore, a snubber circuit is not needed
in the proposed converter. However, because the S; switch is
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Fig. 4. Key waveforms of the proposed converter.

turned off with hard-switching, an over-stress voltage appears
on S;. As discussed in [14], the voltage rating of the primary
switches in the isolated boost converter is typically rated at two
to three times the maximum input voltage. Therefore, an
acceptance over-stress on the S switch is less than three times
the maximum input voltage. This over-stress depends on the
stray inductances of the circuit and the slope of dipgs/dt, where
ips3 18 the drain-source current of S;.

B. Voltage Conversion Ratio

Applying the volt-second balance law to the inductor Ly, in a
steady state, (2), (5), (6), (7) yield:
v V,~ (031, /T)Vp, , ©)

1-D
where Vp, is the diode D, voltage in stage 2. As shown in Fig. 4,
Vpi in stage 2 is very small in comparison with V,. Also, the
value of (0.3 — #,,/T) is small. Therefore, Vp; (0.3 — #0,/T) is
very small and can be neglected. The capacitor C; voltage in (9)
can be approximated as
1

Ve =5 Ve (10)

Given fy = 0, from (2), the inductor L; current and the
primary current of the transformer are calculated using

4
V.-V, -
; VeVa, B _DW-2D)T,
L v, 20-D)L, * (11
. _2nVe-V, DT
te 2nL, 2nL,

where P, is the output power.
At t;, the inductor L, current is equal to the primary current of
the transformer. Substituting (10) into (11), we have:

. _[ P,__D(D-06) DGJ 2n(1- D)TL, L, (12)
01— VZT_
&g

20-D)L,  2nL, |2n(L, +L,D)—(1-D)L,G’
where G = V,/V, is the output voltage gain. The ratio of the
stage-one time interval to the positive-stage time interval is
defined by

t

Tt oy,
t,, 0.3T

Substituting fy; in (12) into (3), the peak value of the
secondary current of the transformer is

1 (20v, -V, V,
I [C‘f_ thl'

- (13)

(14

kT o2 L L

From (3), (4), and (8), the average secondary current of the
transformer is calculated as

[ [ZnVNVn_L]i

2
2n L, L,)?2 (15)
T _1 N 1 (2nV, -V, v, (037 — ¢4, )
“or| 2’ L+L, L, 2
2
Ly 03T—t 1 (20 -V, Y, (0.37)
e 2n’ L, L, 2

Substituting I, . in (14) into (15), and simplifying it, we get

I 20V, =V, 2nVe -V, 2V, [tmjz
L +L, L, L, )\ T
(16)
7= 00| 2VazVe 20Ve =V \u
7 4n? L, L+L, )T
2nV. -V —
+0.09 « Lo 20Ve oV, 2V,
L1+Lo' Lo' Lm

Because the leakage inductor (L,) is very small in
comparison with the input inductor (L;) and the mutual
inductance (L,), the average secondary current of the
transformer in (16) is approximated as

2
T2V =Vl 094 0.06% [ o] |
) 4n Lo— T T

a7

Because a voltage double rectifier (VDR) is used in the
proposed converter, the average secondary current of the
transformer is two times the load current ( i, =21, ).
Substituting V., in (10) and #5; = 0.3k-T in (13) into (17), we
get:

_¥ < 2n e (18)
vV, 1-D
where . _ 8n’L,1,

C0.09(1+ 2k —kH)TV,
From (18), it can be observed that the output voltage gain is
controlled by D. Note that (18) is not a closed-form expression
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because G depends on k, but k depends on G according to (12).
However, the effect of & on the DC voltage gain in the circuit
design is insignificant because ¢ in (18) is very small in
comparison to 2n/(1 — D).

C. Pulse-Width-Modulation (PWM) Control

Fig. 4 also shows the pulse-width-modulation (PWM)
control method for the proposed converter. In this PWM
control method, the extra state, where S; and S; are turned
“ON” simultaneously, is inserted into the zero state to extend
the period for which S is “ON” continuously. The reference
voltage, V,, is compared to a high-frequency triangle
waveform, V,,; to generate the control signals for the S; switch.
Another reference voltage with amplitude of (1-V) is
compared to V,,; to generate the control signals for the S} and S,
switches. To generate the extra states, the control voltage, V.,
is compared to V,,;. Note that V,,, is in the range of [1- V.. V]
to ensure that the extra state is only inserted into the zero state.
In the proposed converter, V. is normally kept constant for the
unchanging voltage waveforms of the transformer. Therefore,
the control voltage of the proposed converter is only V.

D. Voltage and Current Stresses

The capacitor C; voltage stress is approximated in (10). The
voltage stress of the S; — S5 switches, the D; diode, and the
transformer primary side are equal to the capacitor C; voltage
stress. The voltage stress of the C, and C; capacitors is half of
the output voltage, while the voltage stress of the D, and Ds
diodes is equal to the output voltage.

To easily derive the current stress of the D; diode, we ensure
that the inductor current is taken as constant with a free ripple.
The inductor current is the input current and is equal to P,/V,,
where P, is the output power. The diode D; current can be
expressed as

P P
0t+ 0,

Vto o 19)
ipg =3P, /1V,, t;<t<tsand, <t<i

0, other time intervals.

0<t<y

The RMS current of the D; diode is given by
P
Livis o1 = 170‘/0'7 ~D+1t, /(3T).

g
From (10) and (20), the stresses on the elements depend on
the existence of an extra stage. Because the effect of k£ on the
DC voltage gain is insignificant, we can set k= 0.5 in the circuit
design. Next, the maximum duty cycle (D,,..) of S; is calculated
from (18) based on the maximum DC voltage gain. Then, the
stresses on the elements are calculated based on D, .

(20)

III. PARAMETER DESIGN OF THE INDUCTOR AND CAPACITOR

A. Parameter Design of the Inductor

Different PWM control conditions cause varying input
current ripples in the proposed converter. The inductor is
designed based on the peak-to-peak current ripple passing

i Extra state irr4  Extra state

Al

-~y

(b)
Fig. 5. Inductor L, current ripple. (a) D < 0.5 and (b) D >0.5.

through to the inductor. Fig. 5 shows the peak-to-peak current
ripple of the L; inductor using the PWM control method
presented in Section II. C. When D < 0.5, the peak-to-peak
inductor L; current is calculated based on stage 6, in which the
secondary voltage is negative. When D > 0.5, the peak-to-peak
inductor L, current is calculated based on stages 1 and 2, in
which the secondary voltage is positive. From (2) and (6), the
peak-to-peak inductor L, current is

0.37V
7 £ D<0.5 o1
Al = !
0.3DTV,
——=£ D205
(I_D)Ll

The input current ripple of the proposed converter is
calculated as

0.37V,* D <05
_ <0.
a% = AIL = Ll}j” (22)
I, 0.3DTV,?
——=*_ D2>0.5.
(1-D)L,P,

Comparing (22) to (1), the input current ripple of the
proposed converter is two times higher than that of the
conventional converter.

If the inductor current ripple Al is chosen such that Al; <
a%l;, the required L, inductance should be

037V} D05
_ <0.
a%Pp, (23)
0.3DTV?
g D>0.5.

(1-D)a%P,’

B. Parameter Design of the Capacitor
The capacitors are designed according to the capacitor
voltage ripple. The current flow to the C; capacitor in the
negative mode of the proposed converter, as shown in Fig. 3(g),
can be rewritten as
AV,
C,—% =ni,.
D,T
If the peak-to-peak capacitor voltage ripple is limited passing
through by %, the capacitance for C; in the proposed converter
should be
0.3(1- D)’TP,
b%V,;
Because the slope of dipss/dt affects the peak-to-peak
capacitor voltage ripple, the selection of capacitance C; in (25)
compensates for the effect of the over-stress on the S5 switch.

24)

C = 25)
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The output capacitors (C, and C3) of the VDR are selected as
follows. When the converter is in zero mode, as shown in Figs.
3(d) and 3(f), the C; and Cj capacitor currents, respectively, are
equal to the negative load current. To limit the ripple on the
output voltage at c%, the capacitance should be

_ 0.4(1-D)’TP,

= (26)
4c%nng2

C,=0C,

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

To verify the operating principle of the proposed converter
shown in Fig. 2, PSIM simulation was performed with the
following parameters: L; = 1 mH, C; =220 pF, C, = C; =150
puF, and R = 600 Q. The drain-to-source on-resistance of
metal-oxide-semiconductor field-effect transistors (MOSFETSs)
was set to 8 mQ. The forward voltage of the diodes was set to
0.7 V. The turn ratio of the high-frequency transformer was 2.5.
The magnetic inductance measured from the primary side was
set to 1.4 mH. The leakage inductance was set to 11 pH. The
switching frequency was 10 kHz and the output voltage was
400 V. The deadtime between S; and S is 2 ps. Table I shows
the simulation parameters for the proposed three-switch
isolated boost converter.

Vg

TABLEI
SIMULATION AND EXPERIMENTAL PARAMETERS OF PROPOSED CONVERTER

Input voltage range (V) 40 - 60 V
Output voltage (V) 400 V
Inductor (L)) 1 mH
Turn ratio 1:2.5
Transformer Primary inductance 1.4 mH
Leakage inductance 11 uH
Capacitors G 220 uF
G =Cs 150 puF
Switching frequency 10 kHz
Resistive load (R) 600 Q

Fig. 6 shows the simulation results for the proposed
converter when ¥, =60 V. The input current is continuous, with
a peak-to-peak ripple of 1.71 A. The primary voltage of the
transformer has three levels. Fig. 7 shows the simulation results
for the proposed converter when V, =40 V. The input current is
continuous, with a peak-to-peak ripple of 1.31 A. The primary
and secondary voltage waveforms of the transformer shown in
Fig. 7(a) are the same as those shown in Fig. 6(a). As shown in
Fig. 7, an extra mode is applied to the zero state to boost the
voltage when a minimum input voltage is used. Therefore, the
primary and secondary voltage waveforms of the transformer
are unchanged, even though the input voltage changes from
maximum to minimum. These simulation results are in
agreement with the theoretical analysis.
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(b) secondary voltage of the transformer, drain—source voltage of S5, diode D, voltage, and secondary current of the transformer; and (c) drain—source voltage of Sj,
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B. Experimental Results

A 400 W laboratory prototype based on a TMS320F28335
DSP was built to verify the properties of the proposed
three-switch isolated boost DC-DC converter. Fig. 8 shows the
experimental setup in the laboratory. The same parameters as
those in the simulation were used. The C; capacitor is 220 pF/
450 V. Two 150 pF/ 450 V capacitors were used for C, and C;.
The L, inductor was 1 mH/ 20 A (Changsung Corp.). The
transformer utilized a B65686 N27 core (EPCOS). The primary
windings had 38 turns, while the secondary windings had 95
turns. The magnetic inductance measured from the primary side
was 1.4 mH. The leakage inductance measured at the primary
winding by shorting the second winding was 11 pH. Three
IRFP4668PbF MOSFETs and one STPS60SM200C Schottky
diode were used on the primary side, while two DSEP30-12A
diodes were used on the secondary side. The deadtime between
Syand S, is 2 ps.

To maintain the output voltage at 400 V, a
proportional-integral—derivative (PID) voltage controller is
used as shown in Fig. 9. The error signal between the output
voltage sensor and the reference value of 400 V is passed over
the PID controller. The PID control output is limited to the
range of [0.3, 0.7]. This control value is used to generate the
control signals of S; and S;. To generate the control signal of S,
reference voltages of 0.3 and 0.7 V are compared to the
high-frequency triangle waveform. Two NAND logic gates are
used to insert the zero state into S;.

Fig. 10 shows the experimental results for the proposed
converter when the maximum input voltage of 60 V was used at
the output power of 266 W. An extra mode, in which both S,
and S; are turned "ON", was not applied to the switching state,
and D = 0.3. The calculated capacitor C; voltage from (10) was
approximately 86 V when V=60 V and D = 0.3. The measured
value of the capacitor C; voltage was 85 V.
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Fig. 10. Experimental voltage waveforms of the proposed converter when V, =
60 V at the output power of 266 W.
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Fig. 11. Experimental voltage waveforms of the proposed converter when V, =
40 V at the output power of 266 W.
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Fig. 11 shows the experimental results for the proposed
converter when the minimum input voltage of 40 V is used at
the output power of 266 W. An extra mode was inserted into the
zero state of the converter. The duty cycle of S in this case was
0.55. The measured value of the capacitor C; voltage was 87 V,
while the calculated value from (10) was approximately 89 V.
The capacitor C; voltage in the simulation and experiment was
always lower than the calculated value due to the parasitic
effect of the components.

In Figs. 10(a) and 11(a), the waveforms from top to bottom
are the capacitor C; voltage, input voltage, primary voltage, and
primary current. In Figs. 10(b) and 11(b), the waveforms from
top to bottom are the secondary voltage, input current,
secondary current, and output current. In Figs. 10(c) and 11(c),
the waveforms from top to bottom are the gate-source voltage,
the drain-source voltage of Sj, the drain-source current of S,
and the drain-source voltages of S;. In Figs. 10(d) and 11(d), the
waveforms from top to bottom are the drain-source voltage of
S,, the current of S,, the diode D; voltage, and the output
voltage. As shown in Figs. 10 and 11, the S| and S, switches are
turned on with ZVS, and the S, switch is turned off with ZCS.

Table IT compares the peak-to-peak inductor L; current in the
simulation and experiment to that in the theory in (16). The
experimental results differ only slightly from the theoretical
and simulation results.

Fig. 12 shows the experimental result of the proposed
converter with light load (5.8% of full load). As shown in Fig.
12, the input current is continuous when a very light load is
used. Fig. 13 shows the dynamic response of the proposed
converter under a PID controller. In Fig. 13(a), the input
voltage is changed from 40 V to 60 V while the resistive load is
kept at 800 Q. In Fig. 13(b), the input voltage is changed from
60 V to 40 V, while the resistive load is kept at 800 Q. In Fig.
13(c), the input voltage is kept constant at 60 V while the load is
changed from 50% load (800 Q) to full load (400 Q). In Fig.
13(d), the input voltage is kept constant at 60 V, while the load
is changed from full load to 50% load. In Figs. 13(e) and 13(%),
the input voltage is kept constant at 60 V while the load is
changed from full load (400 Q) to light load (5.8% of full load).
In Figs. 13(a)-13(e), the waveforms from top to bottom are the
input voltage, the output voltage, and the output current. The
transient stress on the components when the load is changed
from full load to light load is shown in Fig. 13(f). In Fig. 13(f),
the waveforms from top to bottom are the drain-source voltage
stress of the S, switch, the diode D, voltage stress, the
drain-source current stress of the S, switch, and the output
current. In Fig. 13, the output voltage is kept at 400 V, despite
the change in the input voltage or load.

Fig. 14 shows the measured efficiency of the proposed
converter under different operating conditions. The proposed
converter reaches a maximum efficiency of 95.7% when the
maximum input voltage is used. The efficiency is reduced when
the input voltage is decreased to 40 V. This is due to the
increased switching loss of S5 and high conduction loss in the
devices when a higher boost voltage is required. The measured
efficiency of the proposed converter at the very light load is
88.9% when the input voltage is 40 V and 60 V. Compared to
the conventional converters, the efficiency of the proposed

TABLEII
PEAK-TO-PEAK INDUCTOR L; CURRENT RIPPLE
Calculation Simulation Experiment
1.47 A 1.31 143 A
1.8 A 1.71A 1.71 A
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converter is not high. This is because both the S; and S;
switches of the proposed converter are switched off with
hard-switching. Moreover, the test conditions are not the
optimal operation conditions, where the inductor, capacitors,
and high-frequency transformer are not well designed.
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V. CONCLUSIONS

A new three-switch isolated boost DC-DC converter was
proposed in this paper. The proposed converter has the
following characteristics: continuous input current, reduced
one active switch, unchanged primary and secondary voltage
waveforms of the transformer, and no snubber circuit. The
limitations of the proposed converter compared to the
conventional CFFB converter are as follows: one extra diode
and one extra capacitor are used, a higher input current ripple is
needed, and it is operated in hard-switching. The operating
principles, analysis, parameter design guidelines, and
simulation results are presented. A laboratory prototype with a
PID controller was constructed to verify the operating theory of
the proposed converter. The proposed converter is applicable
for fuel-cell applications in which a varying low-dc input
voltage is boosted to a high fixed dc output voltage with a
continuous input current and galvanic isolation.
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