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Abstract. A new concept of a DC-DC converter with galvanic isolation is proposed in this paper. The converter belongs to the class E
resonant converters controlled by pulse width modulation via frequency regulation (PWM FM). Due to the possibility of operation in the
boost and buck modes, the converter is characterized by a high range of voltage gain regulation. The principle of converter operation described
by mathematical equations is presented. The theoretical investigations are conﬁrmed by p-spice model simulations and the measurement of
an experimental model of 1kW laboratory prototype.
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1. Introduction
The analysis of current research in the area of electronic converter applications leads to the conclusion that the trend is to
move from drive applications to energy resource applications.
It may be proved by the last publications of the distinguished
Polish power electronic expert Prof. M.P. Kaźmierkowski [1–
4]. The new converter conﬁgurations and new methods of
control are useful to coupling diﬀerent power sources (renewable) and nonlinear and asymmetric loads in one power line.
One of the problem is realization of high eﬃciency DC-DC
converters providing energy from a low voltage source (commercial fuel cells, most of photovoltage panels) to high DC
voltage suitable for an inverter. The required converter gain
may exceed the value of 10 and the converter input current
achieving substantial value involves signiﬁcant power losses
which prevent achieving high system eﬃciency. Among many
solutions presented in the literature [5–8], when safety isolation is not required, the topology described in [9] and [10]
whose scheme is presented in Fig. 1 seems to be interesting.

The transistor soft switching process may be realized by
substituting the PWM (pulse width modulation) method of
control by the PWM-FM (pulse width modulation by frequency regulation) method of control and introducing capacitors
Cs parallel to the transistors. The switching frequency in this
solution may achieve several hundred kHz. Such competitive
proposition ensuring safety isolation is described in this article and presented in Fig. 2.

Fig. 2. Discussed push-pull resonant converter

The converter is a member of the class E resonant converters [12–14]. Similarly to the non-isolated model presented
in Fig. 1, this converter may operate with duty cycle higher
or lower than 50%.

2. Principle of operation

Fig. 1. Converter proposed in Ref. 9

Unfortunately, the converter switching frequency is limited to several dozens (50 kHz) because of the transistor hard
switching process (switching power losses).
∗ e-mail:

The principle of the converter operation is based on the charge
process of the shunt capacitors Cs . After switching OFF the
transistors, the capacitor is charged and next discharged before
switching ON the transistor to provide transistor zero voltage
switching process. The converter is controlled by changes of
the transistor control pulses time, so both the frequency and
duty ratio D are changed. With the control frequency suitable
to the operation on the border between the buck and boost
modes (Fig. 3a) the duty ratio D = 50%. With the control
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frequency lower than in Fig. 3a the duty ratio D > 50% and
transistor control pulses overlap during the time when converter operates in the boost mode (Fig. 3b). With the control
frequency higher than in Fig. 3a the duty ratio D < 50% and
the dead time td occurs between transistors control pulses, a
converter operates in the buck mode (Fig. 3c).

The maximal power value is transferred by the converter
with the minimal control frequency during the boost mode
operation and for this point of operation the converter is designed. The characteristic current and voltage waveforms for
this point of operation are presented in Fig. 4.

3. Mathematical description of the converter
Because the converter represents a strongly non-linear system,
its description bases on the ﬁrst harmonic components of the
converter variables. Thus, it is assumed that the resonant circuit Lr Cr current has sinusoidal waveform and the converter
input current is constant.
The current of one of the primary transformer branches
ip1 consists of a sinusoidal waveform (equal to half-value of
the primary transformer current Im ) and a constant waveform
(equal to half-value of the input current Iin ). Part of this
current, marked as the shaded part, ﬂows through the capacitor Cs . Thus, the capacitor voltage can be described by the
equation:
vCs

1
=
Cs

Zt 
0

Pin
=
2ωCs Vin

Fig. 3. The converter transistor control pulses for diﬀerent operation
modes: a) border between boost and buck, b) boost, c) buck


Iin
Im
−
sin ωx dx
2
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1 − cos ωt
ωt −
,
sin ϕ

(1)

where Vin – input source voltage, Pin – input Power, sin ϕ =
Iin
.
Im
According to Fig. 4 the transistor can be turned on after
time tCs when the capacitor voltage takes zero value. For this
point the following equation is fulﬁlled:
sin ϕ =

1 − cos ωtCS
ωtCS

(2)

T
T
tov
− tov = (1 − w) where w =
2
2
T /2
– relative value of the overlap time.
and because tCS =

sin ϕ =

1 + cos wπ
.
π (1 − w)

(3)

The last equation expresses the dependence between muIin
tual relation of the converter currents
and the transistor
Im
control pulse overlap w.
In the steady state operation the capacitor voltage mean
value during a half-period is equal to the input source voltage
Vin
ZtC
2
vCS dt = Vin .
(4)
T
0

Fig. 4. The converter waveforms characteristic for the nominal point
operation: a) transistor control l pulses, b) transistor and capacitor
currents, c) transistor voltage, d) primary transformer voltage

764

Based on Eq. (1), the capacitance Cs value as a function
of the converter power and the coeﬃcient of the control pulse
overlap can be calculated
 2

Pin
cos wπ − 1 sin wπ
Cs =
+
.
(5)
2
4π 2 Vin
sin ϕ
2 sin2 ϕ
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Table 1
Calculated converter parameters
Parameter
Value
No. equation

sin ϕ
0.7
(3)

Cs
22 nF
5)

a1
167 V
(7a)

b1
68.8 V
(7b)

The capacitor voltage waveform determines the primary
voltage of the transformer (see Fig. 4). The ﬁrst harmonic
component of the transformer voltage can be described in the
form:
vT r = a1 cos ωt + b1 sin ωt,
(6)
where a1 , b1 – decomposition coeﬃcients:
Pin
a1 =
2
2π Cs Vin f
"


1
· π (1 − w) sin wπ +
− sin ϕ
2 sin ϕ
1
+
sin ϕ



sin 2wπ
− sin wπ
4

b1 =

#
,

Pin
2
2π Cs Vin f

"



sin wπ
· sin wπ 1 +
2 sin ϕ
− cos wπ



1
sin ϕ

(7a)


− π(1 − w) −

VT rm =

q
a21 + b21 .

(7b)
#

1
,
sin ϕ
(8)

The amplitude of the output transformer voltage is equal
z2
to VT rm
, where z1 , z2 – the number of transformer turns.
2z1
The amplitude of the transformer output current is equal
z1
to Im .
z2
The diode rectiﬁer loaded by the resistance Ro can be expressed by the substitute resistance RS with the same power.

2
z1 Im
√
RS ηp = Vo Io .
(9)
z2 2
z1
Taking into account the relation between the input Im
z2
and output Io rectiﬁer current we can determine the substitute

VT rm
180 V
(8)

RS
18 Ω
(10)

Im(Zr )
22.4 Ω
(11)

Lr
Cr
31.6 µH
36nF
k=1.5

resistance RS
RS =

2
Ro .
ηp π 2

(10)

The imaginary part of the resonance circuit impedance
can be calculated, using the following equation.
 
br = ωLr − 1
Im Z
ωCr
v
2
u z2
u
(11)
VT rm
u

2z1
2.
=u
−
R

t z1
S
Im
z2
√
The resonant circuit pulsation 1 Lr Cr should be smaller than the control √
pulsation, and if we assume proportion coeﬃcient as k = ω Lr Cr , the resonant circuit characteristic
impedance can be evaluated basing on Eq. (11).
 
r
br
Im
Z
Lr
=
.
(12)
Cr
k − k1
The above derived equations are useful for the calculation of the converter elements and parameters. The property
value of the coeﬃcient k should be evaluated in a converter
simulation process.
The calculation example. The calculation concerns the
following input dates. Vin = 48 V, Iin = 20 A (Pin =
960 W), f = 215 kHz, w = 0.37, Ro = 90Ω, Z2/Z1 = 3.
Calculation results, Table 1.

4. The P-spice simulation results
The calculated converter parameters were veriﬁed by simulation process using P-spice models of the transistors
IRFP90N20D and diodes HFA25tb60. Adequate parameters
are presented in the Table 2.
The characteristic waveforms for diﬀerent points of converter operation are demonstrated in Fig. 5.
The voltage gain of the converter as a function of control
frequency is plotted in Fig. 6.

Table 2
Simulated converter parameters
Parameter
sin ϕ
Cs
VT rm
RS
Value
0.68
14.7 nF+ C∗tp
160 V
18 Ω
C∗tp – the transistor IRFP90N20D parasitic capacitance.
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Im(Zr )
17.3 Ω

Lr
24.5 µH

Cr
47 nF
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Fig. 5. Characteristic waveforms - simulation results: a) boost mode (f = 215 kHz), b) border between boost and buck modes (f = 345 kHz),
c) buck mode (500 kHz). T1 , T2 transistor control pulses, v T 1 – transistor voltage, i T 1 – transistor current, v T r – secondary transformer
voltage

Fig. 6. The converter voltage gain as function of control frequency (simulation results)
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Fig. 7. The converter input and output power and its eﬃciency as function of control frequency- simulation results

Finally, the converter input and output power and eﬃciency as a function of control frequency is shown in Fig. 7.

5. Experimental results
The converter prototype was made using: transistors
IRFP90N20D , diodes HFA25TB60 , transformer implemented with 10X3 turns (Litz wires, 2 as primary and 3, in series,
as secondary) on a Vitroperm 500F WAC T60004-L2130W352 core, the resonant circuit was composed of an air coil
(Litz wire) and propylene capacitors.

The essential diﬀerences between the measured and simulated results are involved with real (not ideal) elements, such
as: transformer, inductors and capacitors used in practice. The
measured waveforms characteristic for diﬀerent modes are
presented in Fig. 8.
The converter gain, as a function of the control frequency, is plotted in Fig. 9, and the converter output power and
eﬃciency are plotted in Fig. 10.
The important characteristic property concerns the converter eﬃciency which remains constant with power changes.

Fig. 8. Characteristic waveforms – experimental results: a) boost mode (f = 215 kHz), b) border between boost and buck modes (f =
325 kHz), b) buck mode (450 kHz). 1 – transistor control pulse (20 V/div) 2 – transistor voltage (100 V/div.), 3 – transistor current
(10 A/div.) 4 – resonant circuit current (10 A/div.). Time (1 µs/div.)
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Fig. 9. The converter voltage gain as function of control frequency – experimental results

Fig. 10. The converter input and output powers and its eﬃciency as function of control frequency -experimental results

6. Conclusions
This paper describes the DC/DC converter with a high range
of voltage gain regulation. It operates in the boost and buck
modes of operation. The converter eﬃciency is comparably
high thanks to the use of only two transistors on the high
current side and the elimination of transistor switching losses
by means of an adequate method of converter control (PWM
FM). The simulation and experimental results conﬁrm well
enough the introduced mathematical model of converter operation based on the ﬁrst harmonic of the voltage and current
waveforms.
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