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Abstract—Cathodic protection (CP) DC/DC converters are the
external power sources used in CP systems to convert fix DC
voltage to variable DC output voltage and bring about variable
output current as well. In low to medium output voltages,
where the duty cycle is less than 30%, zero voltage switching
(ZVS) is unattainable. Therefore, a switching control method
which is the combination of ZVS and variable frequency pulse
width modulation (VFPWM) is proposed in this paper. Using the
proposed method, the DC/DC full-bridge converter can operate
under a wide range of output voltage from 0 to 75V and output
current from 0 to 25A with high efficiency. Simulation results
demonstrate the accuracy of this method.

Index Terms—Cathodic protection, DC/DC full-bridge, Zero
voltage switching, Variable frequency pulse width modulation,
Variable DC output power.

I. INTRODUCTION

The principle of cathodic protection (CP) is to make the
potential of the whole surface of the steel structure sufficiently
negative with respect to the surrounding environment to ensure
that no current flows from the metal into the medium. This can
be done by forcing an electric current to flow through the elec-
trolyte (i.e., soil or sea water) towards the surface of the metal
to be protected. Cathodic protection DC/DC converters convert
fixed DC voltage to variable DC output power [1], [2]. Full-
bridge converters with phase-shift switching control have been
widely employed in high-power applications. By using zero
voltage switching (ZVS) control, transistor voltage becomes
zero before the controller turns the MOSFETs on. Thus, the
switching loss can be significantly reduced. However, under
light-load conditions, the ZVS is not maintained due to the
small current flowing in the circuit of the phase-shift converter,
which is needed to discharge the parasitic capacitors. Several
methods have been proposed to extend ZVS range to improve
the efficiency of the phase-shift-controlled full-bridge convert-
ers [3]–[7]. All these topologies require auxiliary components
to increase the converter efficiency in a wide range of load
current which results in a more conduction loss, higher design
cost, and more complicated circuit, which is not economical.
To overcome this problem, some methods have been proposed

in the literature to extend the ZVS range without additional
auxiliary components [8]–[10]. A new control method was
proposed in [8], which uses a variable delay time of lagging-
leg switches under light load conditions. By increasing the
delay time, switching occurs at a lower drain-source voltage,
and the switching losses can be reduced under light load con-
ditions without auxiliary components and side effects on heavy
load conditions. Another optimization method to improve the
efficiency by tuning magnetizing and commutation inductors
has also been introduced in [9].

Other studies focus on a combination of different power
converter topologies and hybrid converters or LLC resonant
converter to solve the problem [11]–[14]. These topologies can
operate under a wide range of output voltages. However, the
disadvantages of these methods include having complicated
control strategy, more components, and higher cost. In all of
the converters proposed in the literature, the output voltage and
current is constant, but for CP in which the output voltage,
current, and power should be changed by the user demand,
achieving a ZVS at low-output powers is actually unattainable.
Therefore, a control strategy which is the combination of
two modes, the ZVS and variable frequency pulse width
modulation (VFPWM), is proposed in this paper to achieve all
the requirements of the user and still provide high efficiency
in both light and high loads. The DC/DC full-bridge converter
is designed for different outputs up to 75V and 25A. In
section II, the circuit configuration of the proposed converter
is explained and operational principles of ZVS and VFPWM
modes are discussed. Moreover, the control strategy of the
full-bridge converter is introduced and described in section II.
The Simulation results are presented in section III. Finally,
conclusions are drawn in Section IV.

II. PROPOSED DC/DC FULL-BRIDGE CONVERTER

In this section, a DC/DC full-bridge converter with 400V
DC input and 0 to 75V DC output voltage and 0 to 25A
output current is designed in particular for high efficiency at
low output voltages, practically used in CP applications. Fig.
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Fig. 1. DC/DC full-bridge converter.

1 illustrates the DC/DC converter composed of the primary
switches Q1 ∼ Q4, a high-frequency transformer with at most
21kHz operating frequency, output rectifier diodes, and an LC
output filter. As the output power is controlled by the user, the
ZVS is hard to achieve especially in low output power.

The proposed control method consists of two parts: a
VFPWM in light outputs and a ZVS in high output powers to
achieve a nearly flat, high efficiency in a wide operating range
of output current. This high, flat efficiency versus output power
curve is one of the main requirements of CP converters [2].
With this in mind, following considerations are studied to find
the ideal and functional range of VFPWM and ZVS modes.

A. Principle of ZVS Mode

Fig. 2 shows the waveforms of primary-side voltage (Vpri),
current (Ipri), and secondary-side voltage (Vsec), respectively.
At time t2, switch Q4 turns off and primary current charges the
output capacitance of Q4 and discharge the output capacitance
of Q2, turning on the diode D2. After D2 starts conducting, Q2

can be turned on with almost no voltage applied across it. To
achieve ZVS, the energy stored in the leakage inductance has
to be larger than the energy stored in the output capacitances.
The same is true for Q4 at t6.

At time t5, switch Q1 turns off and primary current charges
the output capacitance of Q1 and discharge the output ca-
pacitance of Q3, turning on the diode D3. After D3 starts
conducting, Q3 can be turned on with almost no voltage
applied across it. In this case, when Q1 turns off, the primary
current of the transformer is the reflected output current. The
energy of the large filter inductor in the secondary is used
to achieve ZVS. Therefore, the ZVS is achieved easily for
switches Q1 or Q3.

The mechanism by which ZVS is achieved is different for
both legs of the full-bridge. For Q2 and Q4, the ZVS is
provided by the resonance between the leakage inductance
Llk and the output capacitance of the switches. Before Q2

is turned off, (Ipri) is circulating through D3 and Q2, and the
primary voltage is clamped to zero. When Q2 turns off, (Ipri)
forces the diode D4 to turn on and the energy remaining in
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Fig. 2. Waveforms of primary-side current (Ipri) and voltage (Vpri), and
secondary side voltage (Vsec.)

the leakage inductance returns to the source. In order to turn
on D4, the output capacitance of Q4 has to be discharged and
the output capacitance of Q2 charged to the input voltage.
The energy available for discharging the output capacitance of
Q4 and charging the output capacitance of Q2 is the energy
stored in Llk after t2 or t6. The required energy in the leakage
inductance is [15], [16]:

E =
1

2
LlkI

2
2 >

4

3
CMOSV

2
in +

1

2
CTV

2
in (1)

where, Llk is the transformer leakage inductance, CMOS is
the switch output capacitance, CT is the transformer winding
capacitance, I2 is the primary current of the transformer at t2
or t6 , and Vin is the input voltage. The ZVS for Q2 and Q4

depends on the load of the converter. At light loads, therefore,
the current through Llk at t2 or t6 may not be sufficient to
charge or discharge the output capacitances of the switches
and to turn on the antiparallel diodes (D2 and D4).

In order to ensure that Q4 will turn on with zero voltage, a
dead time is needed between the turn-off of Q2 and the turn-
on of Q4 to ensure that D4 conducts prior to turn on of Q4.
However, with a long dead time, the output capacitor of the
switch will discharge and continue to resonate and then drop.
The needed magnetization inductance of the transformer can
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Fig. 3. Transition point of the proposed switching control method.

be calculated as: [15]

LM >
nDVin

4∆IOfs
(2)

where, n is transformer turns-ratio, D is the duty cycle of
switches, fs is the switching frequency, and ∆IO is the output
current change that is considered as:

∆IO = 0.1IO. (3)

here, IO is the average output current.

B. Zero Voltage Switching Range

At light loads, the ZVS for Q1 and Q3 can be achieved, as
D1 and D3 can always be turned on by the reflected current
of the output filter inductance. Nonetheless, ZVS conditions
for Q2 and Q4 are only achieved for load currents above the
critical value. The required critical current in the primary side
to attain ZVS is: [15], [16]

Icrit =

√
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The current through Llk at t2 is:

I2 =
NP

NS
Io +

∆Io
2

− Vout
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T

2
(5)

where, Lf is the filter inductance, Vout is the output voltage,
T is the switching period, and NS and NP are secondary
and primary turns, respectively. The ZVS is achieved for load
currents above the critical value.

I2 > Icrit. (6)

By substituting I2 from (5) in (6), Io,crit is:

Io,crit =
Np
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2

+
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T

2
(7)

C. Switching Losses of MOSFETs

The switching power losses, including turn-on and turn-
off losses are due to voltage and current cross over during
switching transitions [17]. These losses are directly related to
the switching frequency based on equations (8) and (9). The
turn-off loss of a MOSFET is:

Poff =
1

2
V DSID(off)tofffs (8)

where, VDS is the drain-source voltage, ID(off) is the drain
current of a MOSFET during turn-off time, and toff is the

turn-off time of a MOSFET. The turn-on loss of a MOSFET
can be obtained as:

Pon =
1

2
V DSID(on)tonfs (9)

here, ID(on) is the drain current of a MOSFET during turn-
on time, and ton its turn-on time. It is obvious that a linear
relationship exists between the frequency and switching losses.
As the dominant switching losses are due to turn-on and turn-
off losses of the switches, in light load conditions in which
VFPWM is employed, turn-on and turn-off losses decrease
due to low switching frequency. As the load increases, control
mode is changed from VFPWM to ZVS mode, and thus
switching losses significantly reduce.

D. Control Strategy

In the proposed method, VFPWM is employed in output
currents less than Io,crit and ZVS is used in output currents
more than Io,crit to achieve higher efficiency of the converter.
Therefore, high efficiency is attained in a wide range of load
variations. Fig. 3 shows the transition point of the proposed
switching control method.

The magnetic flux density of the transformer is [18], [19]:

Btran =
VinD

4fsAeNP
(10)

where, Ae is the cross-sectional area of the transformer. In
VFPWM mode, D and fs in each control period should be
determined such that, the ratio D/fs stays constant at all
output voltages. In VFPWM, fs is changed from fmin to fmax

and fmin is selected to satisfy (11) at the lowest demanding
output voltage, that is 1V (ton and toff are used from data
sheet of MOSFETs).

DTs > 5(ton + toff ). (11)

Equations (12) and (13) express the relationship between
the duty cycle of switches (D) and frequency (f) as the
independent and dependent variable, respectively.

D =
Iin
Io

NS

NP
(12)

f − fmax = m(D −Dmax) (13)

here, fmax and Dmax and m are constant. In VFPWM, if
the output current is changed by a user, a new duty cycle is
calculated from (12), and thus a new switching frequency is
determined according to (13).

III. SIMULATION AND RESULTS

Table I presents the specifications of the considered con-
verter. This converter converts fixed input voltage of 400V
to the variable output voltage from 0 to 75V according to
user demand. Based on the proposed control strategy, the
converter works in the VFPWM mode in output currents less
than Io,crit = 18A. As the load current is more than 18A,
control mode changes to ZVS mode. Thus, the converter can
provide high efficiency in a wide range of output power.



TABLE I
SPECIFICATIONS

Item Symbol Value
Input Voltage Vin 400V
Output Voltage Vout 0-75V
Output Current Iout 0-25A
Nominal Output Power Pout 1875W
Turns Ratio Np:Ns:Ns 3.8:1:1
Magnetization Inductance LM 1.8mH
Leakage Inductance Llk 25µH [17]
Critical Output Current Io,crit 18A
Transformer winding capacitance CT 100pF [17]

TABLE II
VFPWM MODE FREQUENCY AND DUTY CYCLE IN DIFFERENT OUTPUT

CURRENTS.

Iout (A) Frequency (kHz) Duty cycle (%)
2.7 11.21 2.5
4.4 11.81 5
7.7 13.2 10
11 15 15
18 21 25

Table II shows the VFPWM mode frequency and duty cycle
in different output currents. Based on (11), fmin = 10kHz. By
changing Io from 0 to Io,crit = 18A, duty cycle and frequency
of switches change respectively. As it can be seen in Table II,
fmax = 21kHz and Dmax = 25%.

Fig. 4 shows the ZVS waveforms of the proposed technique
in transition point and full load. Fig. 4a and Fig. 4c show
voltages of MOSFET Q2 and transformer primary side current
Ipri in Io = 18A, respectively. From this point, ZVS mode is
attainable and all MOSFETs are under ZVS control mode.
Thus, the turn-on loss of MOSFETs is almost zero and
higher efficiency is obtained. Fig. 4b and Fig. 4d show ZVS
waveforms at full load (Io = 25A).

To validate the calculations, a comparison between three
control methods - the variable frequency (VF) control method,
the fixed frequency (FF) control method, and the proposed
control method - is made in Fig.5. In the FF control method,
fsis21kHz in all output currents. In the VF control method,
frequency is variable from 10kHz to 21kHz and duty cycle of
switches changes from 0 to 45% based on the linear relation-
ship between frequency and duty cycle mentioned in part D. In
low output powers, the efficiency is almost high and the output
power versus efficiency curve is nearly flat. In low output
currents, the efficiency of the VF control method is higher
than the FF control method. However, with increasing output
power, efficiency of the VF method decreases, as losses due to
magnetic parts become more dominant and turn-on losses of
the switches increase linearly with frequency. Therefore, the
proposed control method which is the combination of VFPWM
and ZVS control modes, uses the advantages of both the VF
in low loads and the ZVS control method in high loads. The
proposed method uses VFPWM in light loads where the zvs is
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Fig. 4. (a) Gate-source voltage of Q2 (Vgs) and drain-source voltage(Vds)
in Io = 18A. (b) Gate-source voltage (Vgs) and drain-source voltage(Vds)of
Q2 in full load. (c) Transformer primary side current in Io = 18A. (d)
Transformer primary side current Ipri in full load.
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Fig. 5. Simulation results of efficiency curves with three different switching
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hardly achieved and provide higher efficiency than FF in this
range. Both curves of VF and proposed control method are the
same until Io = 18A which is the minimum output current
at which ZVS is attainable. From this point, the efficiency
curve of the proposed control method increases dramatically,
as the ZVS mode provides zero turn-on switching losses for
MOSFETs. As it can be seen, using the proposed control
strategy, the higher efficiency is obtained in a wide range of
output power.

IV. CONCLUSION

This paper proposed a new hybrid control method for a
full bridge DC/DC converter suitable for cathodic protection
applications. The switching control modes of the proposed
switching control technique are summarized as follows:

• Under heavy-load condition: Phase-shift switching con-
trol is employed to achieve zero voltage switching (ZVS)
and thus lower power losses.

• Under light-load condition: Pulse-width-modulation
switching control with variable frequency (VFPWM) is
used to reduce switching losses and improve efficiency.



In this converter, user can change output current according
to the CP requirements of the environment. The analytical
forms for the losses and the transition point between modes
for full-bridge converter and results from the simulations were
presented and discussed. The proposed method can be used in
different applications, where a variable output power in a wide
range with a high efficiency is needed.
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