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ABSTRACT The paper focuses on galvanically isolated series-resonant dc-dc converters with a low quality
factor of a magnetically integrated resonant tank. These converters can be controlled at a constant switching
frequency to achieve the input voltage buck regulation. The paper compares various buck control methods,
such as conventional pulse-width modulation, hybrid pulse-width modulation, shifted pulse-width modula-
tion, hybrid shifted pulse-width modulation, improved shifted pulse-width modulation, asymmetrical pulse-
width modulation, pulse-width modulation, and hybrid pulse-width modulation applied to the series-resonant
dc-dc converter. The study considers step-up implementation of the series-resonant dc-dc converter topology
with the voltage doubler rectifier, which makes it suitable as a front-end dc-dc converter for the integration
of renewable energy sources in dc microgrids. The voltage buck control methods considered were compared
analytically in terms of the cumulative power losses calculated theoretically. The theoretical results were
compared with the experimental measurements to confirm the calculations and benchmark the voltage buck
control methods. The experimental validation was performed using a 250 W prototype that demonstrated the
hybrid PSM achieves the best performance. The experimental results were found in good agreement with
analytically predicted values of the power loss.

INDEX TERMS Series resonant converters, dc-dc converters, pulse-width modulation, phase-shift modula-
tion, dc microgrids.

I. INTRODUCTION
Sustainable development of humanity requires a wider use of
electricity as a means of energy generation, transmission, and
end-use [1]. Delay in widescale electrification would result
in a technological barrier for economy that is net positive
relative to the objectives of reduction of greenhouse emis-
sions [2]. Wider adoption of renewable energy sources for
electricity generation ensures low pollution and allows for
adoption of highly decentralized or even autonomous power
systems featuring high power supply security [3], [4]. The
ongoing COVID-19 pandemic has proved the advantages of
sustainable energy generation such as flexibility of energy

generation, high reliability, little need for maintenance, and no
dependence on the supply of fossil fuels [5]. Cutting lifecycle
costs of renewables is essential to achieve grid parity in most
of countries, which is also associated with the reliability and
cost of the power electronic systems [6].

Dc distribution is a promising technology that can improve
the overall efficiency of renewable energy generation and dis-
tribution [7]. Dc microgrids will be the backbone of the future
autonomous households and smart districts [8]–[10]. Consid-
ering that the renewable energy sources usually provide vari-
able dc output voltage, the importance of the dc-dc converters
cannot be overestimated. Currently, solar photovoltaic (PV)
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energy is considered the main technology that can achieve the
lifecycle cost low enough to ensure the market viability of
the dc microgrids in the near future [11]. The best perfor-
mance of the PV energy generation could be achieved using
the module-level power electronics [12]. This application re-
quires dc-dc converters with a wide input voltage range of
up to one to six. The galvanically isolated buck-boost dc-dc
converters (IBBCs) show the best performance in these ap-
plications [12]. Among them, the series resonant converter
(SRC) topologies have attracted much attention of the re-
searchers [13]. These topologies aim for magnetic integration
of the resonant inductor to achieve high power density, which,
however, results in operation at low quality factors of the reso-
nant tank. This implementation of the resonant tank makes the
SRC nearly insensitive to the conventional variable frequency
control [15]. On the other hand, they can be controlled at a
fixed switching frequency.

An SRC-based IBBC with a low quality factor operates
as a dc transformer (DCX) at a certain voltage Vth when
all semiconductor components are soft-switched. The boost
mode at the constant switching frequency can be used at the
input voltages (Vin) below the Vth, which requires an active
or semi-active rectifier to step-up the voltage at the rectifier
side using the resonant inductor as an ac boost inductor [14].
The buck mode is used at Vin > Vth and requires a certain
modulation method to be applied to the input-side transistors
[16]–[18]. The boost control methods were proposed recently
by applying circuits used in the power factor correction [13].
On the other hand, the buck control methods were known
from late 1980s [15] and gained more attention in the last
decade [16]. A generalized methodology for the analysis of
the dc voltage gain has been presented in [16]. However, some
of the existing buck control methods have not been analyzed
systematically before.

The goals of this study are to overview, generalize, classify,
and benchmark the constant frequency buck control meth-
ods for the SRC with low quality factor, which cannot be
controlled with variable frequency modulation due to low
sensitivity of the converter dc voltage gain to the switching
frequency variations [15]. Employing these methods in the
primary side of the converter, and constant frequency boost
control methods in the active or semi-active secondary side
enables SRC-based IBBC with a wide input voltage range
This study covers the conventional pulse-width modulation
(PWM) [15], the hybrid PWM (HPWM) [16], the conven-
tional phase-shift modulation (PSM) [17], [18], the hybrid
PSM (HPSM) [19], [20], the shifted PWM (SPWM) [24],
the hybrid shifted PWM (HSPWM) and the improved shifted
PWM (ISPWM) [16], and the asymmetrical PWM (APWM)
[21], [22]. The shifted PWM is excluded for brevity as it
was proven in [16] that its hybrid and improved deriva-
tives show better performance. The main contributions of this
study are methodology for the calculation of power losses
in the SRC and comprehensive benchmark of the constant-
frequency buck control methods, which were verified experi-
mentally for high step-up applications.

FIGURE 1. Arrangement of operating modes of an SRC-based IBBC.

FIGURE 2. Topology of the series resonant converter under study.

This article is organized as follows. Section II of this article
describes the SRC topology used in this study. Classification
and generalized analysis methodology are

presented in Section III. Section IV provides a short de-
scription of the buck control methods. Next, Section V
presents a systematic study of power losses for all consid-
ered buck control methods. In Section VI, the experimental
waveforms are given to corroborate the idealized operating
principle presented, and the measured power loss values are
compared with those calculated theoretically. The results are
discussed along with the future trends in Section VII. The last
section draws conclusions.

II. DESCRIPTION OF SERIES RESONANT DC-DC
CONVERTER
The topology of the high step-up SRC-based IBBC is shown
in Fig. 2. It consists of the input-side full-bridge cell based
on MOSFETs, an output side voltage doubler rectifier, an
isolation transformer, and dc blocking capacitor in series with
the transformer primary winding [23].

The angular resonant frequency of the resonant tank is
defined as

ωr =
√

1

LlkCr
(1)

while the characteristic impedance is calculated as

Zr =
√

Llk

Cr
(2)

where Llk is the leakage inductance of the transformer and Cr

is equivalent resonant capacitance. The leakage inductance is
considered as the only inductive element in the resonant tank.
In general, the equivalent resonant capacitance the equivalent
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FIGURE 3. Classification of the buck control methods.

resonant capacitance considers influence of the blocking ca-
pacitor C2 and output capacitors C3 – C5 as follows:

Cr = C2 (C4C5 + C3(C4 + C5))

C4C5n2 + (C3n2 + C2)(C4 + C5)
(3)

The blocking capacitor neutralizes any dc bias current in
the isolation transformer windings, which allows for the use of
the asymmetrical control methods. Also, the capacitor allows
for reconfiguration of the full-bridge switching cell into half-
bridge. Typically, the capacitors C2 and C5 are dimensioned
large enough to minimize their influence on the resonance. In
such a case, the resonance frequency is defined mostly by the
capacitors C3 and C4, and the expression (3) for equivalent
resonant capacitance could be simplified as Cr = (C3 + C4).

In the considered case, the topology operates under the
discontinuous resonant current mode. Hence, the switching
frequency should be 5–10% below the resonant frequency
to implement sufficient dead-time needed for soft-switching
employing the transformer magnetizing current [24].

III. GENERALIZATION OF THE BUCK CONTROL METHODS
A. CLASSIFICATION
All buck control methods of the SRC operation with discon-
tinuous current and fixed frequency are classified in Fig. 3.
There are two main types of the buck control methods: the
PWM and the PSM. The main difference between them is in
duty cycle of the switches. In the PWM, the duty cycle of two
or more transistors is variable, thus the voltage is controlled.
In the PSM, the duty cycle of all transistors equals 0.5; the out-
put voltage is controlled by the shift angle between the leading
leg switches S1, S4 and the lagging leg switches S2, S3. The
PWM is subdivided into the classical PWM, the HPWM, the
APWM, and the SPWM. The SPWM, in turn, is subdivided
into the HSPWM and the ISPWM. In PWM methods, the
duty cycle defines pulse width of switches. The PSM methods
are subdivided into classical and hybrid PSM, where the duty
cycle is a shift angle between the leading and lagging legs of
the inverter. Section VI presents a detailed description of each
method.

B. METHODOLOGY OF DC GAIN CALCULATION
An algorithm for deriving a closed-form expression of the dc
voltage gain is demonstrated for the PWM methods of the
SRC in [16]. This algorithm can be also applied for other
buck control methods. The dc voltage gain of the converter
normalized with respect to the transformer turns ratio n is

defined similar to [24]:

G = Vout

2 · n · Vin
(4)

The analysis of the circuit is based on the assumption of
lossless components. An expression for the converter dc volt-
age gain can be derived using the power balance:

Pin = Pout (5)

First, it is assumed that the input power equals the av-
erage power fed by the input-side inverter to the isolation
transformer (ignoring the influence of the magnetizing induc-
tance):

Pin = 1

TSW

∫ TSW

0
v1(t ) · n · ilk (t )dt (6)

where v1 is a piecewise-linear function of the input-side in-
verter voltage, ilk is a piecewise function of the resonant cur-
rent, TSW is the switching period.

Output power is defined by the output voltage and the load
as follows:

Pout = V 2
out

R
(7)

where Vout is the average output voltage and R is the load
resistance.

Considering how (6)–(7) can be substituted into (5), the
power balance can be represented as:

1

TSW

∫ TSW

0
v1(t ) · n · ilk (t )dt = V 2

out

R
(8)

Taking into account (4), an equation of the converter dc
gain can be derived from (8) analytically or numerically as
a function of the converter parameters, duty cycle DSD, and
the input voltage:

G = f (Vin, DSD, n, R, Llk,Cr, TSW ) (9)

This methodology is universal for all buck control methods
considered in this paper. The only difference is how the time-
functions of v1 and ilk are defined. A derivative example of the
dc gain closed-form expression for the PWM, HPWM, and
SPWM methods is presented in [16]. Similarly, closed-form
expressions of dc gain for the APWM, PSM, and HPSM buck
control methods can be calculated.

IV. DESCRIPTION OF BUCK CONTROL METHODS
This section focuses on the operation principle of the de-
scribed methods. The methods were grouped into four based
on the operation principle. In each method, the duty cycle is
equal to a duration of voltage pulses applied to the resonant
tank. The duty cycle controls the transferred energy through
the resonant tank. Thus, the output voltage is controlled.

A. PWM AND HPWM
First, the PWM [15] is analyzed, which is the simplest
buck control method for the full-bridge as well as the half-
bridge application. The transistors in each leg of the input-
side inverter are controlled with the same duty cycle and
180 degrees phase shift between the gating signals. As can be
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FIGURE 4. Idealized steady-state waveforms of the SRC controlled by the PWM (a), HPWM (b), SPWM (c), HSPWM (d), ISPWM (e), APWM (f), PSM (g), and
HPSM (h).

seen from Fig. 4, the switches are turned on at zero current, but
their turn-off is hard. When the transistors are turned off, the
resonant current flows through the body diodes of MOSFETs.
This is a significant drawback of this modulation method since
transistors have high switching losses and the body diodes
have high conduction losses and reverse recovery losses. At
the instants t3, the currents of switches IS1...IS4 are equal to
zero; however, the resonant current is equal to the magnetizing
current of the transformer, which flows through the secondary
side of the transformer and rectifier diodes (Fig. 4(a)). Thus, in
this control method, the magnetizing current adds conduction
and reverse recovery losses to the rectifier diodes.

The normalized gain of the PWM method can be calculated
using the methodology (4)–(9)

G = 1

2

(
B ( 1 − A) − 1 +

√
( B ( A − 1) + 1)2 + 4 AB

)
(10)

This equation was first presented in [16]. There are three
parameters used to simplify the equation:

A = CrR fSW (11)

B = 1 − cos(ωrDSDTSW ) (12)

where DSD is the duty cycle of the active states of the front-
end inverter. In the case of asymmetrical control, DSD is the
smaller of two duty cycles.

The hybrid PWM method was proposed in [16] to reduce
the transistor switching losses and conduction losses of the
body diodes. The duty cycle of switches S3, S4 is always
nearly 0.5, taking into account dead-time. This is the main
difference from the PWM. These switches bypass their body
diodes connected in parallel when the resonant current falls to
zero. As can be seen from Fig. 4(b), only two transistors (S1

and S2) are turned off at a high current, other transistors are
turned off at a low current, which is equal to the magnetizing
current flowing through the transformer primary winding. It
is because in this case, the magnetizing current flows through
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the input-side bridge cell and influences the conduction and
switching losses of the transistors. This method can be ap-
plied to control only the full-bridge cells, which is another
difference from the PWM.

The normalized gain of the HPWM method is the same as
the gain of the PSM method [17] and equals

G = 1

4

(
B ( 1 − A) +

√
B2( A − 1)2 + 8 AB

)
(13)

B. SPWM, HSPWM AND ISPWM
The second group of the buck control methods is represented
by various shifted PWM methods. As compared to the PWM,
here, the control signals of the switches S2 and S3 are shifted
in the vicinity of the control signal of the switches S4 and S1;
they are separated by the dead-time. It is the main feature of
each shifted method. As a result, the conduction losses in the
MOSFETs body diodes are reduced because the switches S2,
S3, and S4 bypass their body diodes when the resonant current
drops to zero at intervals [t2; t3] and [t4; t5] (Figs. 4(c)–4(e)).
Switches S2, S3, and S4 turn on at zero voltage, which would
also reduce the switching losses, since their body diodes con-
duct during a short dead-time.

The voltage applied to the transformer and the output volt-
age are controlled by the duty cycle of S1 and S2 which are
switched synchronously.

The SPWM demonstrated in [25] is similar to the mod-
ulation in [20]. Transistors operate complimentary with the
dead-time. In the SPWM method, during the zero states of
the inverter, when the resonant current is dropped to zero,
two transistors S2 and S4 continue to conduct the magnetiz-
ing current. This feature increases conduction and switching
losses in these MOSFETs since the magnetizing current is n
times higher when it flows in the transformer primary winding
compared to the secondary winding.

To avoid this drawback of the SPWM, the HSPWM
was proposed in [16]. Ideal steady-state waveforms of the
HSPWM are shown in Fig. 4(d). In the HSPWM, the zero
state was eliminated by decreasing the duty cycle of the switch
S2. The switch S1 turns on again after the switch S2 is turned
off, which reduces the conduction losses as the body diode of
the switch S1 is bypassed. The second turn-on of the switch
S1 occurs at zero voltage after the dead-time, following the
instant t4 because the body diode is conducting. The switch
S1 is turned off at the instant t5 when the resonant current is
equal to zero. Switches S3 and S4 operate complimentary with
the duty cycle nearly 0.5. During conduction of the switch S3,
the magnetizing current flows through the input-side inverter,
similar to the case of the SPWM. At the instant t6, when the
switch S3 is turned off, the magnetizing current stops flowing
in the input side and starts flowing in the secondary side
of the transformer. This effect adds switching losses in the
MOSFETs.

Another modified version of the SPWM method is the IS-
PWM (Fig. 4(e)), which was also described in [16]. The main

difference from the HSPWM is in the duty cycles of switches
S3 and S4. The duty cycle of the S4 equals the duty cycle of
the switch S1. The switch S3 conducts between the instants t2
and t5 when the resonant current is not zero. In this case, the
magnetizing current flows only in the secondary side through
the rectifier diodes.

The ISPWM and HSPWM can be used to control both the
full-bridge and the half-bridge cells unlike the SPWM, which
is used only to control the full-bridge cells.

The closed-form solution in a compact form was presented
neither for the SPWM, HSPWM, and ISPWM methods nor
for the PWM and the HPWM. Theoretical analysis of these
shifted PWM method was performed using the numerical al-
gorithm described in [16]. According to the power balance,
the output voltage value can be found.

C. APWM
The APWM is another buck control method described and
applied in [21], [22]. This method (Fig. 4(f)) can be applied
to control both full-bridge and half-bridge cells. The positive
part of the resonant current looks like in the previous modes;
however, the negative part is always sinusoidal because the
long conduction interval provides sufficient time for a com-
plete sinusoidal half-wave. This improves the soft-switching
performance of the converter. The voltages of the resonant
tank and output voltage are controlled only by the duty cycle
of switches S3 and S4. There is also the zero state similar to
the SPWM where the magnetizing current flows through the
input-side MOSFETs and influences their conduction losses.

Taking into account (4)–(9), the normalized dc voltage gain
of the SRC for the APWM method equals

G = 1

4

(
B ( 1 − 2A) − 1 +

√
( B ( 2A − 1) + 1)2 + 16AB

)
(14)

Previously, only an explicit expression of the dc gain was
provided for the SRC controlled with the APWM [21], [22].
The expression (14) is presented here for the first time.

D. PSM AND HPSM
The last group of the buck control methods is represented by
the phase-shift control methods, i.e., the PSM and the hybrid
PSM. These two methods can be applied to control only full-
bridge cells.

Figure 4(g) shows the idealized waveforms of the SRC
operating with the PSM. In this case, the voltage applied to
the resonant tank is controlled by the phase shift angle be-
tween the leading-leg switches S1 and S2, and the lagging-leg
switches S3 and S4. In each leg, complementary gating signals
are applied to the switches. The phase shift angle defines the
duration of the zero states in the input-side inverter when
either top switches S1 and S3 or lower switches S2 and S4

conduct the magnetizing current (Fig. 4(g)). In addition, the
conduction losses of the body diodes are eliminated because
the switches S3 and S4 bypass the diodes. In the zero state, the
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FIGURE 5. Theoretical normalized voltage gain of the case study SRC for
PWM, HPWM, SPWM, HSPWM, ISPWM, PSM, and HPSM control methods.

resonant current drops to zero. In the PSM method, turn-off
of two switches S3 and S4 is hard with the high resonant
current and turn-off of the other two switches S1 and S2 is
also hard but with low magnetizing current. The reason is that
the magnetizing current flows through the primary windings
of the transformer and the inverter. This increases conduction
and switching losses in the transformer and MOSFETs.

The HPSM was proposed in [19] to improve the classical
PSM control method. The zero states are avoided by decreas-
ing the duty cycle of the switches S1 and S2 (Fig. 4(h)). As
a result, when the resonant current equals zero, the magnetiz-
ing current stops flowing in the input side and starts flowing
through the rectifier diodes.

The normalized dc voltage gain of the SRC for the PSM and
the HPSM control methods corresponds to expression (13)
first presented in [16].

E. COMPARISON OF GAINS
The normalized dc voltage gain of the case study converter
calculated as a function of the duty cycle is plotted in Fig. 5
for two values of the operating powers, 30 W and 250 W, using
(10)-(14) and the numerical analysis for the SPWM methods,
as described in [16]. Table 1 presents the parameters used for
the gain calculations. It could be appreciated from Fig. 5 that
the described buck control methods have similar gain curves.

It is worth mentioning that each buck control method fea-
tures a dead control zone, where the dc voltage gain G depends
weakly on the duty cycle DSD. When the load is changed, the
Q-factor of the resonant tank is also changed. It has an impact
on the voltage gain. Increase in the operating power results in
the change of the dc voltage gain curve where the dead control
zone is decreased.

As can be seen from Fig. 5, the gain curves of the PWM
method are close to the curves of the SPWM, HSPM, and
ISPWM. Accordingly, the gain (10) of the PWM can be used
to calculate the theoretical normalized dc voltage gain for the
SPWM method.

TABLE 1. Generalized Specifications of the Case-Study Converter

V. DERIVATION OF POWER LOSS MODELS
This section addresses a methodology for the calculation of
power losses in the SRC. The methodology can help to un-
derstand the nature of power losses and compare buck control
methods.

A. METHODOLOGY
Waveforms of the currents flowing through the resonant tank
and switches as well as the shape of the resonant capacitor
voltage are fairly similar for all the buck control methods
(Fig. 4). The main difference lies in the time interval during
which the resonant current decreases to zero. Nevertheless,
the piecewise function of the resonant current can be defined
as

ilk (t ) = v1(ti )·n−vCr (ti−1)−�D1 (ti )·Vout

Zr× sin(ωr · (t − ti )),
(15)

where v1(t) is a piecewise function of the input-side inverter
voltage, ti is the i-th time instant, �D1(t) is a switching func-
tion of diode D1 that can be written as

�D1 (t ) =
{

1, ifD1 is conducting;
0, if D1 is off.

(16)

The piecewise function of the resonant capacitor voltage
could be defined as

vCr (t ) = 1

Cr

dilk (t )

dt
. (17)

At the same time, a piecewise-linear function of the mag-
netizing current equals

im(t ) =
(
v1(ti ) − vС2(t )

) · n

Lm
· t − ti−1

ti − ti−1
+ im(ti−1) (18)

where vС2(t )is an average voltage of the input-side resonant
capacitor C2. In the symmetrical control methods, the average
voltage is equal to zero. The calculation of the magnetizing
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current assumes that each piece of the magnetizing current
function is linear.

The three main (15), (17), and (18) define the current and
the voltage of all circuit components.

Depending on the buck control method, the magnetizing
current could flow through the primary or the secondary wind-
ing of the transformer, as can be seen from Fig. 4. Therefore,
the current of the transformer primary winding equals

iT X,pr (t ) =
{

(ilk (t ) + im(t )) · n;
ilk (t ) · n.

(19)

By the same principle, the secondary side current of the
transformer can be written

iT X,sec(t ) =
{

ilk (t );
ilk (t ) − im(t ).

(20)

From (19), currents of the input-side switches S1 …S4 are
defined by the switching functions as follows:

iSk (t ) = iT X,pr (t ) · �Sk (t ) (21)

where k is the number of a switch, �Sk (t )is a switching func-
tion of a switch, which is defined similar to (16).

In the same way, the currents of the rectifier diodes are
defined

iD j (t ) = iT X,sec(t ) · �D j (t ) (22)

where j is the number of a rectifier diode.
The input current of the inverter is

iin(t ) = iT X,pr (t ) · sign (v1(t )) (23)

The output current of the voltage doubler rectifier is

iout (t ) = iD1 (t ) (24)

It is assumed that ac components of the primary and sec-
ondary winding currents flow through the input capacitor C1

and the output capacitor C4, respectively. An LCR bridge
HAMEG HM8118 was used for the measurement of the wind-
ing equivalent resistances (ERs) of the magnetic components
and resistances of a PCB.

The conduction losses of the MOSFETs, the transformer,
the input and output capacitors are calculated using conven-
tional methods, where each element is replaced with a corre-
sponding resistor [26], [27]. For example, a drain-to-source
resistance given in Table 2 represents a MOSFET in the on-
state. ER of the transformer, the input and the output capaci-
tors is imitating elements in AC with the switching frequency.
Therefore, conduction power losses of these elements can be
calculated as

Pcond (element ) = I2
RSM(element ) · R(element ) (25)

Where IRMS(element) is the RMS current of an element,
R(element) is an equivalent resistance of an element, which is
shown in Tables II and III. It has to be taken into account that
the input capacitor C1 is a combination of SMD ceramic and
film capacitors and the output capacitor C5 is a combination of
film and electrolytic capacitors. Also, the input and output re-
sistance of a PCB was included in the power loss calculation.
The equivalent input- and output-side resistances of a PCB are
5 m� and 3 m�, correspondingly.

TABLE 2. Datasheet Parameters of Semiconductor Components Used For
Calculation of Losses

To calculate conduction losses in a body diode of a MOS-
FET or a rectifier diode, a diode is considered as a series
connection of a voltage source and a resistance, imitating the
forward voltage drop and the differential resistance of a diode
[26]. Therefore, conduction power losses of a diode can be
calculated as

Pcond (diode) = I2
rms(diode) · R(diode) + Iav(diode) · Vf (diode)

(26)
where Iav(diode)is the average current, Vf (diode) is the forward
voltage and R(diode)is the on-resistance of a diode. These pa-
rameters are listed in Table 2.

The calculation of switching losses in MOSFETs and
diodes is based on the methodology from [27]. It uses the
most conventional approach based on the datasheet parame-
ters, such as parasitic output capacitance, fall and rise times,
gate resistance and capacitance, etc.

The methodology of power losses calculation in a trans-
former core with non-sinusoidal waveforms is described in
detail in [28]. An equation for power losses in a transformer
core can be calculated as

Pcore = Veki(�B)β−α

TSW

∑
m

∣∣∣∣Bm+1 − Bm

tm+1 − tm

∣∣∣∣
α

(tm+1 − tm) (27)

where Ve is an effective volume of the core, ki, α, β are
Steinmetz coefficients determined by fitting of curves from
the datasheet of the core material, Bm is the magnetic flux at
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TABLE 3. Parameters of the Transformer and Capacitors Used For
Calculation of Losses

∗at 70°C

the instant tm, �B is the peak-to-peak magnetic flux during
the switching period TSW.

The parameters of the transformer used for the calculation
of the power losses are listed in Table 3. It has to be taken into
account that the isolation transformer TX was implemented
using RM14 core made of 3C95 ferrite material with an air
gap of 0.6 mm, eight turns in the primary winding, and equiv-
alent series resistance of 850 m� (at 25 °C) referred to the
secondary winding [29], [30].

B. COMPARISON OF LOSS MECHANISMS
To benchmark the described buck control methods, current
stresses have to be analyzed. Seven main current stresses were
considered:
� RMS current of the MOSFET channel Irms(S) (consider-

ing current flowing only when a switch is turned on) - as
it influences the conduction losses of the switches;

� average current Iav(bdS) and the RMS current Irms(bdS)

of the body diode (considering negative current flowing
when a MOSFET is turned off) – as it could increase the
conduction losses in the switches significantly;

� turn-off current Ioff(S) - as it defines the switching losses
of the MOSFETs;

� RMS current of the transformer in the secondary side
Irms(TX,sec) - as it influences the conduction losses of the
transformer windings;

� RMS current of the rectifier diodes Irms(in) - as it influ-
ences the conduction losses of the rectifier diodes and
the output-side capacitor;

� input RMS current Irms(in) - as it influences the conduc-
tion losses of the input-side capacitor;

� maximum current of the magnetizing inductance Imax(Lm)

- as it influences the conduction losses of the input-

TABLE 4. Current Stress of Elements At Vin = 35 V, P = 250 W for Different
Buck Control Methods

TABLE 5. Current Stress of Elements At Vin = 60 V, P = 250 W for Different
Buck Control Methods

or output-side components, which depends on the buck
control method used.

The average current stress of the input and the output side
is virtually the same for all the buck control methods and thus
is excluded from the benchmarking. To compare symmetrical
and asymmetrical control methods correctly, the cumulative
RMS current of the MOSFETs was calculated as

Irms(S) =
√∑4

k=1
I2

rms(Sk )
(28)

The RMS currents of the body diodes and the rectifier
diodes were calculated in the same way. The average current
of the body diodes is a sum of the average currents of each
body diode.

These calculated steady-state current stresses for the stud-
ied control methods at points Vin = 35 V and Vin = 60 V
at P = 250 W are shown in Tables 4, 5, and 6. The SPWM,
the HSPWM, and the ISPWM methods have the same current
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TABLE 6. Maximum Magnetizing Current At P = 250 W and Different Input
Voltage for Different Buck Control Methods

TABLE 7. Features of The Buck Control Methods

stress of the main components except for the maximum mag-
netizing current. For this reason, these methods, as well as the
PSM and the HPSM methods, were grouped in one column.
As shown in Tables 4 and 5, the PWM method has the high-
est current stress of elements (red values). Furthermore, the
number of transistors switched at high current and the number
of conducting body diodes is shown in Table 7. As can be
seen from Table 7, the PWM has large amounts of switching
transistors and conducting body diodes. Also, the body diodes
of MOSFETs are conducting in the HPWM method, which is
the main drawback of this method.

The PSM and the HPSM feature the lowest current stress
and the smallest count of switching transients than other meth-
ods. Drawbacks of the shifted methods are the high RMS
value of the current flowing in MOSFET channels (i.e., not
taking into account MOSFET current flowing through the
body diodes), three transistors switched at high current, and
high magnetizing current (Table 6). In this case, it means
that core losses of the transformer are increased as well as
additional conduction losses in the converter caused by the

FIGURE 6. Diagram of power losses in the SRC at Vin = 35V, P = 250 W for
different buck control methods.

magnetizing current. The APWM method features moderate
current stress and two transistors switched at high current, but
as compared to other methods, these transistors are turned off
at the highest current. It can be seen from Tables 4 and 5
that current stress in the circuit are increasing with increase
of input voltage. This is mostly associated with decrease of
the duty cycle DSD, as can be seen from Fig. 5. However, the
same trend among current stresses is observed in Table 5 when
compared to Table 4.

Table 7 also shows the side(s) where the magnetizing cur-
rent flows during the switching period. In the case when the
magnetizing current flows in the input side, it increases the
conducting losses in the primary winding of the transformer
and MOSFETs as well as the switching losses in MOSFETs.
Therefore, in the other case, the magnetizing current adds con-
ducting losses in the secondary winding of the transformer and
the rectifier diodes. It should be noted that the magnetizing
current flowing in the primary winding of the transformer is
n times higher than in the secondary winding. Therefore, the
magnetizing current flowing in the secondary winding is less
harmful for the converter efficiency compared to when it flows
in the primary winding.

Power losses calculated at Vin = 35 V and P = 250 W based
on the described methodology are shown in Fig. 6. The bar
chart includes conduction losses of transistors (blue), switch-
ing losses of transistors (magenta), conduction losses of body
diodes (gray), conduction losses of the transformer wind-
ings (yellow), conduction losses of rectifier diodes (orange),
and combined losses of input and output side components
(green). These losses are dominant in the given converter. All
buck control methods feature nearly equal but low conduction
losses of transistors. This results from using high-performance
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FIGURE 7. Dependence of losses on the leakage inductance.

MOSFETs with low on-state resistance. The main difference
is in the duty cycle deviations and the magnetizing current
path in the circuit, which also influences the transformer and
rectifier diodes losses. Different magnetizing current values
influence the transformer losses that consist of the copper
losses and the core losses.

The PWM and HPWM feature conduction losses of the
body diodes, which is a significant drawback. They would
result in increased temperatures of transistors and should be
taken into account in the converter thermal design.

The main drawback of the SPWM and PWM method is
high switching losses. The reason revealed in Table 7 is that
a large number of transistors are turned off at high current in
comparison with other methods. The APWM and two PSM
methods have a nearly equal total power loss. However, in
the case of the APWM, transistor switching losses and losses
of input and output capacitors are higher in comparison with
PSM methods, while conduction losses of transistors and the
transformer are higher in the PSM methods. This aspect would
result in increased temperatures of these two MOSFETs and
should be taken into account during the thermal design of the
converter.

An amplitude of the resonant current influences directly all
types of power losses. As can be seen from (15), the amplitude
depends inversely on the impedance of the resonant tank (3),
which is dependent directly on the leakage inductance. The
dependence of total losses on the leakage inductance for four
high-performance methods at Vin = 35 V, P = 250 W is sum-
marized in Fig. 7. These four curves feature virtually the same
shape. With the inductance increasing, total losses are de-
creasing. Above 50 µH, the total losses are weakly dependent
on the inductance. In the case study converter the transformer
with the internal leakage inductance 35 µH was used. This is
the maximum value of the internal leakage inductance for this
transformer type. The difference in the power losses between
values 35 µH and 100 µH is about 4.5 W. However, the values
of more than 50 µH can be achieved by an external inductor,
which, however, increases the conduction losses, cost, size,
and weight of the converter.

FIGURE 8. Experimental prototype of the series resonant converter.

VI. EXPERIMENTAL RESULTS
A prototype of the SRC converter was built to verify the oper-
ation of the buck control methods and compare experimental
results with the theoretical methodology. The main specifica-
tions of the prototype are listed in Table I. The prototype is
shown in Fig. 8.

A. STEADY-STATE WAVEFORMS
Voltage and current waveforms of the SRC operating in PWM,
HPWM, APWM, SPWM, HSPWM, ISPWM, PSM, and
HSPM control methods at Vin = 35 V, P = 250 W are shown
in Fig. 9. The following measurement equipment was used:
oscilloscope Tektronix DPO7254, differential voltage probes
Tektronix P5205A, current probes Tektronix TCP0030A, and
a precision power analyzer Yokogawa WT1800.

The measured waveforms of transformer current (Fig. 9)
correspond to the theoretical curve of the resonant current in
Fig. 4 for each buck control method. However, in the case
of PWM, HSPWM, ISPWM, and HPSM, the voltage shape
of the transformer primary winding has a parasitic oscilla-
tion between the output capacitances of semiconductor de-
vices and the leakage inductance (Fig 9(a), 9(e), 9(f), and
9(h)). In the cases of HPWM, APWM, SPWM, HSPWM, and
PSM, the secondary transformer voltage has a parasitic oscil-
lation between the junction capacitances of the rectifier diodes
and the leakage inductance (Fig. 9(b), 9(c), 9(d), and 9(g)).
The HSPWM method features parasitic oscillations after the
transistor S3 is turned off and S4 is turned on after a short
dead-time (Fig. 9(e)). In the case of the ISPWM method, there
are parasitic oscillations between the output capacitances of
the semiconductor components and the magnetizing induc-
tance of the transformer (Fig. 9(f)). All the described parasitic
oscillations occur when the resonant current drops to zero.
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FIGURE 9. Experimental steady-state waveforms of the SRC operating at Vin = 35 V, P = 250 W for PWM (a), HPWM (b), APWM (c), SPWM (d), HSPWM (e),
ISPWM (f), PSM (g), and HPSM (h) buck control methods.

These oscillations add extra conduction losses in the trans-
former and semiconductor devices.

As can be seen from Fig. 9, the voltage of capacitor C3 is
changing when the resonant current is equal to zero in PWM,
HSPWM, ISWPM, and HPSM methods. It is the result of the

magnetizing current flowing in the secondary winding of the
transformer.

The magnitudes of the transformer current depend on the
quality factor of the resonant tank, the turns ratio of the
transformer, and the load power. Therefore, the magnitudes
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FIGURE 10. Normalized voltage gain of the case study SRC for PWM and
APWM (a), ISPWM and HPSM (b) at P = 250 W.

of the transformer current are practically the same for some
modulation methods. But thwe magnitude is the highest for
the APWM method, as described in Section V.

B. COMPARISON OF EXPERIMENTAL AND THEORETICAL
CONTROL VARIABLES
Experimental and theoretical values of the normalized dc
voltage gain of the case study converter were plotted for
the PWM, APWM, ISPWM, and the HPSM methods as a
function of the duty cycle DSD in Fig. 10. At the same time,
Fig. 11 presents the duty cycle DSD as a function of the input
power for the same methods. Hereinafter, in figures, solid
lines correspond to the theoretical values, while dots present
experimental data. Theoretical curves in Figs. 10 and 11 were
obtained using (10), (13), (14), and the numerical analysis
for the ISPWM described in [16]. They are compared to the
experimental results for the input voltage range from 25 V to
75 V (Fig. 10) and for the input power range from 30 to 300
W (Fig. 11). It can be seen from the figures that the voltage
gain curves are almost identical for all the compared methods.
The four methods considered in Figs. 10 and 11 show good
agreement between the theoretical and experimental results. It
is worth mentioning that that experimental values of the duty
cycle DSD for PWM and ISPWM are virtually identical, which
proves assumption of equivalence of their dc gain curves made

FIGURE 11. Duty cycle of the case study SRC for PWM and APWM (a),
ISPWM and HPSM (b) at Vin = 35 V and different power.

in [16]. Small differences between theoretical and experi-
mental values occur outside the target regulation range and
are mostly associated with the assumptions of a lossless sys-
tem, neglecting the influence of the magnetizing inductance
during the analysis. As can be seen from Fig. 5, other re-
viewed methods have theoretical gain curves that conised with
those for the four selected methods. Therefore, other methods
were omitted from Figs. 10 and 11 for better clarity and
readability.

C. COMPARISON OF EXPERIMENTAL AND THEORETICAL
POWER LOSSES
Figures 12 and 13 show the results of the calculation of
theoretical power losses (solid lines) based on the described
methodology in comparison with experimental losses (mark-
ers) for all buck control methods at P = 250 W and different
input voltages (Fig. 12), at Vin = 35 V and a different power
(Fig. 13), respectively. Increasing the input voltage increases
the power losses since the duty cycle is decreased. With in-
creased power, the resonant current and the duty cycle are in-
creased. Therefore, the resonant current influences conduction
losses in the elements and switching losses of the transistors.

As can be seen from Figs. 12 and 13, the methodology
described in Section V shows good agreement with the exper-
imental results. Thereby, this methodology can be used in the
future research work. Deviations between the theoretical and
experimental results are mostly associated with uncertainties
and temperature drift of the datasheet parameters, and para-
sitic power losses in a PCB.

D. EFFICIENCY
Efficiencies of the prototype as a function of the input voltage
and as a function of power for different control methods are
shown in Fig. 14.

The maximum efficiency of the prototype equals 96.7% at
Vin = 25 V, P = 250 W, DDS = 0.5 for all control methods.
This is a point of the maximum dc voltage gain. At this point,
switches are turned on and off at zero current because the
resonant current is virtually sinusoidal. With an increase of
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FIGURE 12. Power losses of the converter for PWM, PSM, HSPWM, ISWPM
(a); APWM, HPSM, HPWM, SPWM (b) at P = 250 W.

FIGURE 13. Power losses of the converter for HPWM, ISWPM, APWM,
HPSM at Vin = 35 V.

the input voltage, the duty cycle decreases, thus increasing
the power losses. The difference in the efficiency is mostly
associated with the conduction losses in the body diodes of
the MOSFETs, switching losses in the transistors, and power
losses from the magnetizing current. In each control method,
the efficiency is decreased at a low power range since the
transformer core losses from the magnetizing current and par-
asitic oscillation prevail over other types of losses.

The HPSM has the highest efficiency at different voltages
and different powers. The main difference of the efficiency

FIGURE 14. Efficiency of the case study SRC at P = 250W and different
voltage (a); at Vin = 35 V and different power (b).

between the PSM and the HPSM is associated with the differ-
ence in the conduction losses resulting from the magnetizing
current flowing through different converter components and
the parasitic oscillations, as it was described in Section VI.
The number of transistors switched at high current is also
two in the APWM and the HPWM methods as well as in the
PWM and the HPSM. However, as Table 4 shows, the APWM
features the highest amplitude of the switching current and the
HPWM has high conduction losses of body diodes. The effi-
ciency curves of the shifted methods are close to each another.
The differences of these curves are caused by influence of the
parasitic oscillation and the transformer magnetizing current
that flows through different converter components. The main
drawback of this method is the cumulative switching losses of
transistors in comparison with the previous four methods. The
PWM has the lowest efficiency. When using the PWM control
methods, all transistors are turned off at high current, which
results in the dominance of the switching losses.

VII. DISCUSSION OF RESULTS AND FUTURE RESEARCH
This paper focuses on the comparison of the buck control
methods to control the SRC. Eight different methods were
described in detail. For a comprehensive comparison of these
methods, the methodology of power loss calculation was pro-
posed. This methodology is based on the calculation of cur-
rent and conduction and switching power losses in the used
elements of the circuits, such as transistors, body diodes of

VOLUME 2, 2021 77



SIDOROV ET AL.: OVERVIEW AND COMPREHENSIVE COMPARATIVE EVALUATION

MOSFET, rectifier diodes, the transformer, input and output
capacitors, input and output resistance of the PCB. Also, the
methodology involves the calculation of normalized dc volt-
age gain.

As can be seen from the experiments, theoretical calcula-
tion of the dc voltage gain and power losses based on the
methodology are in good agreement with experimental re-
sults. However, there are small deviations between the cal-
culated and measured values. In the case of the dc voltage
gain, small differences are mostly associated with the as-
sumptions of a lossless system. In the case of power losses,
reasons for deviations are parameter drift of circuit elements,
variation in the operating temperature of the elements, con-
duction, and parasitic losses in the PCB. Also, it should be
noted that copper losses of the transformer were calculated
as conduction losses in the ER of the primary and secondary
windings, which was referred to the secondary winding only
for simplicity. The magnetizing current usually flows only
in one of the windings. This depends on the control method
(Table 6). Therefore, the estimation of the transformer cop-
per losses is either slightly overestimated or underestimated.
This is a minor drawback of the proposed methodology. In
any case, transformer losses prevail over other losses in the
built prototype. Future research should address the design of a
high-efficiency transformer with high leakage inductance for
the SRC as the conventional designs usually result in high ac
resistance caused by high proximity losses in the secondary
winding of the step-up transformer.

In summary, comparison of the buck control methods
shows that the hybrid PSM is the best performing buck control
method for the SRC converter. However, the HPSM cannot
be used to control a half-bridge converter. Only the PWM,
the ISPWM, and the APWM can be used for both full- and
half-bridge converters. The results of the comparison between
these methods showed that the APWM has high efficiency at
different input voltages and different power levels.

It should be noted that in the APWM, two transistors have
high switching current; therefore, they have high switching
losses and, consequently, higher junction temperature. Thus,
the feasible input voltage could be limited. This aspect should
be taken into account during the thermal design of the con-
verter.

The other control methods have one, two, or more draw-
backs mentioned above, which increases the power losses in
the converter. Future research will focus on a synthesis of new
control methods based on optimal use of the existing methods
and transition between them to achieve high efficiency within
a wide input voltage range, which would further extend the
converter operating range.

VIII. CONCLUSION
The paper has compared the buck control methods applied to
the SRC with the discontinuous resonant current and fixed
frequency. This study targets applications with high input
current and low input voltage. Eight existing control meth-
ods were considered in detail. A methodology of power loss

calculation was proposed for the benchmarking. As the ex-
periments demonstrated, the theoretical calculations based on
the proposed methodology showed a good compliance with
the experimental results. However, a drawback of the method-
ology is related to the theoretical transformer model. Future
research will focus on improving this model.

In summary, the theoretical and experimental comparisons
of the buck control methods revealed the HPSM as the best
performing buck control method for a full-bridge SRC. It was
also found that the APWM is the best buck control method for
a half-bridge SRC.

As the analysis of the control methods showed, the main
drawback of the SRC with a low-quality factor is in the oper-
ation at low duty cycle values, resulting in high RMS current
stress of the components, which deteriorates the converter
efficiency. Nevertheless, two directions of efficiency improve-
ment could be suggested for the future research: analysis
of soft-switching implementation possibilities to reduce the
switching losses, optimization of the transformer design to
reduce the equivalent resistance of the windings, which causes
high conduction losses while keeping relatively high leakage
inductance of the transformer.
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