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Abstract: This paper proposes a galvanically isolated dc-dc converter that can regulate the input
voltage in a wide range. It is based on the series resonance dc-dc converter (SRC) topology and
a novel boost rectifier. The proposed topology has a smaller number of semiconductors than its
SRC-based existing topologies employing an ac-switch in the boost rectifier. The proposed dc-dc
converter comprises only two diodes and one switch at the output side, while the existing solutions
use two switches and two diodes to step up the voltage. The proposed converter boosts the input
voltage within a single boosting interval in the positive half-cycle of the switching period. In addition,
the resonant current in the negative half-cycle is sinusoidal, which could enhance the converter
efficiency. The resonant capacitor voltage is clamped at the level of the output voltage. Therefore,
the voltage stress of the capacitor could significantly reduce at various input voltage and power
levels. This makes it perfect for distributed generation applications such as photovoltaics with wide
variations of input voltage and power. The converter operates at the fixed switching frequency close
to the resonance frequency to obtain the maximum efficiency at the nominal input voltage. The
zero-voltage switching (ZVS) feature is achieved in the primary semiconductors, while the diodes
in the output-side rectifier turn off at nearly zero current switching. The mathematical model and
design guidelines of the proposed converter are discussed in the paper. The experimental results
confirmed the theoretical analysis based on a 300 W prototype. The maximum efficiency of the
converter was 96.8% at the nominal input voltage, and the converter has achieved a wider input
voltage regulation range than that with the boosting cell comprising an ac-switch.

Keywords: series resonant converter (SRC); wide range voltage regulation; bidirectional switch;
conversion efficiency

1. Introduction

With the rapid growth in the installation of photovoltaic (PV) modules in residential
settings worldwide, the demand for new power converters with high efficiency and low
cost is increasing [1]. This trend is expected to be complemented with the wider use of dc
microgrids [2]. As a result, dc-dc converters are required to connect PV modules to a dc-bus
of a dc-microgrid [3]. These converters have to maintain the following specifications: high
power density, high efficiency, regulation of the wide range of variation in the input voltage,
and compact size [3].

The converter with a wide input voltage regulation range could be capable of tracking
the maximum available power of the PV module in various environmental and shading
conditions. One of the promising candidates for this purpose is resonant converters
like LLC [4–6] and the series resonant converter (SRC) [7–9], which are used in many
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industrial applications. However, LLC employs frequency modulation to regulate the
voltage variation, and thus the design of the magnetic component becomes costly and
complicated. The SRC has received more attention thanks to its simple design and control.
Its implementation allows the resonant current to be discontinuous, i.e., the quality factor of
the resonant tank is less than one. This implementation could perform the buck and boost
functionality using different pulse width modulation (PWM) schemes with boost rectifier
cells. The buck regulation requires the use of a special modulation at the input side, while
the boost regulation requires a boosting rectifier cell, regulating the transformer leakage
inductance current at the output side [10]. In addition, it can regulate the voltage while
operating at a fixed switching frequency by adjusting the duty cycle of the semiconductors.
Additionally, the voltage regulation range of the SRC depends on the switching cells
utilized in the input and output sides [10–12]. This study is focused on the boost voltage
regulation in the SRC using a boosting rectifier cell.

The boosting capabilities of the SRC can be upgraded by developing new boosting
cells to be used at the output side. Since the resonant current on the high voltage side is rel-
atively low, integrating the boosting cell on the secondary side of the isolation transformer
minimizes losses. There are different investigated cells for the SRC aiming to improve the
converter efficiency and the regulation range [13–17]. The bridgeless rectifier cell with two
diodes and two metal oxide semiconductor field-effect transistors (MOSFETs) has been
used widely in power factor correction applications. It has been used in [13], to step up the
input voltage. Recently, it was demonstrated, in [11], that its regulation range is limited due
to the possibility of reverse current flows in the same half-cycle due to the parasitic current
path caused by the overlapped PWM scheme. The boosting cells in [14,15] have different
PWM schemes, where the latter employed synchronous rectification to improve efficiency
at the expense of cost and control complexity. In [16], the voltage boosting interval appears
only at one half-cycle, and consequently, the resonance current has a sinusoidal waveform
in the other half-cycle of the switching period, which avoids one hard turn-on of a transistor
in the boosting cell. The configuration of the circuit in [17] employs two switches and two
diodes. To implement the ac-switch, the two switches are connected as a back-to-back
structure. In addition, two diodes and two capacitors are implemented with the voltage
doubler rectifier. Contrary to the other boosting cells, the leakage inductance current rises
linearly during the boosting interval like in the conventional boost converter. Although
this boosting rectifier cell has a lower voltage stress on the MOSFETs and could reduce the
switching losses, the voltage regulation range is substantially limited, especially at higher
resonance inductance [12].

This paper modifies the boosting rectifier cells from [17], by removing one switch and
rearranging the other switch and two diodes. Consequently, the proposed cell comprises
only one MOSFET and two diodes in the configuration of the rectifier cell. The voltage
stress on the resonance capacitor is clamped at the output voltage level, whatever the input
voltage and power level. This resolves the main issue of the counterpart cells that could
suffer from excessive stress on the resonant capacitor in case of overloads and regulation
transients. In low-power conditions and lower dc voltage gains, the derived SRC employs
only one diode, where the other diode is in the idle state. The modulation scheme applied
to the proposed topology employs the forced half-resonance to enhance converter efficiency
as the current has a half-wave sine waveform in one half-cycle of the switching period. The
proposed circuit has various modes of operation that enable the converter to cope with
the wide range of input voltages and power variations that are common for distributed
generation applications. This paper will only handle regulating the low-input voltage, i.e.,
boosting condition.

The remaining content of the paper starts with Section 2 that comprehensively de-
scribes and analyzes the operation of the proposed topology in the boost mode, where the
proposed boosting cell is used at the output side. Section 3 introduces the design guidelines
and experimental results of the converter. Finally, Section 4 concludes the paper.
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2. The Proposed Converter
2.1. Description of the Topology

The proposed topology is shown in Figure 1. The input capacitor, CIN, filters out
the converter input current ripple and decouples the input voltage source, VIN. The
front-end full-bridge comprises the semiconductors S1–S4 operating as a high-frequency
inverter. The isolation transformer, TX, is employed to step up the input voltage by the
factor of the turns ratio, n. It also provides galvanic isolation between the input and
output sides to increase the safety level. The magnetizing current of the transformer, Im,
which corresponds to the magnetizing inductance, Lm, helps achieve the soft-switching
of the input-bridge semiconductors, as will be discussed later. The sum of the leakage
inductance of the transformer, Llk, and the external resonant inductance, Lext, represents
the resonance tank inductance, Lr = Llk + Lext. As a result of the magnetic integration of the
isolation transformer and the resonant inductance, the size and cost of the converter will
be decreased.

Figure 1. Configuration of the proposed topology of series resonance dc-dc converter (SRC) with a single-switch boosting
rectifier cell.

The resonance frequency of the converter, Fr, is defined in (1), where Cr refers to the
resonant capacitance of the resonant tank. The boosting cell of the converter includes
one MOSFET Q and two diodes (D1 and D2). The gating signal for Q must be adjusted
regarding the biased state of the top diode D1. Next, the rectified voltage from the boosting
cell is smoothed by the decoupling output capacitor, CO. The converter operates at a fixed
switching frequency, FSW, which has to be selected at 5–10% lower than the resonance
frequency to obtain the possible high conversion efficiency under the nominal input
voltage [13].

Fr =
1

2π
√

LrCr
(1)

The peak-to-peak voltage ripple value of the resonant capacitor, ∆VCr, can be defined
as in (2). Although ∆VCr is mainly affected by the power level and input voltage of the
converter, the maximum voltage across Cr does not exceed the value of the output voltage,
VOUT, because the capacitor voltage will be clamped by the conducting bottom diode D2.
In addition, the relation in (2) will not be valid in these conditions, and thus the maximum
ripple this value cannot exceed ∆VCr(max) = 2nVIN. Therefore, the voltage stress of Cr
is reduced at high power compared to the existing boosting rectifier cells. It is worth
mentioning that D2 does not conduct as long as the capacitor voltage is less than the output
voltage at any given time. The subsequent analysis of the proposed topology will be
set according to these observations. The converter operation conditions depend on the
operating point of the output power and the input voltage, as will be discussed later.

The following considerations are made to make the analysis simpler:

1. Each primary side semiconductor has a parasitic output capacitance of Coss, while the
other converter components are ideal;

2. Negligible output voltage ripple;
3. The output capacitance CO is much larger than Cr;
4. The converter is lossless;
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5. The state variables of the converter are the resonance inductor current, iLr(t), and the
resonance capacitor voltage, vCr(t).

∆VCr =
POUTTSW
2nVINCr

, (2)

where POUT is the load power, and TSW is the switching period of the converter.

2.2. Modes of Operation

The operation and design of the proposed converter are based on the discontinuous
resonant current conditions in the case when the quality factor of the resonant tank is less
than one under any load [10].

2.2.1. Operation at the Nominal Input Voltage (Pure-SRC)

As was mentioned in the Introduction, the SRC can operate both in the buck and
boost modes. The operating point between them corresponds to the nominal input voltage
when the given converter operates as a conventional non-controlled fixed-gain SRC with
a purely sinusoidal current of the resonant tank. This is the normal state of the converter
operation at which the output voltage is generated only by the boosting action from the
isolation transformer. It will be referred to as pure-SRC in the remaining part of the paper.
The equivalent circuit corresponds to a voltage doubler in the output-side cell with a single
resonant capacitor.

The steady-state waveforms of the proposed converter are given in Figure 2. The
diode D2 remains reverse biased during this condition where vCr(t) < VOUT at all the levels
of the converter power. Thus, the current of the bottom diode equals zero, as shown in
Figure 2. The switch Q duty cycle equals 0.5, excluding the short dead time. The value of
∆VCr can be accurately defined by Equation (2). The trajectory curve is close to a circular
shape due to the sinusoidal contour of the resonance current and the capacitor voltage,
as shown in Figure 3. The vertical axis corresponds to the resonant current multiplied
by the characteristic impedance of the resonant tank, Zr. The resonant current reaches its
maximum value when the resonant capacitor voltage equals zero and vice versa.

The transistor Q gate signal follows that of the switches S2 and S3 to ensure that the
top diode D1 is conducting during the positive half-cycle. When a positive voltage is
applied to the transformer primary windings, the magnetizing current of the transformer,
Im, has a positive slope and vice versa. The peak value of Im(max) depends on the input
voltage and switching period as in (3). During the dead time between the switches in the
same leg, the magnetizing inductance acts as a current source reflected onto the primary
side to charge/discharge the parasitic output capacitance of the semiconductors, Coss. If the
dead time is long enough, the primary switches are turned on at zero voltage switching in
the next switching half-cycle. The diode D1 is turned off at nearly zero current switching
at the end of the positive half-cycle as the resonance current drops down to zero and the
converter enters the freewheeling state. The duration of the resonant current pulse feeding
the load during the positive half-cycle depends on the operating power of the converter.
At the same time, it occupies all the negative half-cycle due to the switch Q being turned
on during this half-cycle.

Im(max) =
TSW

4nVIN Lm
(3)

2.2.2. Operation at the Input Voltages below the Nominal (Boost-SRC)

If the input source of the converter is a photovoltaic (PV) module, as an example, the
terminal voltage is decreased under partial or opaque shading conditions. The reduced
input voltage must be stepped up to the target dc-bus voltage by the converter. Therefore,
the transistor Q is controlled with a duty cycle larger than 0.5 and uses the resonance
inductor to boost the secondary winding voltage. During the conduction time part ex-
ceeding half of the switching period, the leakage inductance current is increasing, storing
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energy supplied from the input source. These operation conditions will be referred to as
boost-SRC in the text below. There are three possible scenarios of the converter operation
in the boost-SRC conditions: A, B, and C, depending on the critical time, tcri, at which the
instantaneous value of the capacitor voltage reaches the output voltage starting from the
beginning of the positive half-cycle. The steady-state waveforms and the trajectory curves
of the state variables of the converter are given in Figures 4 and 5, respectively, for three
operation scenarios. During the boost-SRC condition, the converter will operate in the
following modes:

Mode I [t0 < t ≤
´
t1] (first part of the boosting interval): This represents the starting

of the positive half-cycle as the transformer’s primary winding has a positive voltage
by turning on the switches S1 and S4 at the instant t0 = 0. This instant will be used as a
reference in all three operation scenarios for the boost-SRC conditions. The initial value
of the resonance current is zero from the end of the previous half-cycle. Meanwhile, the
capacitor voltage has an initial value of vCr(t0). The MOSFET Q continues conducting from
the previous (negative) half-cycle. The top diode D1 is reverse biased when the switch Q is
conducting, while the anode–cathode voltage across the bottom diode D2 is negative as
vCr(t) is lower than VOUT. Therefore, D2 is reverse biased from the instant t0 as well. The
equivalent circuit of the converter in this mode is depicted in Figure 6a for clarity. Lr and
Cr are always resonating during this mode and start charging in a positive direction. The
current charging profile of Lr follows the sinusoidal waveform. The time duration of this
interval is equal to or less than the boosting time. This mode ends in either of two cases,
whichever is sooner: the value of vCr(t) equals the output voltage, or the boosting interval
ends. The equations of the state variables can be derived from the equivalent circuit as:

iLr(t) =
r1

Zr
sin(π −ωr(t− t0)) (4)

vCr(t) = (nVIN + VOUT) + r1 cos(π −ωr(t− t0)), (5)

r1 = nVIN + VOUT − vCr(t0), (6)

where Zr =
√

Lr/Cr is the characteristic impedance of the resonant tank, and ωr =
1/
√

LrCr is the resonant angular frequency.

Mode II [
´

t1 < t ≤ t1] (remaining part of the boosting interval, if applicable): This
mode has a probability of occurrence based on the operation scenario of the converter, as
will be shown below. The equivalent circuit is shown in Figure 6b. The resonant capacitor
voltage vCr(t) remains constant at the VOUT level until the end of the boosting interval at
instant t1. The main difference compared to Mode I is in the forward-biased state of D2
where the anode–cathode voltage equals the corresponding forward voltage drop close
to zero. The charging of the resonant inductor starts in the same positive direction but
with a linear profile due to the short circuit formed through Q and D2. The operation of
the converter in this mode is similar to the conventional boost converter. Additionally, no
power is exchanged between the load, and the input source provides Lr with the charging
power. The equations of the state variables are as follows:

iLr(t) = iLr(t́1) +
nVIN

Lr
(t− t́1) (7)

vCr(t) = VOUT (8)

Mode III [t1 < t ≤
´
t2] (first part of the discharge interval): It starts at turning off the

switch Q as the boosting interval is over, while the top diode D1 starts conducting. The
stored energy in the resonant inductor during the boosting interval begins to transfer into
the resonance capacitor, as shown in Figure 6c. The resonance capacitor continues charging
from the previous mode, i.e., Mode I. It will be terminated when vCr(t) reaches the output
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voltage or the resonant current drops to zero. It has an occurrence probability based on the
operating conditions. The state variable equations are defined as:

iLr(t) =
r2

Zr
sin(β−ωr(t− t1)), (9)

vCr(t) = (nVIN) + r2 cos(β−ωr(t− t1)), (10)

r2 = nVIN − vCr(t1), (11)

where β is the initial angle of this interval.

Figure 2. Steady-state waveform of the proposed converter under the nominal input voltage (pure-
SRC conditions).

Figure 3. Trajectory curve of the converter state variables under the nominal input voltage (pure-
SRC conditions).
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Figure 4. Steady-state waveforms of the proposed converter for three operation scenarios in the boost-SRC condition.
(a) Scenario A: Forced half-resonance, (b) scenario B: Single-boosting mode, (c) scenario C: Double-boosting modes.

Figure 5. Trajectory curves of the converter state variables for the three possible scenarios in the boost-SRC conditions.
(a) Scenario A, (b) scenario B, (c) scenario C.

Figure 6. Equivalent circuits of the proposed converter in the boost-SRC conditions. (a) Mode I, (b) Mode II, (c) Mode III,
(d) Mode IV, (e) Mode VI.
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Mode IV [t́2 < t ≤ t2] (remaining part of the discharge interval): The capacitor
voltage reaches the output voltage level at the boundary with Mode III. The equivalent
circuit is shown in Figure 6d. The diode D2 is conducting, and vCr(t) remains constant at
VOUT until the next half-cycle. The discharging profile of the resonance current is linear. The
converter works in the same way as a traditional boost converter, releasing accumulated
energy into the load. The time domain expressions of the state variables can be given as:

iLr(t) = iLr(t́2) +
nVIN −VOUT

Lr
(t− t́2), (12)

vCr(t) = VOUT . (13)

Mode V [t2 < t ≤ t3] (first dead time interval): This represents the first dead time
interval between the gating signals of the primary switches in the same leg. Inserting the
dead time avoids the possibility of a short circuit. The switches S1 and S4 are turned off.
Therefore, all the primary switches are not conducting at the instant t2. The magnetizing
current reaches the peak value defined in (3). As stated earlier, Im acts as a constant current
source in the circuit, and it is reflected onto the primary side of the isolation transformer.
It begins to flow through the parasitic output capacitance, Coss, of S1–S4, where Coss of
S1,4 is charging, and Coss of S2,3 is discharging. If the dead time is sufficient to discharge
all parasitic capacitances fully, the switches S2,3 will achieve a full soft-switching at zero
voltage at the next turn-on, i.e., the beginning of Mode VI.

Mode VI [t3 < t ≤ t4]: (half-resonance): The duration of this mode is nearly half of
the switching period, as follows from the equivalent circuit given in Figure 6e. The switches
S2 and S3 are synchronously turned on at the instant t3. The switch Q is switched on as a
synchronous rectifier to avoid conduction of its body diode to reduce the conduction losses.
Both diodes of the rectifier cell are in the reverse biased state. The current of Cr is negative,
and thus Cr begins to discharge in this mode. Additionally, between the input source and
the load, there is a direct power transfer. This mode is similar to the conventional SRC
operating close to the resonant frequency. The resonant current follows the sinusoidal
shape, and its peak value iLr_np can be calculated using (14). The time domain equations of
the state variables are given in (15) and (16).

iLr_np =
∆VCr
2Zr

, (14)

iLr(t) =
r3

Zr
sin(π −ωr(t− t2)), (15)

vCr(t) = nVIN + r3 cos(π −ωr(t− t2)), (16)

r3 = −nVIN + VOUT − vCr(t2). (17)

Mode VII [t4 < t ≤ t5] (second dead time interval): The end of the switching period
and similar to Mode IV, but Coss of S1,4 is charging while that of S2–3 is discharging.
Consequently, S1,4 will achieve zero-voltage switching (ZVS) at the beginning of the next
mode, i.e., Mode I.

2.3. DC Voltage Gain Dependance on the Boosting Duty Cycle (Db) for Each Operating Scenario

The part of the duty cycle of the switch Q that coincides with the positive half-cycle
is used to boost the input voltage. It is designated here as Db, where the time instant
t1 represents the boosting time interval, i.e., Db = t1/TSW. The converter operation may
include Modes I and II during one boosting interval. The maximum theoretical value of Db
is limited by half of the switching period as the switch Q operates with a duty cycle of over
0.5 for the synchronous rectification purpose. Table 1 summarizes the possible operation
scenarios and defines the modes in each case. All three scenarios feature four common
modes: I, V, VI, and VII.
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Table 1. Converter operating scenarios in the boost-SRC conditions.

Description/Variable
Scenario

A B C

Lr is Charging in Boost Half-Cycle
Mode I

√ √ √

Mode II × ×
√

Lr is Discharging in Boost Half-Cycle
Mode III

√ √
×

Mode IV ×
√ √

First Dead Time Mode V
√ √ √

Negative Half-Cycle Mode VI
√ √ √

Second Dead Time Mode VII
√ √ √

∆VCr Equation (2) 2nVIN 2nVIN

VCr Equation (21) Equation (25) Equation (27)

Db Equation (18) Equation (22) Equation (26)

2.3.1. Scenario A

If the value of ∆VCr defined by (2) equals or lower than 2nVIN, then the diode D2
always remains reverse biased, and there is no need to find the value critical time, tcri.
Furthermore, the capacitor voltage of Cr does not reach the level of the output voltage, and
tcri is always larger than the term of 0.5TSW. The converter operation in this scenario is
similar to that of the circuit in [16]. The duty cycle of the switch Q can be formulated as
the following:

Db =

cos−1
(

R2
2−R2

3+V2
OUT

2R2VOUT

)
ωrTSW

, (18)

where R2 and R3 are radii of arcs on the state–space trajectory curves (Figure 5) defined as:

R2 = 2nVIN +
∆VCr

2
(19)

R3 = VOUT − 2nVIN +
∆VCr

2
(20)

2.3.2. Scenario B

In this scenario, the capacitor voltage does not reach the output voltage at the instant
t1, i.e., vCr(t1) ≤ VOUT, while applying the boosting interval. It features only Mode I when
charging the resonance inductor and both Modes III and IV in the discharge operation.
Consequently, it could be called a single-boosting case. The voltage across the inductor
during the positive half-cycle is sketched in Figure 7a. Based on the volt–second balance of
the inductor voltage during half of the switching period and assuming the linear behavior
of the voltage during the time interval td1 to simplify the analysis, the converter duty cycle
can be expressed as:

Db =

sin−1

(
2π
3 .

√
K
(

V2
OUT

n2V2
IN
− VOUT

nVIN

))
ωrTSW

(21)

where the variable K = 2Lr POUT
TSW V2

OUT
is used to simplify the equation.

When the boosting interval is over, the instantaneous value of the capacitor voltage,
vCr(t1) can be calculated using (5) by substituting t = t1, where t1 = DbTSW. The additional
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time, td1, is required during the discharge process of the resonance inductor for the capacitor
to charge up to the output voltage:

td1 =
cos−1

(
1− 2nVIN−vCr(t1)

nVIN

)
ωr

. (22)

Therefore, the total time for vCr(t) = VOUT between the start of the positive half-cycle
and the end of the boosting interval, which refers to the critical time, equals:

tcri = t1 + td1 (23)

Figure 7. Timing diagram of the voltage across Lr in the positive half-cycle in the boost-SRC conditions for (a) scenario B and
(b) scenario C.

2.3.3. Scenario C

The capacitor voltage charges up to the output voltage before the boosting interval
ends, i.e., tcri < t1. Then, the diode D2 conducts in the remaining part of the boosting
interval. It could be called a double-boosting case as it includes both Modes I and II within
the boosting interval. Consequently, Mode II will be followed only by Mode III when
discharging the energy stored in Lr. The voltage across the resonance inductor during
the positive half-cycle is plotted in Figure 7b. Applying the inductor volt–second balance
during this half-cycle of the switching period yields:

Db =

√√√√K

(
V2

OUT
n2V2

IN
− VOUT

nVIN

)
− 1

4
(24)

The critical time can be given as:

tcri
∼=

1.23
ωr

(25)

2.4. Transition between Operation Scenarios

Figure 8 shows the relationship between the critical time and the input voltage at
various power levels of the converter. The range of the input voltage is adjusted to include
only scenarios B and C, where the critical time is limited to half of the switching period
(TSW/2). It is evident from the figure that the critical time remains below or equal to TSW/2
(2.06 µs) for the entire range of the input voltage for the operation scenario C (as in (25)).
Meanwhile, in the region of scenario B, the capacitor voltage needs a longer time to charge
up into the output voltage when the voltage is low until it reaches the boundary with
scenario C. Additionally, the sketch clarifies the effect of the converter power on the voltage
range for each scenario. The complete flowchart that shows how the converter operation
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scenario could be defined is sketched in Figure 9. The operation scenario of the converter
in the boost-SRC conditions is mainly dependent on the input voltage, converter power,
and the resonant tank parameters.

Figure 8. Dependence of tcri on the input voltage at various power levels for scenarios B and C.

Figure 9. Flowchart of the operation scenario selection for the converter in the boost-SRC conditions.

3. Experimental Validation
3.1. Design Guidelines
3.1.1. Transformer

The transformer should be designed at the nominal input voltage, VIN_Nom, which
should correspond to the most probable operating point of the converter. Therefore, the
turns ratio can be selected as in (26) to ensure the converter generates the desired output
voltage at Db = 0. Additionally, to reduce the copper loss and the proximity losses in the
transformer windings, the Litz wire is preferably utilized where it has a large effective
number of layers [9]. The magnetic material of the transformer core is the 3C95 ferrite
with an ETD39 core type. This material has a low power loss per volume and is more
suitable for low to medium switching frequency applications [18]. The number of turns in
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the primary winding has to be optimized to avoid saturation of the core at the maximum
input voltage (27). Additionally, the window area of the core should be taken into account
when calculating the number of turns. After selecting the turn number of the primary
winding, the secondary turns can be calculated based on the transformer turns ratio. The
primary and secondary layers are preferably separated using an isolation material like
Kapton tape to ensure high breakdown voltage of the isolation barrier [19]. This isolation
material features a high temperature range as well as high strength [20].

n =
VOUT

2VIN_Nom
, (26)

B =
VIN

2Np Ac
, (27)

where B is the peak-to-peak flux density in the core, Np is the primary turns, and Ac is the
effective cross-section area of the core. The magnetizing inductance shall be dimensioned so
that the magnetizing current can fully charge and discharge the parasitic output capacitance
of the primary semiconductors during the dead time [15] as:

Lm ≤
n2TDT

8FSWCoss
, (28)

where TDT is dead time in the gating signals of the primary switches.

3.1.2. Resonance Tank Parameters

The resonance inductance affects the required duty cycle and the root mean square
(RMS) value of the currents in the circuit. It needs to be optimized to minimize the losses at
the nominal input voltage. The relation between the resonance inductance and the losses
in the converter is depicted in Figure 10. The losses model of the semiconductors has been
adopted from work in [21], while the core losses are estimated based on the improved
generalized Steinmetz equation [22]. It is clear that when increasing the inductance, the
losses in the circuit decrease. However, the leakage inductance should be low enough to
ensure resonant tank operation with a discontinuous resonant current, i.e., a Q factor less
than one. Next, Cr could be selected regarding the target resonance frequency and utilizing
the value of Lr. The material of Cr should have a low series resistance and low temperature
coefficient as well [13].

Figure 10. Dependence of the total power loss of the converter (Ploss) on the resonance induc-
tance value.

3.2. Description of the Experimental Testbench

The rated power and the nominal input voltage of the designed converter are 300 W
and 30 V, respectively. The turns ratio of the transformer equals six according to (26).
The experimental setup photo is given in Figure 11, while the list of the parameters and
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components utilized in the prototype is given in Table 2. An external inductor is wound
to compensate for the low value of Llk of the transformer. The resonance frequency of the
converter is 92.3 kHz, which is close to the switching frequency to improve the converter
efficiency. All efficiency measurements were taken with the Yokogawa WT1800 precision
power analyzer, with the exception of the auxiliary power consumption. The control system
is implemented utilizing the low-cost STM32F334 microprocessor.

Figure 11. Experimental setup in the laboratory.

Table 2. Setup parameters and components.

Parameter Symbol Value

Input voltage range VIN 10:30 V
Input-side capacitor CIN 150 µF
Leakage inductance Llk 4 µH
External inductance Lext 92.5 µH

Magnetizing inductance Lm 1 mH
Transformer core material

TX

Ferrite 3C95
Transformer core geometry ETD39

Primary turns 9 (90 × 0.2)
Secondary turns 54 (90 × 0.1)

External inductor core material

Lext

Ferrite 3C95
External inductor core geometry E42

External inductor turns 33 (90 × 0.1)
External inductor core air gap 11 mm

Resonance capacitor Cr 30 nF
Output-side capacitors Co 150 µF

Output voltage VOUT 350 V
Switching frequency FSW 95 kHz

Components Symbol Part Number

Primary side switches S1-4 FDMS86180
Bidirectional switch Q SCT2120AF
Output-side diodes D1, D2 C3D02060E

3.3. DC Voltage Gain

Figure 12 shows the theoretical and experimental gain versus the boosting duty cycle
Db at different loading powers. The output voltage to input voltage ratio is referred
to as the dc voltage gain, G = VOUT/VIN. The duty cycle represents only the boosting
interval in the positive half-cycle of the switch Q. It can be noted that the two curves are
approximately matched with a small deviation as the mathematical analysis is done for the
lossless system. Furthermore, at the same dc voltage gain G, the power level influences the
duty cycle value. Larger deviations between the theoretical and experimental gain curves
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observed at lower powers can be explained by the effect of the parasitic capacitances of the
output-side semiconductors.

Figure 12. Theoretical and experimental dc voltage gain curves versus the boosting duty cycle Db.

3.4. Measured Efficiency

The efficiency is measured in the pure-SRC conditions at 30 V and boost-SRC conditions
at 25 V, as shown in Figure 13. The efficiency of pure-SRC is higher than at 25 V for most of
the power levels due to negligible switching power losses. The peak efficiency of pure-SRC
and 25 V equals 96.5% and 96%, respectively. The weighted California Energy Commission
(CEC) efficiency equals 94.4% and 95.8% for the boost-SRC and pure-SRC conditions,
respectively. At lower powers, the controllability is decreased as a smaller duty cycle Db is
needed to regulate the input voltage.

Figure 13. Measured efficiency of the proposed converter at the nominal input voltage of 30 V and in
the boost-SRC at 25 V.

3.5. Comparison with the Existing Topology with an AC-Switch

The proposed topology is considered a modification of the baseline topology shown in
Figure 14 [17]. The latter comprises two switches and two diodes to boost the input voltage,
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implementing the ac-switch-based technique, i.e., using a bidirectional switch. The range
of the input voltage that the two converters can regulate is measured in the laboratory, as
shown in Figure 15a. It can be noted that the proposed topology covers a wider range than
that of the topology in [17]. As can be observed from the figure, the proposed converter can
regulate the input voltage and power in a wider range compared to the circuit based on
the ac-switch. Next, the efficiency of both circuits was measured versus the power level, as
shown in Figure 15b. It is worth noting that in pure-SRC conditions, all topologies work the
same at the nominal voltage. The proposed topology provides slightly lower efficiency in
the boost-SRC conditions at 25 V, which, however, is a justifiable disadvantage considering
the improved converter regulation range.

Figure 14. SRC configuration based on the ac-switch boosting technique [17].

Figure 15. Comparison between the proposed topology and the topology in [17]: (a) Measured
operating range and (b) measured efficiency.

3.6. Steady-State Waveforms
3.6.1. Pure-SRC Conditions

The experimental results for the trajectory curve and the steady-state waveforms
are shown in Figures 16 and 17, respectively. The operating power of the converter was
200 W. The radius of the bottom half-circle in the state trajectory is 210 V, which refers
to the peak-to-peak ripple of the resonant capacitor voltage, and the theoretical value of
∆VCr equals 198.5 V. In the negative half-cycle, the secondary winding (resonant) current
follows the half-wave sinusoidal shape with a peak value of 1.85 A. The resonant capacitor
discharges from the value of 285 V down to 75 V at the end of this half-cycle. At the end of
the positive half-cycle, the converter operates in the freewheeling condition for a short time.
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Figure 16. Measured state–space trajectory curve in the pure-SRC conditions.

Figure 17. Steady-state waveforms of the converter in the pure-SRC conditions: (a) At the input and
(b) output sides.

3.6.2. Boost-SRC, Scenario A

The trajectory curve and the steady-state waveforms are shown in Figure 18. In this
case, the input voltage and the converter power equal 25 V and 200 W, respectively. The
measured value of ∆VCr is 232 V, which matches the theoretical prediction of 234 V calcu-
lated from (2). The boosting duty cycle Db equals 0.055. The value of the secondary current,
ITX,sec, at the end of the boosting interval is 2.8 A. The converter operation corresponds
to the theoretical analysis. As the resonant current decreases to zero, parasitic voltage
oscillations are generated by parasitic capacitances of the output-side semiconductors, but
this has little effect on the converter’s main operating principle.

Figure 18. Experimental waveform of the proposed converter for scenario A: (a) Trajectory curve
and (b) steady-state waveforms.
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3.6.3. Boost-SRC, Scenario B

During this case, the input voltage and the power level are 20 V and 200 W, respectively.
The experimental results for the trajectory curve and the steady-state waveforms are shown
in Figure 19. The boosting duty cycle Db equals 0.15. It is clear that the converter has a
single-boosting mode as the capacitor continues charging while the resonance inductor
is discharging in the positive half-cycle. Further, the capacitor voltage in the negative
half-cycle starts discharging from the output voltage of 350 V down to 105 V at the end of
the half-cycle. This change in the voltage VCr represents the peak-to-peak ripple, which
matches the theoretical value at 2nVIN, i.e., 240 V. During the boosting interval, the inductor
current charges according to the sinusoidal law up to approximately 5 A, then it begins
to discharge until the resonant current drops to zero. It is worth mentioning that the
resonant capacitor voltage reaches the output voltage level soon after the boosting interval
is finished and remains unchanged till the end of the half-cycle.

Figure 19. Experimental waveform of the proposed converter for scenario B: (a) Trajectory curve and
(b) steady-state waveforms.

3.6.4. Boost-SRC, Scenario C

During this case, the input voltage is set to 17 V, the converter power equals 200 W,
while the boosting duty cycle Db equals 0.15. The experimental result of the trajectory curve
is shown in Figure 20a, and the obtained shape matches the theoretical one in Figure 5c. The
capacitor voltage reaches the output voltage before ending the boosting interval, as shown
in Figure 20b. The secondary winding current changes according to the sinusoidal law
before the instant when vCr(t) = VOUT, and linearly after that. The theoretical and measured
values of ∆VCr are 204 V and 205 V, respectively. The two values are well matched, which
confirms the validity of the circuit analysis in this case.

Figure 20. Experimental waveform of the proposed converter for scenario C: (a) Trajectory curve,
and (b) steady-state waveforms.
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A simple closed-loop control system is designed to generate the duty cycle that will
regulate the output voltage at its reference point, as shown in Figure 21. When a maximum
is hit, the anti-windup feedback limits the input of the integrator, preventing a significant
value of integrating action. The proportional and integral gains of the proportional-integral
(PI) regulator are 0.23 and 0.001, respectively. The system is tested in two conditions to
ensure the robustness of the designed regulator. First, the load resistance is changed in a
step from 1000 Ω to 500 Ω, i.e., the power is changed from 122.5 W to 245 W. The output
voltage remains constant at 350 V, as shown in Figure 22a. The input voltage during this
test equals 25 V, and the input current increases from 5.5 A to 11.3 A, corresponding to
the load step. Additionally, ∆VCr changes with the power level, which agrees with the
theoretical prediction (2).

Figure 21. Block diagram of the closed-loop system using the PI regulator with an anti-windup strategy.

Figure 22. The converter response to (a) load step change and (b) the input voltage ramp.

The next test is done by ramping the input voltage from 25 V down to 15 V within
0.5 s, while the load resistance equals 1000 Ω. The response of the converter output voltage
is shown in Figure 22b. The converter operates in the boost-SRC condition and switches
between all three operation scenarios during this input voltage change.

The resonant capacitor voltage stress constraint on the output voltage is a significant
advantage of the proposed converter. It is known that resonant capacitors are prone to fail-
ure in galvanically isolated dc-dc converters [23]. In other existing topologies, including the
single form [17], the resonant capacitor could experience much higher voltage stress during
transients due to resonant current overshoots, which is avoided in the proposed converter.

4. Conclusions

The paper has introduced a new topology of the series resonant dc-dc converter with
galvanic isolation and discontinuous resonant current. This topology utilizes a novel
boosting rectifier cell with one MOSFET, two diodes, and two capacitors at the high voltage
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side. It employs the converter resonant inductor as a boost inductor for voltage boost.
Compared to its counterparts based on a voltage doubler rectifier, this boosting cell reduces
the number of semiconductor components and clamps the resonant capacitor voltage to
the maximum output voltage. The latter feature ensures safe converter operation under
any regulation transients when connected to a stable dc microgrid, but it provides slightly
lower efficiency compared to the closest existing SRC-based topology with an ac-switch.
Nevertheless, the proposed converter can achieve the soft switching feature, and the
maximum efficiency of the converter was 96.5%. The obtained features enable using the
proposed converter in distributed generation applications where it needs to operate in a
wide range of input voltage and power.
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Nomenclature

PV Photovoltaic
SRC Series resonant converter
ZVS Zero voltage switching
LLC Inductor-inductor-capacitor resonant converter
MOSFET Metal oxide semiconductor field-effect transistor
Cr Resonant capacitance (F)
Fr Resonant frequency (Hz)
FSW Switching frequency (Hz)
Lr Resonant inductance (H)
Llk Leakage inductance (H)
Lext External inductance (H)
VCr The average voltage of the resonant capacitor (V)
VOUT Output voltage (V)
Lm The magnetizing inductance of the transformer (H)
n Turns ratio of the transformer
Coss Parasitic output capacitance of the input-side bridge semiconductors
Db Cumulative boosting duty cycle
TSW Switching period (s)
POUT Output power (W)
∆VCr The peak-to-peak ripple of the resonant capacitor voltage
VIN Input voltage (V)
CO Output capacitance (F)
Zr Resonant impedance (Ω)
ZCS Zero current switching
ωr Angular resonant frequency (rad/s)
β Initial angle (rad)
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DCM Discontinuous conduction mode
G Normalized dc voltage gain
PIN Input power (W)
B Peak-to-peak flux density of the transformer (Weber/m2)
Np Number of the primary winding turns
Ac Effective core area (m2)
TDT Dead-time between the two MOSFETs in the input-side bridge (s)
tcri Critical time to charge the resonance capacitor into the output voltage (s)
VOUT_ref Reference of the output voltage
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