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Abstract This paper proposes an improved topology of the three-phase series resonant DC-DC

Boost converter with variable frequency control. The DC output voltage can be properly regulated

at a constant value from no-load condition to full-load condition by adjusting the switching fre-

quency. This is feasible with the three series resonant circuits coupled to the three-phase inverter.

The leakage and mutual inductances of the step-up transformer are used implicitly in the series res-

onant circuits. Therefore, the proposed converter, when matched to the traditional three-phase

inter-leaved LLC converters, requires fewer transformers, passive components, and switching

devices. Furthermore, it offers better efficiency and size reduction. The proposed SRC converter

also relies on the transformer’s magnetizing inductance to ensure zero voltage switching (ZVS)

for all the switches within the considered range of the operating frequency. The deployed variable

frequency controller shows a good level of stability at the considered loading conditions. The output

voltage-to-input voltage ratio is steadily regulated at 6:1, irrespective of the load variation, by vary-

ing the switching frequency. The experimental validation of the theoretical findings proceeded on a
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low power scaled-down laboratory prototype. From the achieved results, the performance of the

proposed converter (in terms of its effectiveness) was validated.

� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

The recent drive for clean energy in power systems, coupled
with the increasing industrial applications, such as in smart-

grids, electric vehicles, and renewable energy systems, has led
to a substantial interest in DC/DC resonant converters. These
resonant converters have the advantages of high-frequency
operations with soft switching, smooth waveforms, high-

power density, and high-efficiency [1–3]. The soft switching
merit undoubtedly allows the converter to experience reduced
switching losses, even when operating at a high switching fre-

quency [4–6]. The classification of the behavior of resonant
converters might depend on many variables, such as their
switching technique, frequency ratio, and mode of operation.

A converter can achieve ZVS commutation for all switches if
it achieves a higher switching frequency than the resonant fre-
quency [7]. Alternatively, a higher resonant frequency than the

switching frequency results in zero current switching (ZCS)
[8,9]. Series resonant converters (SRC) are popular for many
applications due to their simplicity [10,11]. However, their dis-
advantage is the requirement to split the input voltage between

the load and the resonant impedance, which always reduces
the DC gain of SRC below unity [12,13]. Furthermore, it is dif-
ficult to control the output voltage during no-load or light load

conditions. This limits the ZVS to a specific range of input
voltage and load conditions [14–16]. To address these issues,
several approaches have been considered; one such approach

is the LLC series resonant converter topology. This has
attracted much attention due to its high voltage gain and better
conversion efficiency [17,18]. These converters have been
developed and investigated for both full-bridge and half-

bridge inverter topologies, and with either center-tapped or
full-bridge rectifiers at the secondary-sides [19,20]. Utilizing
the magnetizing or leakage inductance can further widen the

range of the soft switching for all power switches. Hence, high
power density and efficiency can be achieved [21,22]. A phase-
shifted series resonant converter utilizing stepped-up trans-

former is implemented in [21]. As a result, the resonant tank
inductivity is enhanced, so ZVS is achieved for all single-
phase inverter switches. Moreover, the gain is up to a three-

fold increase over the input voltage.
Despite the popularity of the single-stage resonant convert-

ers, they remain prone to certain drawbacks. This is the case
especially when they are used in high input voltage scenarios,

where efficiency and reliability are both affected negatively
by the current stress on power semi-conductor devices
[23,24]. Owing to this limitation, multilevel converters were

introduced, as they make the use of low-voltage switching
devices possible in high-voltage applications, such as HVDC
utility grid applications and medium voltage motor drives

[25,26]. Furthermore, the switching frequency range defines
the modes of operation of the existing three-phase three-level
converters. This has been presented in [27] where the achieved

soft switching range is larger compared to that of the PWM-
controlled three-phase three-level converter presented by [28].
Soft switching converters are developed for applications that
require higher efficiency, smaller size and volume, where high
switching frequency can be used with manageable or mini-

mized stress on switching devices [29–31]. Alternatively, the
multi-phase parallel technique was proposed in [32] to reduce
the current stress in each phase, but the resonant frequency

was not the same in each individual LLC phase, which may
cause imbalanced output currents. Similarly, [33] suggested a
three-phase inter-leaved LLC resonant converter that is ideal

for application in high-voltage scenarios with attainable
ZVS. This converter consists of 3 full-bridge LLC resonant
converters that are connected to the related secondary compo-
nent using Y-connected diode rectifiers. The study by [34]

exploited the phase-shift technique to hybridize three-phase
and LLC control. The aim was to reduce the conduction-
related losses by splitting the lagging switches among the

deployed LLC and three-level converters at the primary trans-
formers’ side. This also reduces the circulating current, while
the secondary sides of three-level and LLC converters are con-

nected by an active switch leading to higher converter
efficiency.

This paper presents and proposes a new three-phase SRC

which, when compared to the traditional three-phase inter-
leaved LLC converter, provides high output voltage gain with
a reduced number of switching devices. With the use of identi-
cal LC tanks connected in series with a step-up transformer,

the proposed converter attains balanced resonant currents
and a wide range of ZVS.

2. Proposed converter topology and characteristics

The proposed converter made up of a three-phase inverter, ser-
ies resonant tanks, step-up transformer, and full-bridge recti-

fier, as shown in Fig. 1. Although the structure is similar to
the conventional hard-switching converters, the utilization of
series resonant tanks enables high switching frequency with

ZVS operation.

2.1. Circuit configuration of the proposed converter

The resonant tanks of the proposed converter shown in Fig. 1
are identical, i.e., Lr1 ¼ Lr2 ¼ Lr3 andCr1 ¼ Cr2 ¼ Cr3, to
ensure a trade-off between the resonant currents and voltages
in the resonant circuits, i.e., iLr1; iLr2; iLr3; vCr1; vCr2; and vCr3:
The resonant tanks must behave inductively for all the inverter
switches (S1 � S6) to achieve ZVS. The resonant tank inductiv-
ity is enhanced by utilizing the transformer leakage inductance.

Therefore, the operating region is chosen accordingly to ensure
all the switches can achieve the ZVS. It is also expected that
each resonant tank should deliver one-third of the required

power at the output load. To address the problems of the series
resonant [27,35], a three-phase step-up transformer is added to

http://creativecommons.org/licenses/by/4.0/
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Fig. 1 Schematic depiction of the suggested three-phase series resonant converter.

Fig. 2 AC equivalent circuit between two resonant tanks.
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increase the converter voltage gain and to provide a wider
range of ZVS. As depicted in Fig. 1, the transformer’s primary
windings are linked to the end of the resonant tanks to ensure

a balanced current flow through the tanks. Since the secondary
windings are linked to the three-phase bridge rectifier, there is
a balance in the secondary currents. Varying the switching fre-

quency regulates the output voltage, which makes it possible to
vary the load operation with ZVS.

2.2. Circuit characteristics

The following Fourier series can be used to represent the
instantaneous three-phase voltages of the voltage source inver-
ter, as depicted in Fig. 1.
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where xs is the angular switching frequency, Vin is the dc input

voltage and n is the harmonic number. Consequently, the line-
to-line voltagesVAB,VBC and VCA that are connected to the res-
onant tanks can be obtained by:
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The AC equivalent circuit depicted in Fig. 2 shows that the
resonant tanks’ voltage gain can be derived from the ratio of
the output impedance to the total input impedance as follows:

G ¼
VR

�

nT

VAB

� ¼ Zo

Zi

¼
jxsLm:Re

ReþjxsLm

2jxsLr � 2j
xsCr

þ jxsLm :Re

ReþjxsLm

: ð7Þ

where VR is the output voltage, nT is the transformer winding
ratio, Zo is the output impedance, Zi is the input impedance, Lr

is the transformer leakage inductance, Lm is transformer mag-
netizing inductance and Re is the equivalent load resistance
referred to the primary side. The following expressions give

the resonant circuit parameters:

x0 ¼ 1ffiffiffiffiffiffiffiffiffiffi
LrCr

p ;A ¼ Lr
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: ð8Þ
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where x0 = the angular resonant frequency, A = ratio of the

resonant inductance Lr to the magnetizing inductanceLm,
Q = the load quality factor. The rearrangement of Eq. (7)
using Eqs. (8) and (9), coupled with the consideration of the
transformer ratio, gives the converters’ voltage gain as follows:
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Fig. 3 Voltage gain versus normalized frequency of the proposed three-phase SRC. (a) Different load factors with constant A ¼ 0:66. (b)

Different inductance ratios with constantQ ¼ 1.
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where fN is the normalized frequency, fN ¼ fs=f0, fs is the
switching frequency and f0 is the resonant frequency.

Fig. 3(a) depicts the relationship between the switching fre-

quency and converter gain for different Q values. Evidently, a
higher switching frequency than the resonant frequency
ðfN � 1) implies that the converters’ output voltage is greater

than the input for all the considered switching frequen-
cies 35kHz < fs < 45kHzð Þ. The gain improves as the switching
frequency approaches the resonant frequency, as evidenced for

a range of � 0:63, where the achieved output voltage is a six-
fold increase over the input voltage. In contrast, at small
Qvaluesðe:g:Q ¼ 0:1Þ, the voltage can still be stepped up by
the converter but only for a narrow range.

Moreover, the converter gain-switching frequency relation-
ship for different values of inductance ratio A is depicted in
Fig. 3(b). It is clear that for A ¼less than 1, the converter gain

can be stepped-up for the whole operating range. On the other
hand, when the inductance ratio is larger than 1, the converter
can boost the gain. However, this is only for a limited range

that is unable to cover whole operating range
35kHz < fs < 45kHzð Þ. Thus, for these reasons, and to ensure
safe operational modes, the inductance ratio is selected to be

less than 1. This means the magnetizing inductance Lm must
be larger than the resonant inductanceLr. It can be seen in
Fig. 4, for A values that are less than 1, the converter can
achieve the required boost gain (a sixfold increase over the

input voltage) for the entire operating range. Meanwhile, for
A values that are higher than 1, the voltage gain is much higher
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Fig. 4 Voltage gain against various values of Aand switching
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than expected at a higher switching frequency; it is closer to the

maximum switching frequency 45kHzð Þ:Being thatSince the
devices are selected to achieve 600 V, this might cause damage
to the converter equipment. Thus, the proposed converter was

considered as the one nearest to the LLC converter. In this
case, the equivalent magnetizing inductor can be designed with
a large value so the magnetizing current can be reduced, as
mentioned in [36,37].The analysis above confirms that the pro-

posed converter is capable of producing higher output voltage
than conventional series resonant converters.

Based on the selected design parameters and the input

impedance formula presented in Eq. (7), the input impedance
angle-switching frequency relationship for a range of effective
load resistance values Re is depicted in Fig. 5. Here, the series

resonant tank was observed to provide the inverter with an
effective inductive load for all Re values within the entire oper-
ating range 35� 45kHzð Þ: This is due to the selection of a large

value of Lm, proving that the primary switches have the ability
to achieve ZVS. Furthermore, the three-phase voltages of the
inverter are phase-shifted by p=3. This might explain the con-
dition of achieving ZVS for all switches, by ensuring that the

input impedance angle Zi is positive (inductive) for the operat-
ing range, as shown in Fig. 5. As a result, the voltage wave-
form zero-crossed even before the occurrence of the

sinusoidal input current waveform, proving the capability of
the switches to achieve turn-on at ZVS.

3. Principle of operation

The analysis of the proposed SRC and its different operating
modes are based on the assumption that all series resonant

tanks are identical, i.e., Lr1 ¼ Lr2 ¼ Lr3 andCr1 ¼ Cr2 ¼ Cr3.
In addition, the transformer is also applied with the same turn
ratio and magnetizing inductance. This ensures balanced three-

phase resonant currents and voltages, as illustrated in Fig. 6.
Furthermore, all the switches S1 � S6ð Þare allowed a dead time
of 0:5usfor to ensure their safe operation. There are seven
operating modes for the converter within a half switching

cycle. These are described in the following subsections.

3.1. Mode 1 ðt0 < t < t1Þ

At the start of this mode, switch S3 is turned off and the
applied voltage across is equal toVin, whereas both S2 and S5



Fig. 5 Relationship between impedance angle and switching frequency at different values of.Re:
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are still on. At this instance, VAB drops to zero and VCA is
equal toVin, while VBC starts its negative cycle (�Vin). In this
mode, iLr2 starts to decrease and vcr2 is charging up. Conse-

quently, the second resonant tank resonates, causing the free-
wheeling diode of S4, which is conducted at the end of this
mode. The transformer aids in the transfer of the stored energy
in the resonant tank to the output load. Fig. 7(a) shows the

rectifier diodes (D2;D3 and D6Þ at the secondary side.



Fig. 7 Operating modes of the proposed converter: (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Mode 7.
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3.2. Mode 2ðt1 < t < t2Þ

As the freewheeling diode of S4 is conducting at the end of

mode 1, it allows S4 to turn on at ZVS. The resonant capacitor
Cr2 becomes fully charged in this mode. In addition, the stored
energy in Lr2 starts to transfer to the secondary side of the
transformer as the rectifier diodesD2;D3, and D5 are conduct-

ing, as shown in Fig. 7(b). Consequently, the resonant current
iLr2 decreases to zero and starts its negative polarity. It should
be noted that both S2 and S5 are still on in this mode, causing

VAB;VBC, and VCA to retain their previous states as in Mode 1.

3.3. Mode 3 ðt2 < t < t3Þ

This mode begins when S2 is turned off, where iLr1 starts to
decrease and vcr1 builds up, making the first resonant tank start
to resonate. As shown in Fig. 7(c), both S4 and S5 are on, and

the rectifier diodesD2;D3, and D5 are conducting during this



Fig. 8 The input voltage of the proposed SRC at different

switching frequencies and load factors.
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mode. VAB remains at the same state as in the previous mode.
However, at the end of this mode, VAB has the same value as
Vin; and VCA drops to zero. Moreover, to achieve the ZVS,

the resonant inductor must reserve more energy than the reso-
nant capacitor, since the end of this mode marks the beginning
of the freewheeling diode of S1.

3.4. Mode 4 ðt3 < t < t4Þ

The conduction of the freewheeling diode of S1 at the end of

last mode enables S1 to switch with ZVS at the start of this
mode. Tank inductor Lr1is also discharging and iLr1reaches
zero at the end of this mode. However, the voltage of the res-

onant capacitorvcr1is building up to reach the maximum. This
enables the resonant tank to again feed energy to the sec-
ondary side. As the rectifier diodesD2;D4, and D5 begin to con-
duct, the output capacitor filter Cf begins to be recharged. At

the end of this mode,VAB,VBC and VCA retain the same values

of the previous mode, since S4and S5 remain in the conducting
state.

3.5. Mode 5ðt4 < t < t5Þ

At the initial phase of this mode, switch S5 is turned off and
the voltage across it is equal toVin. In this mode, both S1

and S4 are on, makingVBC drop to zero. Meanwhile, VAB is

equal to Vinand VCA is equal to�Vin. On the other hand, iLr3
is decreasing and vcr3 is building up during this mode. As
shown in Fig. 7(e), the stored energy in Lr3 and Cr3 is fed to

the output load via D2;D4, and D5. Therefore, the third reso-
nant tank is resonating, causing the conducting of the free-
wheeling diode ofS6 at the end of this mode.

3.6. Mode 6 ðt5 < t < t6Þ

At the beginning of this mode, S6 turns on with a ZVS due to
the conduction of the freewheeling diode of S6 at the end of the

preceding mode. The third tank inductor continues to dis-
charge and its current, iLr3, starts the negative polarity during
this mode. Meanwhile, the resonant capacitor energy is still

increasing to reach the maximum value, while the rectifier
diodes D1;D4, and D5 are conducted as illustrated in Fig. 5
(f). Once again, S1 and S4 maintainsVAB;VBC, and VCA at

the same values, just like in the preceding mode.

3.7. Mode 7 ðt6 < t < t7Þ

Switch S4 is turned off at the beginning of this mode and iLr2
reaches its highest allowable negative value and ceases to
increase. Thus, the voltage across S4 is proportional to the
dc source voltage. The capacitance and inductance of the sec-

ond tank begins to resonate. S1 and S6 are on in this mode and
each of VAB,VBC, and VCA maintain the same values as the pre-
ceding mode; D1;D4, and D5 (rectifier diodes) are all conduct-

ing. The conducting of the freewheeling diode of S3 at the end
of this mode repeats the mode 1 operation, where S3 switches
at ZVS, VAB drops to zero, and VBC is equal to Vin:
4. Circuit parameters

As illustrated in Fig. 3, the converter voltage gain depends on
the switching frequency, fs and the load quality factor, Q:
Therefore, the maximum gain,Gmaxcan be achieved by impos-
ing the switching frequency as close as possible to the resonant
frequency. The quality factor Q at full-load (RL ¼ 330X) is

0.43. The equivalent turns ratio of the transformer can be cal-
culated by

neq ¼ Vin minGmax

2Vo

: ð11Þ

So the turns ratio of the transformer isnT ¼ neq
2
. At full load,

the minimum load resistance can be calculated by

Rload min ¼ Vo

Io max

: ð12Þ

The effective resistance Re is the corresponding AC resis-
tance that consists of the rectifier bridge with the capacitor

and the load. Re can be derived as

Re ¼ 16nT
2

p2
Rload: ð13Þ

From (9), the calculation of the value of the resonant induc-
tor can be made, thus:

Lr ¼ QRe

x0

: ð14Þ

Substituting (14) into (8), the resonant capacitor is given by

Cr ¼ 1

Lr � x2
0

: ð15Þ

Based on the circuit analysis and the voltage gain in (10),
one can obtain the expression that completely describes the
proposed converter characteristics. To confirm the selected

switching frequency range, the gain has been calculated using
the lower and the maximum values of the switching frequency.
In order to obtain the desired output voltage of 600 Vdc at a
lower switching frequency of 35kHz; the value of Q must equal



Fig. 9 The block diagram of the variable frequency control.
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0:63. However, the same output value can be obtained at the
optimal switching frequency of 45kHz by varying the load so

the value of Q ¼ 0:43; as depicted in Fig. 8. It was noticed that
changing the input voltage can also meet the variation of the
switching frequency while keeping the same load value. There-

fore, the desired output voltage can be achieved by the pro-
posed converter by varying the input voltage within the
range of 100� 325V. To regulate the output voltage of the
three-phase converter, the variable frequency control is applied

by varying the switching frequency. The maintenance of the
output voltage at a specific range demands that the switching
frequency be selected following the gain curves exhibited in

Fig. 3. The range of the switching frequency must be limited
within 35kHz < fs < 45kHz in order to keep the output volt-
age within 600Vdc.

The proposed variable frequency control block diagram is
shown in Fig. 9. A PI controller with
(KP ¼ 3000;Ki ¼ 0:002Þ processes the error signal Verror

between the voltage measured (output voltage)Vo and the volt-

age required (reference voltage) Vref ¼ 600V is processed by.

Thus, all deviations from the output requirements depend on
the error sign. Meanwhile, the function of the controller is to
raise or lower the switching frequency according to the output

voltage required. Next, controlled switch pulses are produced
by the controlled switching signal fs being applied through
PWM. In this case, the fixed duty cycle is 50%, while for all
switches ðS1 � S6Þ; a dead time of 0:5lsis consideredwas taken
Table 1 System parameters and specifications of the proposed

converter.

Input voltage Vin 100Vdc

Output voltage 600Vdc

Switching frequency range 35� 45kHz

Active SwitchesðS1 � S6Þ IRGP35B60PDPBF

Resonant inductancesðLr1 ¼ Lr2 ¼ Lr3Þ 200lH
Resonant capacintancesðCr1 ¼ Cr2 ¼ Cr3) 70nF

Magnatizing inductanceðLmÞ 300lH
Output capacitanceðCfÞ 470lH

Load resistanceðRLÞ 330X
Microcontroller TMS320F28335
into account to ensure safe operations and that ZVS would be
achieved. Consideration was also given to the phase shift

between the leg signals.

5. Experimental results

A scaled-down laboratory prototype was developed to experi-
mentally validate the theoretical findings. Table 1 tabulates the
system parameters and specifications, while Fig. 10 shows the

experimental set-up. The gate signals of the upper switches of
the three-phase inverter are shown in Fig. 11. It is worth noting
that the lower switches are complementary to the upper ones,
with a sufficient dead time of 0:5ls. Fig. 12 shows the line volt-

ages of the proposed three-phase inverter, which portrays a
phase shift of 120o. Furthermore, the measured waveforms
of resonant currents and voltages are depicted in Fig. 13; these

clearly show the capability to achieve ZVS for all the switches.
The ZVS was further experimentally validated by measur-

ing the gate and collector-to-emitter voltages for each switch

at both light load and full-load conditions, as illustrated in
Figs. 14 and 15, respectively. As can be observed, the collector
voltage VCE drops to zero for the gate voltage VGE to begin to

increase, meaning that all the switches are turned on at ZVS.
Furthermore, the system’s dynamic response is evaluated by
varying the load steps, as depicted in Fig. 16 (load was varied
from 0:63kW to 1kW, i.e., 526X to 330X). From the results, the

proposed converter exhibited a good level of response to load
step variation while ensuring stability in the output voltage.
Notably, there is a small voltage dip during the load change.

This required a settling time of0:02sec to maintain the same
output voltage. Fig. 17 depicts the calculated output power
of the proposed SRC converter at varying operating frequen-

cies with an input voltage of 100Vdc. It was found that the
highest power (i.e., 1kWÞ was achieved at frequencies much
closer to the resonant frequency, while the power decreases
as the switching frequency decreases. The efficiency of the con-

verter was also measured, and is shown in Fig. 18.
The proposed converter achieved a maximum efficiency of

94:2% within the considered range of operating frequency.

Therefore, it was considered more efficient than the converter
discussed in [28]. The breakdown of the loss at full load and at
25% load condition (LC), based on the calculation of the par-
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Fig. 10 Experimental set-up of the proposed SRC.

Fig. 11 Measured waveforms of gate signals applied to upper

switches: S1;S3, and S5 respectively.

Fig. 12 Measured waveforms of the line voltages.
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tial loss of the converters, is presented in Fig. 19. The observed
loss breakdown at 25% LC is below that of the full LC, imply-

ing that the switching, conduction, and inductor core-related
losses decrease significantly at lower loads. This agrees with
the results discussed in [38,39]. The reactive power induced

the nonlinear reduction of the resonant current towards the
output power, causing a notable drop in the efficiency at light
load. However, the most prominent losses are the turn-off and
the conduction-related switch losses. With the turning-on of
the switches at ZVS, there was a significant increase in effi-

ciency. The loss breakdown and the efficiency data support
the argument that the proposed converter is suitable for
deployment in high voltage applications. Appendix A provides
a brief summary of the detailed calculation of loss, as well as

the parameters and equations utilized.
The proposed SRC was further evaluated by benchmarking

it against alternative three-phase three-level DC/DC convert-

ers. It was observed that the projected SRC requires fewer
switching devices than the three-phase interleaved LLC pro-
posed in [33]. Moreover, it has the same number of switching

devices as the topologies of [27,28]. However, in terms of the
number of required transformers, the proposed SRC requires
only one transformer, compared to the three transformers

needed for the other topologies. It should also be noted that
only the projected SRC in this study works as a step-up con-
verter as the other converters only work as voltage step-
down, which is a major limitation to their deployment. The

analysis also showed that the proposed SRC can work with
a wide load variation Q ranging from Q ¼ 0:23 to 6:6. This
is considered much wider than the topology in [27], which

could vary within the range Q ¼ ð1:2� 6). Besides, the pro-
posed SRC has an operating frequency range that extends both
below and above the resonant frequency. This proves that the

proposed SRC can provide a wider ZVS range than [27], since
the operating frequency of the latter is only higher than the res-
onant frequency. Table 2 summarizes this comparison.

6. Conclusion

In this study, a three-phase series resonant tanks SRC with

variable frequency control was proposed. This conceptualized
converter contains certain attributes, as follows: (a) in compar-
ison to the three-phase interleaved LLC resonant converter,
the suggested converter might decrease how many power

switches. are needed. This would have a major influence,



Fig. 13 Measured waveforms resonant tank voltage and current at full load; (a) Resonant tank input voltageVAB, resonant inductor

currentiLr1, and resonant capacitor voltagevCr1. (b) Resonant tank input voltageVBC, resonant inductor current iLr2, and resonant capacitor

voltagevCr2. (c) Resonant tank input voltage VCA resonant inductor currentiLr3, resonant capacitor voltagevCr3.

Fig. 14 Measured waveforms (MW) of the gate voltage VGE and collector voltage VCE for all the switches at 25% load; (a) S1, and S2, (b)

S3, and S4, (C) S5, and S6.

Fig. 15 Gate voltage VGE and collector voltage VCE for all the switches at 100% load; (a) S1, and S2, (b) S3, and S4, (C) S5, and.S6:
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enabling weight reduction, lower cost, and a simpler circuit. (b)
The utilized transformers’ magnetizing inductance provide a

broad ZVS range, within which the ZVS for the entire operat-
ing range of frequency and for every switch could be achieved
by the suggested converter. (c) The suggested converter’s out-

put voltage is a six-fold increase over the input voltage. This
indicates the suitability of the suggested converter for applica-
tions of high voltage. (d) With the suggested converter, vari-

able switching frequency control was utilized and a wide
load variation was maintained. This give confirmation that
the load factor does not strictly affect any gain, since there is

heavy reliance on the ratio of switching to resonant frequency.



Fig. 16 Output voltage and current when the load is changed

from 0:63kW to1kW.

Fig. 17 Measured output power with different switching

frequencies.

Fig. 19 Loss breakdown at full-load and 25% load,

andVin ¼ 100V.
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Furthermore, experimental findings from the laboratory
demonstrate the performance of the system. The effectiveness

of the theory-based have also been verified.
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Appendix A. The detailed loss calculation methods for reso-
nant converters have been studied in many literatures [34–37].
This appendix provides the loss expressions that are used to

calculate the losses breakdown of the proposed converter. This
loss model includes transistor (IGBT) losses, inductor core
losses, transformer core losses, and the bridge rectifier diode

losses. The equations used to calculate the losses are summa-
rized briefly as below:

For primary three-phase IGBT’s, since the switches are
ZVS turned on, the turn-on losses of the inverter are negligible.

Therefore, the turn off and the conduction losses of each IGBT
are taken into account, which are

PIGBT cond ¼ RCEðonÞIrms
2: ðA1Þ

While the turn-off losses of each IGBT by assuming that
the current through its channel decreases linearly during IGBT
turns off. The remaining current (which increases linearly)

flows into its output capacitanceCoes, causing quadratic rise
in the IGBT’s VCE[37]. The overlap between the channel cur-
rent and the VCE leads in losses, which can be expressed by:
(b) 

n ¼ 100V. (b) Different input voltages at full load.



Table 2 Comparison of the proposed SRC converter with various existing converters.

Reference Topologies Number of the

components

Input DC

voltage, V

Output DC

voltage, V

Switching

frequency,

kHz

Efficiency

%

This

work

Three-phase DC/DC Boost SRC with Variable

Frequency Control.

Six power

switches

One

transformer

Three LC

tanks

100–325 600 35–45 94.2%

[27] ‘‘Three-phase three-level LC-type RC with variable

frequency control”

Three LC

tanks

440–590 400 53.34–80.42 94.5%

[28] ‘‘Three-phase three-level DC/DC converter for high input

voltage-adopting symmetrical duty cycle control”

Three

transformers

540–600 48 50 85.5%

[33] ‘‘Three-phase interleaved LLC RC employing the Y-

connected rectifier”

Twelve power

switches

Three

transformers

Three LC

tanks

380 300 34–39 95.5%

Table A1 Parameters for loss calculation.

RCEðonÞ ðmXÞ toff ðnsÞ Coes ðpfÞ NL AC ðmm2Þ Ve ðmm3Þ b Kfe ðw=cm3TbÞ
84 110 265 64 76 5350 2.7 68
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PIGBT off ¼ Ioff
2t2off

48Coes

fs: ðA2Þ
where RCEðonÞ is the on-state resistance of the IGBT, Irms is the

resonant current value which can be driven by using first har-
monic approximation (FHA) as [35,38], toff is the is the IGBT

turn-off time, Ioff is the current through the IGBT at the turn-
off instant, and fs is the switching frequency.

The power core loss of the resonant inductor Lris derived as

a function of resonant current as [35,38]
PLr core ¼ Kfeð Lr

NAC

Þ
b

VeILr
b: ðA3Þ
where Kfe and b represent properties of the used core material,

Veand AC are the volume and the core cross-section area
respectively, and N is the number of winding turns in inductor
or transformer as they are listed in Table A1. This can be

applied for the transformer with taking into account the num-
ber of used inductors and transformers.

The conduction loss of each diode in the diode bridge rec-

tifier is
PDr cond ¼ VDfIavg þ Irms
2RT: ðA4Þ
where VDfis the forward voltage of each diode, Iavg is the aver-

age current through the diode, RT is its on-state resistance, and
Irms is the RMS rectifier current value.
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