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Abstract— The development in power conversion 
technology is in constant demand of high power 
efficiency and high power density. With the growth 
of renewable energy usage and energy storage 
adoption in recent decades, people have started to 
reevaluate the possible roles of dc systems in 
current and future electrical systems. The dc 
voltage distribution has been applied in various 
applications, such as data centers, aircraft industry 
and dc micro-grids, for high efficiency and power 
density. The resonant DC-DC converters are good 
candidates to meet these challenges with the 
advantages of achieving soft switching and low 
EMI. The main focus of this project is to identify 
and analyze the operating modes of the converter 
with pulse removal technique. With the use of 
variable frequency and variable phase displacement 
in sub-resonant mode, the new method of operation 
promises transformer size reduction and facilitates 
soft-switching transition of the insulated gate 
bipolar transistors (IGBTs) and line frequency 
diodes on rectifier side. The converter is operated 
with a novel method of operation, entitled pulse 
removal technique, characterized by variable 
frequency and phase shift modulation. The 
proposed control strategy can be used to determine 
the reference switching function command to 
achieve high power efficiency by using 
MATLAB/SIMULINK simulation results.

I. INTRODUCTION

During the last two centuries, human 
beings exploited traditional energy sources such as 
coal, petroleum, and other fossil fuel reserves. 
Electric power energy has been one of the major 
forms of energy delivery. This brought 
industrialization and economic development all 
over the world. However, as well as the electric 
power is generated by the original energy sources, 
it also comes with undesirable side effects such as 
air pollution and other damage to the natural 
environment. The global air temperature is likely to 
increase 1.5°C during the 21st century. 
Furthermore, the increasing threat of the exhaustion 
of the resources such as petroleum, coal, and 
natural gas compels people to seek alternate 
regenerative energy sources. Hence, with the 
increasing concern about over-consumption of non-
renewable resources, the development of renewable 

energy sources has taken on an accelerated pace. 
Today, in the field of power electronics, electric 
motor drive and electric power system, much of the 
research efforts have been put into the development 
of alternative electricity generation systems. So far 
the most exploited renewable energy sources are 
fuel cell, wind generation, photovoltaic (PV), wave 
energy and hydro-electric generation. After many 
years of research and development, recently the 
renewable energy resources have experienced a 
faster growth in percentage. So far 19% of world’s 
electrical energy is generated by renewable energy 
sources. In the recent years, offshore wind power 
has become an important energy resource in 
Europe. In order to increase efficiency and reduce 
the bill of materials for the technology, the MVAC 
collection grid could be replaced with MVDC 
(Medium Voltage Direct Current) grids, reducing 
the levelized cost of energy (LCOE) by as much as 
3%. It is expected that MVDC grids will play a 
major role in the future energy distribution and 
collection grids. The fault-tolerant element helps to 
amplify the supply of the system and numerous 
fault-tolerant strategies had been suggested inside 
the literature. The majority of these techniques 
consist of a widespread quantity of additional 
hardware (consisting of series connection of 
switches/fuses or semiconductors/leg redundancy 
to isolate the fault, growing the price and 
compromising the performance of the device. 

In this situation, this work suggests a 
fault-tolerant resolution with minimum extra 
hardware and no effect on performance of the SRC 
converter, the usage of the advantage of natural 
fault-tolerant functionality of this topology. 
Individually from the device, there are viable 
failure types for the semiconductor: open circuit or 
brief circuit. According to the motives an OC 
failure is raise off of bond-wire or ruptures and gate 
power failure. While, the SC failure is probably a 
result of a dynamic or static latch up, an 
overvoltage, 2nd breakdown, or energy shock. As 
most of the disasters occur in an SC circumstance, 
this work specializes in an SRC resilient to SC 
failure. The proposed reconfiguration scheme 
involves reconfiguring the SRC overall bridge in a 
SRC half-bridge converter. But, the output voltage 
resulted in the Half Bridge-SRC is 1/2 of the 
voltage generated with the aid of the Full Bridge-
SRC, thinking about the equal parameters. So, a 
unique reconfigurable rectifier based topology 
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along with voltage-doubler is proposed to be able 
to maintain the equal output voltage.

II. DISCONTINUOUS CONDUCTION 
MODE

During continuous conduction mode, the 
inductor current in the energy transfer never 
reaches zero value. In the case of the discontinuous 
conduction mode, the inductor current falls to zero 
level which is very common in DC-to-DC 
converters. If the peak of the inductor current 
ripples is less than the DC component of the 
inductor current, the diode current is always 
positive and the diode is forced to turn on when the 
switch S (either a transistor or thyristor) is off. On 
the other hand, if the peak of the inductor current 
ripples becomes more than the DC component of 
the inductor current, the total current falls to zero 
value while the diode is conducting. Thus, the 
diode will stop conducting and the inductor current 
will remain at zero value until the switch S will be 
gated again due to the polarity reversal across the 
switch. This gives rise to the discontinuous 
conduction mode in the chopper or the DC-to-DC 
converter.

In the discontinuous conduction mode, 
inductor current is not persistent throughout the 
complete cycle and reaches zero level earlier even 
before the end of the period. Discontinuous 
conduction mode inductance is less than the 
minimum value of the inductance for the 
continuous conduction mode,

LDCM < LCCM.
Thus, this condition generally arises for the light-
load condition.
Let the value of inductance in the case of the 
discontinuous conduction mode be,
LDCM = ξ LCCM, where 0<ξ<1 for the 
discontinuous conduction.

The discontinuous conduction mode 
usually occurs in converters which consist of 
single-quadrant switches and may also occur in 
converters with two-quadrant switches. Two-level 
DC buck, and boost and buck-boost converters will 
be discussed further in this article. There are two 
levels indicated here towards the two-voltage level 
for the inductor voltage.

The energy stored in the inductor is 
proportional to the square of the current flowing 
through it. Having the same power through the 
converter, the requirement of the inductor current is 
higher in the case of the discontinuous conduction 
as compared to the continuous conduction mode. 
This causes more losses in the circuit of the 
discontinuous conduction. As the energy stored is 
not yet released to the output in the discontinuous 
conduction, the output gets affected by the ringing. 
This may also cause a noise in the discontinuous 
conduction mode.

Moreover, the value of the inductance 
required for discontinuous conduction mode is 
lesser as compared to the continuous conduction 
mode since it allows the fall of the inductor current 
to zero level. This causes higher values for the 
root-mean-square and the peak current. Thus, the 
size of the transformer required in isolated 
converters is bigger as compared to the continuous-
conduction transformer size to suit the larger flux 
linkage and the losses. Conversion ratio is 
independent of the load during the continuous 
conduction mode but when it enters in 
discontinuous conduction mode, it becomes 
dependent to the load. This complicates the DC-
circuit analysis because the first-order equations 
become second order. In most of the applications, 
continuous conduction mode is employed. Yet, 
discontinuous conduction mode can also be used 
for certain applications such as for the low-current 
and loop-compensation applications.

III. SYSTEM MODELING

Present offshore wind farms use mainly 
HVAC collection grids to transmit the energy 
collected from wind turbines to onshore, while 
other solutions use HVAC up to a large rectifier 
and then to the mainland through a HVDC 
transmission line. According to HVdc wind farms 
could operate with higher efficiency when 
connected to a MVDC collection grid. A single line 
diagram for the dc wind farm is shown in Fig. 1(a). 
The motivation lays in the fact that the levelized 
cost of energy could be reduced by as much as 3%, 
by improving the efficiency with 2% and reducing 
the bill of materials costs by at least 1%. It is 
expected in the near future that MVDC grids will 
be the preferred solution for energy distribution and 
collection grids. A desired, but challenging 
component of such a system would be the MV 
dc/dc converter located in the wind turbines. A 
good candidate solution, with more benefits than 
deficits, could be a unidirectional SRC. The 
proposed topology is composed of: low voltage 
(LV) inverter, one monolithic transformer (with 
one primary and secondary winding) and a medium 
voltage (MV) rectifier built with series connected 
diodes. The topology will be referred as SRC# and 
it is shown in Fig. 1(b).

Fig. 1. (a) Single line diagram of dc wind farm; (b) 
SRC with new method of operation (SRC#).

High availability, efficiency, and power 
density are targets for the dc/dc converter and they 
can be achieved through the use of SRC. 
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Considering the HV specifications, a transformer 
with high turns ratio should be employed. But HV 
transformers suffer from the impact of leakage 
inductance, which can lead to high overshoots 
across the switching semiconductors. Through the 
use of a series resonant tank, the leakage 
inductance can now be incorporated in the tank and 
actually help reducing losses. For high-power 
operation, the topology has been investigated 
mainly in traction applications and in solid-state 
transformer. Operated at constant frequency and in 
sub resonant mode it is known as half cycle DCM 
SRC (HC-DCMSRC). For these particular 
applications, the converter couples two dc-link 
voltages with a fixed voltage transfer ratio, but has 
no control possibilities [cf., Fig. 2(a)]. For a wind 
turbine on the other hand, the dc/dc converter must 
have the functionality of controlling the LV dc bus 
voltage, while offering galvanic separation and a 
HV gain. A candidate solution [cf., Fig. 2(b)] was 
proposed and it employs an SRC, operated at 
resonant mode and with constant frequency, while 
a front end boost converter controls the input dc-
link, increasing, thus, number of components, 
complexity, and losses.

Fig. 2. (a) Turbine converter with SRC operated in 
subresonant mode at constant frequency in open 
loop; (b) Concept with dc/dc converter operated at 
resonant mode and constant frequency in open 
loop.

A. Theory of Operation
In order to fully comprehend pulse 

removal technique, a reviewof SRC modes of 
operation and control is necessary. Therefore, 
consider the first SRC design, with tank on inverter 
side, as shown in Fig. 3, where initially the 
transformer magnetizing inductance Lm is not 
considered. When the two complementary 
switching pairs (S1, S2) and (S3, S4) are opened 
and closed alternately, a square wave voltage Vg of 
defined frequency Fsw and duty cycle D is applied 
to the resonant LC tank while the rectifying bridge 
is left uncontrolled, i.e., only diodes are in 
operation. The resonant frequency Fr , resonant 
angular frequency ωr , and characteristic 
impedance of the tank are further defined. Vg 
induces a resonant current ir p in the tank circuit, 
which when rectified and filtered is fed into the 
output voltage network. The magnitude and shape 
of the output current is determined by the ratio 

between Fsw and Fr . This explanation is valid for 
all modes of operation,

Fig. 3. Series resonant converter.

B. Possible Modes of Operation
For a SRC, three modes of operation are 

possible: subresonant mode [see Fig. 4(a) and (b)], 
resonant mode [see Fig. 4(c)], and super-resonant 
mode [see Fig. 4(d)]. 

In subresonant mode, Fsw is lower than 
Fr, whereas in super-resonant mode it is higher. In 
resonant mode Fsw is equal to that of the resonant 
tank, meaning switching occurs exactly at the zero 
crossing event of the current. For both subresonant 
and super-resonant modes, two states of 
conductions can exist: continuous and 
discontinuous. DCM [see Fig. 4(a)] for subresonant 
mode is characterized by the presence of zero 
current subinterval. In that period, all of the 
rectifier diodes are reverse biased, until Vg changes 
sign. CCM [see Fig. 4(b)] appears when the 
resonant current rings continuously for the full 
switching period. Regarding control methods, three 
different methods are identified in prior art for 
subresonant and super-resonant mode: frequency 
control [see Fig. 4(a)–(d)], phase shift control [see 
Fig. 4(e) and (f)] and dual control [see Fig. 4(g) 
and (h)]. 
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Fig. 4. SRC modes of operation and control 
methods: frequency control (a)–(d); phase shift 
control (e) and (f); dual control (g) and (h). (a) Sub-
resonant DCM. (b) Sub-resonant CCM. (c) 
Resonant. (d) Super-resonant CCM. (e) Phase shift 
superresonant. (f) Phase shift subresonant. (g) Dual 
control subresonant. (h) Dual control 
superresonant.

By frequency control of input voltage, the 
effective resonant tank impedance varies with the 
switching frequency. The phase-shift method is 
controlling the applied voltage to the resonant tank 
by changing the duty cycle of the inverter (square 
wave) voltage, while having constant switching 
frequency. It can be applied in super-resonant 
mode [see Fig. 4(e)] or subresonant mode [see Fig. 
4(f)]. With dual control, a combination of variable 
frequency and phase shift is applied in order to 
control transformer primary voltage and the 
switching current. Dual control in super-resonant 
mode [see Fig. 4(h)] has been published in prior 
art, whereas the dual control in subresonant mode 
[see Fig. 4(g)] has not been investigated.

C. Selection of Mode of Operation and Control 
Method

The mode of operation and control method 
for the SRC are in general selected based on the 
application type. For example, at low power and 
HV, applications prefer to employ super resonant 
and phase shift control. A three-phase variant of the 
SRC operated in resonant mode is described and 
promises efficiency above 99% but lacks 
controllability. On the other hand, constant 
frequency and subresonant mode are applied in 
traction and solid state applications like. Mode of 
operation and control method are selected based on 
inverter side device selection and application 
requirements. Considering the high power and MV 

application in this case, 6.5-kV insulated gate 
bipolar transistors (IGBTs) will be employed on the 
inverter side, whereas 6.5-kV line frequency diodes 
are used on rectifier side. Most of the available 
publications that use a resonant topology are 
addressing low power and LV applications and are 
using MOSFETs with switching frequencies in the 
range of hundreds of kilohertz. For those kind of 
applications, superresonant mode is attractive, as it 
allows zero voltage switching (ZVS) at turn on. 
But, as also stated the main contributors to the 
overall losses with IGBT applications are the turn-
off losses. According to the main reason is that 
these semiconductors are characterized by a bipolar 
power stage, that, in order to block HV, comprise a 
considerable large N-base region, which stores a 
large amount of charge during the conduction 
phase of the semiconductor. When the switch is 
turned OFF, this stored charge is evacuated from 
the semiconductor, causing tail currents that 
overlap with the blocking voltage, generating high 
switching losses. Therefore, a mode of operation 
that allows zero current switching (ZCS) or a small 
current at turn-off needs to be selected. The 
obvious mode of operation is, therefore, 
subresonant mode for IGBT applications.

IV. SIMULATION RESULTS

Fig- power

Fig- magnetizing current im
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Fig- primary resonant current irp

Fig- inverter voltage Vg

Fig- resonant capacitor voltage Vcr

Fig- output current
Fig:5- Simulation results of steady-state operation 
in DCM1 with steps in switching frequency.

To illustrate the steady-state operation of 
the target converter, a MATLAB/SIMULINK 
simulation model was built and runned at different 
switching frequencies, in the range 0–1000 Hz, 
facilitating the operation in DCM1. The results are 
shown in Fig. 5 and point out that output power is 
related to the applied switching frequency. As the 
converter operates in DCM1, peak resonant current 
and voltage are constant in the whole operating 
range.

Fig:6- Simulation results of zoomed in windows of 
principle waveforms (primary resonant current irp, 
magnetizing current im, inverter voltage Vg, and 
resonant capacitor voltage Vcr at 900 Hz. 

Fig:7- Simulation results of zoomed in windows of 
principle waveforms (primary resonant current irp, 
magnetizing current im, inverter voltage Vg, and 
resonant capacitor voltage Vcr at 450 Hz. 

Fig:8- Simulation results of zoomed in windows of 
principle waveforms (primary resonant current irp, 
magnetizing current im, inverter voltage Vg, and 
resonant capacitor voltage Vcr at 150 Hz. 

Fig. 6, 7, 8 are zoomed in windows of the 
principle current and voltage waveforms (primary 
current irp, secondary current irs, inverter voltage 
Vg, capacitor voltage VCr , magnetizing current im) 
and they also demonstrate how pulse removal 
technique impacts the magnetizing current, keeping 
it constant, regardless of applied frequency.

CONCLUSION

The SRC with resonant tank on HV side is 
proposed as a candidate for megawatt HV dc wind 
turbines, due to high efficiency and low 
transformer size. In order to control output power 
and increase efficiency, frequency control in 
subresonant is identified as an optimal control 
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method for high-power resonant topologies. But the 
drawback is that the transformer needs to be 
designed for lowest operating point. In order to 
solve this issue, a new method of operation, 
entitled pulse removal, is introduced. Variable 
frequency and phase shift in subresonant mode are 
used to control output power and the main principle 
is to clamp the applied voltage to zero as soon as 
the resonant current becomes zero, limiting the flux 
build-up on transformer core. The paper has 
focused on the analysis of SRC# and discusses the 
conduction modes the topology might experience, 
for different output voltage drops. For every mode, 
resonant current and voltage equations were 
presented, together with predictions of output 
power, peak voltage, and current stress. Pulse 
removal technique and the expected conduction 
modes were examined on a MATLAB/SIMULINK 
simulation results. 
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