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Design of a High-Power Resonant Converter
for DC Wind Turbines
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and Sriram Vaisambhayana

Abstract—This paper presents a design procedure and loss esti-
mation for a high-power, medium-voltage series resonant converter
(entitled SRC#), intended for application in megawatt medium-
voltage dc wind turbines. The converter is operated with a novel
method of operation, entitled pulse removal technique, charac-
terized by variable frequency and phase-shift modulation, below
the resonant point of the LC tank. A step-by-step design proce-
dure is proposed and circuit component ratings and efficiency are
compared for two variants. The new method of operation reduces
transformer size to below 50%, whereas losses are kept below 1.5%
from zero to nominal power, due to soft-switching characteristics.
An experimental setup, rated for 10 kW and 5 kV output was
assembled to extract losses and validate the semiconductor loss
model.

Index Terms—Medium-frequency transformer, medium-voltage
direct current (MVdc), offshore wind farm, series resonant circuit
(SRC), sub-resonant mode.

NOMENCLATURE

CCM Continuous conduction mode.
DCM Discontinuous conduction mode.
HVdc High-voltage direct current.
LVdc Low-voltage direct current.
MVdc Medium-voltage direct current.
SRC Series resonant converter.
Cr Resonant (tank) capacitor.
Cin Input dc-link capacitance.
Cout Output dc-link capacitance.
δ Inverter legs phase displacement.
Fsw Switching frequency.
Fr Resonant frequency.
M Voltage gain.
N Transformer turns ratio.
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im Transformer magnetizing current.
iout Output current of the converter.
irp Primary resonant current.
irs Secondary resonant current.
ir Rectified current.
K Constant.
Lr Resonant (tank) inductor.
Lm Transformer magnetizing inductance.
Llk Transformer primary leakage inductance.
Le Transformer core mean magnetic path.
Lout Output reactor.
Pin Input power.
Pout Output power.
Qs LC tank quality factor.
qs Resonant capacitor stored charge.
Vin Input voltage.
Vout Output voltage.
Vg Inverter output voltage.
V ′

g Inverter reflected voltage on secondary.
Vo Rectifier voltage.
V ′

o Rectifier voltage reflected on primary.
VC r Resonant capacitor voltage.
Vt Resonant tank voltage.
ΔV Voltage difference between V ′

g and Vo .
Tsw Switching period.
Tr Resonant current pulse period.
Trec Rectifier diode reverse recovery time.
ωr Resonant angular frequency.
ωsw Switching angular frequency.
γ Normalized switching frequency.
Zc Resonant tank characteristic impedance.

I. INTRODUCTION

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 medium-voltage alternate current collection grid could be
replaced with medium-voltage direct current (MVdc) grids, re-
ducing the levelized cost of energy by as much as 3% [1]–[4]. It
is expected that MVdc grids will play a major role in the future
energy distribution and collection grids.

A candidate solution for the wind turbine circuit and wind
power plant is shown in Fig. 1(a). One of the key components is
the dc/dc converter located in each wind turbine. The proposed
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Fig. 1. (a) Single line diagram with dc wind turbines, MVdc power collection, and HVdc power export. (b) Frequency controlled series resonant converter
(SRC). (c) Series resonant converter operated with pulse removal technique. (d) SRC operational waveforms (inverter voltage Vg , secondary resonant current ir s ,
flux linkage Φm ). (e) SRC# operational waveforms (inverter voltage Vg , secondary resonant current ir s , flux linkage Φm ).

TABLE I
RATINGS FOR DC/DC CONVERTER

dc/dc topology in this paper is a unidirectional series resonant
converter (SRC) composed of the followings: low-voltage (LV)
inverter, one monolithic transformer (high turns ratio, with one
primary winding and one secondary winding), and a medium-
voltage (MV) rectifier built with series connected diodes. Two
different designs are proposed and compared with respect to
ratings and losses. First design, entitled SRC [see Fig. 1(b)]
has the resonant tank on the transformer primary side and it
is controlled through variable frequency alone. An improved
version of the classic SRC, entitled SRC# is shown in Fig. 1(c)
and has the LC tank moved on the rectifier side and uses a
novel mode of operation, entitled pulse removal technique. The
new converter arrangement and operating mode were previously
introduced in [5]–[7].

Common ratings for both variants are listed in Table I, while
SRC# specifications range are shown in Table II. Further on, the
necessary list of requirements is illustrated in Table III.

The SRC has been proposed in high-power applications, such
as traction converters [8]–[11] and in solid-state transformer
[13]–[15]. The topology was operated at constant frequency,
in open loop and in sub-resonant mode. Its main functionality
was to couple two different dc-link voltages with a fix voltage
transfer ratio, but without any control possibility.

In [50], a hybrid MV resonant dc–dc converter is proposed,
composed of two full bridge inverters, sharing a common leg,

TABLE II
SRC# SPECIFICATIONS RANGE

TABLE III
LIST OF REQUIREMENTS

one main and one auxiliary transformer. A prototype with
reduced ratings (150–1500 V and 2 kW) is evaluated to verify
the operating principle, but without mentioning the estimated
efficiency on the experimental or theoretical circuit. Another
step-up transformerless, resonant dc–dc topology with modular
step-up resonant cells is discussed in [51], where simulation
results have been provided for a 2-MW turbine system with
an output voltage of 50 kV, whereas experimental results on
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a laboratory setup 200 V/1.6 kV were provided. Each modu-
lar cell consists of resonant parallel converter and employs a
high-frequency transformer. No practical details are given for a
megawatt approach with respect to the transformer design and
discussion regarding the failure of one cell on the impact on
converter operation are not given. Furthermore, a modular mul-
tilevel converter for high step-up dc–dc converter is introduced
in [52]. The topology is based on the standard boost converter,
but with the normal single switch replaced by a number of
capacitor-clamped submodules. The step-up ratio is dependent
on the number of submodules and the inductor charging ratio.
The converter is able to reach conversion ratios of 1:10, but the
lack of galvanic separation will impose tougher restriction on
the nacelle insulation and will lead to increased volume and
size. Compared to the work performed in the mentioned papers,
this paper suggests practical design approach on the megawatt
converter, suggesting an initial design guideline while efficiency
estimation is performed on both the theoretical and experimental
circuits.

For wind turbine applications, the grid connected converter
will have the functionality of controlling the LV dc bus voltage
while offering galvanic separation and a high voltage gain. In
[46], a per-phase configuration of the SRC is suggested, with
three single-phase rectifiers series-connected on the output. The
topology is controlled through variable duty cycle and constant
frequency while being operated exclusively in super-resonant
mode. No efficiency analysis was performed on scaled exper-
iment and the authors believe high losses will occur due to
the hard turn-OFF switching. Furthermore, the circuit appears
to suffer from technical barriers on implementing 2–3 MVA,
10-kHz monolithic transformers. Other solutions have also
been proposed in prior art: Jovcic [48], [49] suggested a single-
and three-phase topology while using low-cost thyristors in
non-isolated high-gain topology. The topology is similar to a
parallel resonant converter, but it will suffer from high voltage
stress across the semiconductors and resonant tank. In this
paper, the proposed SRC topology is able to control the LV
dc bus voltage while delivering high power density and high
efficiency. Further critical review of operating methods for the
SRC is performed in [7].

The objectives of this paper are to deliver a design procedure
and loss estimation of the target circuit, accompanied by scaled
experimental validation. The proposed SRC# circuit with pulse
removal technique was initially introduced in [5] and [6]. In [7],
the corresponding modes of operation were identified and ana-
lyzed, but there was no relevant experimental setup with a high
turns ratio transformer and medium-voltage rectifier, assembled
with series connected diodes. This paper aims at feeling the gap
with tests results of 10 kW, 500–5000 V SRC#, operated below
1000 Hz. The main goal of the experiment was not to design a
high efficiency SRC# at these power, voltage, and frequency lev-
els but rather to validate the semiconductor loss models before
scaling the power level up.

This paper is organized as follows. Section II describes the
origins of the SRC# circuit and the necessity of the pulse re-
moval technique, whereas Section III presents design steps of
the proposed topology. Section IV elaborates on the loss model,

comparison of ratings, and efficiencies of the design variants and
Section V shows experimental loss measurements and semicon-
ductor loss model validation. Final conclusions and discussions
are presented in Section VI.

II. SERIES RESONANT CONVERTER

A. SRC With Resonant Tank on Primary Side

Consider the first SRC design, with tank on the primary side,
as shown in Fig. 1(b), where the transformer magnetizing induc-
tance Lm is considered. Principle waveforms of the circuit are
described in Fig. 1(d). 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 50%
duty cycle is applied to the resonant LC tank, while the recti-
fying bridge is uncontrolled. A resonant current irp is induced,
which when rectified and filtered is fed into the medium-voltage
network Vout . As the application employs insulated gate bipolar
transistors (IGBTs) on the inverter’s side and line frequency rec-
tifier diodes, the SRC is operating with variable frequency below
resonance, with the characteristic waveforms shown in Fig. 1(d).
This mode of operation is favorable as it allows in theory ZCS
at turn OFF (or a low current) on both LV and MV semiconduc-
tors. Another advantage is that output power becomes a linear
function of resonant pulse density, as long as the converter op-
erates in the discontinuous conduction mode (DCM). Low fre-
quency means low output power, whereas high frequency will
deliver high output power. The major disadvantage of operat-
ing the SRC with variable frequency below resonance is that
the medium-frequency transformer needs to be designed for the
lowest switching frequency, impacting thus size, weight, and
operating range. According to Fig. 1(d), the magnetizing cur-
rent is varying in direct relation to applied volt–seconds. Below
lowest operational frequency, transformer saturation will oc-
cur. Furthermore, as shown in [34], low-frequency oscillations
caused by the interaction between the LC tank and magnetizing
inductance will lead to the loss of cyclic stability.

B. SRC# and Pulse Removal Technique

To avoid the issue of excessive transformer size and losses,
a new method of operation was introduced, entitled pulse re-
moval technique and the resonant tank was placed on the recti-
fier side, as shown in Fig. 1(c) with the characteristic waveforms
in Fig. 1(e). If Vg is a function of square wave pulses, mean-
ing a pulse with determined length is applied to the inverter,
the distance between the pulses will vary as a function of out-
put power. Further on, if the length of the pulse equals half of
the resonance period, then frequency control in sub-resonant
mode becomes possible and the transformer can be designed
for highest operating frequency. With reference to Fig. 1(e), it
is noticed that the magnetizing current remains constant during
zero voltage periods. So, compared to the classic SRC oper-
ated with only frequency control, the SRC# and its method of
operation varies also the phase shift between switching pairs
(S1, S2) and (S3, S4). As a synthesis, the main advantages of
SRC# are: soft-switching capability in entire operating range
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Fig. 2. Proposed design guide line flowchart.

for both inverter and rectifier devices; control of LV-side dc
voltage link; possibility to design the high turns ratio trans-
former for medium-frequency operation even if excited with
lower frequency voltage and the incorporation of the resonant
inductor into the transformer design as the stray inductance.

Another aspect worthy to be discussed is the chosen modu-
larity of the converter. Considering the tough environment con-
ditions (salty, humid, high- and low-temperature cycles), the
long life time expectancy (25 years) and the long distance to
shore, it is believed that by reducing the number of components,
also the number of possible failure is decreased. From failure
mode and effect analysis (FMEA), a system with low number
of components exhibits also a low risk priority number (RPN).
Therefore, it was chosen to employ only a single transformer
(with one core, one primary, and one single winding) and a
single rectifier, with series connected diodes.

C. Assumptions Regarding Design Steps and Loss Evaluation

The following assumptions were considered, regarding de-
sign steps and loss evaluations.

1) Only active volume is estimated for every sub-system.
2) Snubber and transformer dielectric losses were neglected.

3) Parallel inverters share even current and need no extra
inductors for balancing.

III. SRC# DESIGN CONSIDERATIONS

A standard step-by-step design guideline methodology for
SRC#, similar to [47] is proposed in Fig. 2. One of the objectives
of the design guideline is to address the extremes of the operating
points, under assumption of well-working points, which define
worst case components loads, and must be designed for. The
transients use cases driving the worst case loads must be steps
in terminal voltages and steps in power commands. The steady
state use cases driving the worst loads must be extreme ratios of
Vin/Vout for any active power. Selection of switching frequency,
determination of specifications for semiconductors, medium-
frequency transformer, resonant tank components, and dc-link
capacitors are discussed. Output results are volume, weight,
losses, and bill of materials cost, with a design example of
a 10-MW converter. The general methodology from Fig. 2 is
explained as follows.

Step 1: Converter ratings are determined based on input
specifications, user selected design parameters, and
technology selection. Different cooling technologies
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Fig. 3. Cooling technologies. (a) Water+glycol for inverter power stacks. (b) Immersion in mineral oil for MF transformer. (c) Immersion in mineral oil for MV
valve. (d) Natural air cooling for all capacitor banks (resonant bank, input and output dc-link banks).

Fig. 4. Different semiconductor packages. (a) Dual diode module. (b) Press pack diode. (c) Press pack integrated gate commuted thyristor (IGCT). (d) Single
IGBT module. (e) Press pack IGBT. (f) Press pack injection-enhanced gate transistor (IEGT).

Fig. 5. Transformer core types. (a) C-core. (b) Shell core. (c) Matrix core. Windings type. (d) Round wire. (e) Circular litz. (f) Rectangular litz. (g) Foil windings.

are illustrated in Fig. 3, whereas semiconductor and
different transformer options are shown in Figs. 4
and 5. LC tank parameters are calculated and peak
stress current and voltage are determined from the
SRC# simulated and analytical model. Further on,
analysis of worst case scenario is performed and the
maximum load operating points for semiconductor
and transformer are determined based on the per-
formed studies (steady state, dynamic, faults, etc.).
These values will define the worst case component
loads and must be designed accordingly. Looking at
Fig. 6, the frequency to power relation for different
voltage difference between V ′

in and Vout is illustrated.
For a ΔV ≈ 0, the relation is linear and the converter
operates in DCM1. If the voltage drop increases, e.g.,
to 10%, the relation becomes non-linear and converter
nominal power is reached at a lower excitation fre-
quency (≈850 Hz), compared to 1000 Hz in DCM1.
The worst case scenario is selected to be at 1.1×Pn .

Step 2: Sub-system design is performed, with device selec-
tion on the inverter and rectifier sides. Transformer
geometry is selected with the condition of using the
leakage inductance as part of the resonant inductance.

Fig. 6. Frequency to power relation for different voltage differences.

Step 3: At this level, losses and temperature are estimated for
all sub-systems, with the transformer thermal model
parameters similar to [42].

Step 4: Volume and mass is computed for all sub-systems.
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A. Selection of Maximum Switching Frequency and Resonant
Tank Frequency

As one of the main goals is to employ a single, monolithic
transformer, with one primary and one secondary winding while
being designed for medium frequency range, selection of the
maximum switching frequency will be a tradeoff between semi-
conductor, transformer, and passives’ losses and weight. Further
on, the benefit from increased frequency is a smaller transformer
core, however, a compact structure is challenged by winding lay-
out (parasitic capacitance) and heat removal. The impact of stray
parameters should be indeed considered if switching frequen-
cies are in the range of tens or hundreds of kilohertz, which are
usually specifications for high-frequency pulse transformers, as
exemplified in [45], and usually argued against the design of
high turns ratio transformers. On the other hand, with MW and
kV ratings, the transformer excitation is of hundreds of Hz, and
the authors believe that the impact of winding parasitic capaci-
tance is diminished. Therefore, maximum switching frequency
should be selected in the range of the following equation:

Fsw ≤ Fr ε [0.5 − 5.0] kHz. (1)

Second step is to select the resonant frequency of the tank. If
the converter should deliver nominal power Pn at a maximum
switching frequency Fsw , then the resonant frequency Fr should
be slightly higher. To allow a finite time for diode recovery,
we choose a maximum operating frequency of 1000 Hz and a
resonant frequency of 1150 Hz.

B. Resonant Tank

Selection of resonant tank inductance and capacitance is cru-
cial, as they will determine the peak current and period of one
resonant pulse. Considering the nominal specifications, maxi-
mum switching frequency, and resonant frequency, it is possible
to select the resonant tank parameters. According to [6], the con-
verter will operate in sub-resonant mode and output power will
be a function of pulse density, meaning capacitor and inductor
parameters are calculated in (2) and (3).

Resonant capacitor is calculated from

Cr =
Pout

4 · Fsw · N · Vin · Vout
. (2)

Resonant inductor is calculated as

Lr =
1

Cr · (2pi · Fr )2 . (3)

There are different ways of implementing the resonant induc-
tor. One way could be to design the transformer with a leakage
inductance on the rectifier side equal to that of the resonant
inductor. The other option is to design the transformer with a
specific leakage inductance [1% to 3% of magnetizing induc-
tance] and the actual resonant inductor will be

L′
r = Lr − (Llk · N 2). (4)

There are different methods of implementing the resonant ca-
pacitor. One possible way would be to use metallized polypropy-
lene capacitors, filled with dry resin. The technology is suitable
for high energy density, high-voltage, and high ripple current.
They have a high specific ratio capacitance to volume, high

Fig. 7. Resonant capacitor bank.

capability to withstand surge currents, and offer very good self-
healing characteristics [56].

The resonant capacitor can be implemented through series
connection of medium voltage capacitors, as shown in Fig. 7.
There are many design, engineering, and mechanical aspects of
the resonant capacitor that need to be taken in account. Placing
the capacitor bank on the rectifier side, implies high-voltage and
low-current specifications, meaning there are higher chances for
temperature and dielectric breakdown. The capacitor value is
relatively low and a high number of devices in series could also
lead to a high equivalent series resistance (ESR). Considering
that any variation in capacitor value can impact power flow,
capacitors with vary narrow tolerance are required, plus the
estimated end of life time value needs to be precise. The whole
bank needs to be designed for a long life time, have proper
means of accessibility, cooling, repairability, and maintenance.

As an example, two different conceptual solutions are sug-
gested for a resonant capacitor of 250 nF in Fig. 7(a) and (b),
rated for 100 kV and an average current of 100 A. Fig. 7(a)
presents a capacitor bank based on a 15 μF, 2200 V, and 45 A
rms [57], counting in total 240 devices. Fig. 7(b) shows a ca-
pacitor bank with 750 devices, each rated for 7.5 μF, 1800 V,
and 20-A rms [58]. Both solutions have an active volume of
≈0.1 m3 . The estimated capacitor volume is preliminary, as the
layout should respect the insulation and air flow requirements,
plus electric field control guards might be necessary to steer the
electric field outside the strings of capacitors.

According to [16] and [19], the peak resonant capacitor volt-
age, peak inductor current, and switch currents are dependent
strongly on the choice of transformer turns ratio and tank induc-
tance and capacitance. Regardless of conduction modes, peak
voltage and current are calculated with the help of the following
equation:

Vpk =
M · K · Vg

2
(5)

Ipk = ωr · Cr · Vg · (M(K + 1) − 1) (6)
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where M is the normalized output voltage and Qs is the nor-
malized load parameter

M =
Vout

Vg
(7)

K =
Qs · λ

2
(8)

Qs =
Pout

ωr · Cr · V 2
out

(9)

γ =
Fr · π
Fsw

. (10)

C. Inverter

The selection of resonant frequency and LC tank parameters
will influence the choice of the inverter-side semiconductors. As
mentioned previously, IGBT power modules will be employed.
Devices should be selected based on the LV bus ratings and
primary-side peak current. In this case, it is selected for the
semiconductors to be utilized to Ku = 60% of their blocking
voltage ratings, as shown in (11). As modularity will be em-
ployed on the inverter level, the number of parallel inverters is
calculated with (12)

Vce,max ≥ Vin

Ku
(11)

Nparallel =
Ipk

Ice, nom
. (12)

As an example, for a 4-kV dc-link voltage and 4.5 kA peak
current, 6.5 kV × 750 A IGBTs are selected in a full bridge
configuration and three parallel inverters will be used to accom-
modate the load current. Considering the input average current
iin of 2.5 kA, for Pn of 10 MW, and Vin of 4.0 kV, one could
argue if the switches are able to handle the current. It needs to
be mentioned that the 750-A rating is the average value where
one IGBT is able to turn ON or OFF. Due to soft-switching, the
turn-ON current is expected to be zero, whereas at turn-OFF, it
is only the value of the magnetizing current limiting the losses.
Therefore, in theory and with proper cooling thermal resistance,
three parallel inverters can handle even higher power ratings, as
long as soft-switching exists.

A conceptual drawing of one power stack is shown in Fig. 8(a)
and suggests a state-of-the-art implementation: dc-link capaci-
tors connected close to the power switches, with liquid cooling
and low inductance bus bars. Based on a commercial solution
[60], an approximated volume of ≈0.42 m3 for three full-bridge
configurations is shown in Fig. 8(b). It needs to be mentioned
that the approximation is preliminary and assumes an even cur-
rent sharing through the power stacks. If current sharing induc-
tors are required, their volume should be included too. Selected
cooling technology is based on forced water+glycol or deion-
ized water cooling, as shown in Fig. 3(a).

D. Transformer

First design aspects are focused on the medium-frequency
transformer, as the turns ratio is used later to calculate resonant

Fig. 8. (a) Inverter power stack simplified structure. (b) Preliminary active
volume for three parallel inverters, where structure and volume for 1 inverter is
approximated based on [60].

TABLE IV
TRANSFORMER SPECIFICATIONS

tank parameters. In this design, only one monolithic transformer
is used with a single primary and single secondary winding.
A standard C-core structure [cf. Fig. 9(a)], while amorphous
material is preselected, with the maximum available size of
[54]. Windings structure with corresponding design parame-
ters is shown in Fig. 9(b). Different optimal design method-
ologies have been proposed in [36]–[38] and a similar ap-
proach will be followed here. The transformer specifications
obtained from the proposed design methodology are illustrated
in Table IV.

1) Select Core: Geometry, Material, Size:

Vc =
(

Pn

4 · J · Bmax · Fsw

) 3
4

(13)

Vc = Kvol · A0.75
p,max (14)

Ap ≥ Ap,max . (15)
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Fig. 9. Transformer with passive circulation of oil. (a) Conceptual drawing. (b) Windings section. (c) Preliminary volume estimation.

2) Select Wire Type and Material: Copper Foil Windings [cf.
Fig. 5(g)]:

3) Calculate Turns Ratio N : In order to allow DCM mode in
full operational range, the transformer turns ratio are determined
from

N =
Vout

Vg
. (16)

4) Calculate Primary and Secondary Turns: Further on, pri-
mary and secondary turns are calculated based on the selected
maximum switching frequency Fsw

Np =
V g

4 · Bmax · A · Fsw
(17)

Ns = N · Np. (18)

5) Calculate Mean Magnetic Path:

Le = 2 · (X + Y ) + 8 ·
(

T2
2

)
+ Lag . (19)

6) Calculate Magnetic Reluctance:

Re =
Le

μ0 · μr · A (20)

Rag =
Lag

μ0 · A (21)

Rt = Re + Rag . (22)

7) Calculate Magnetizing Inductance:

Lm =
N 2

p

Rt
. (23)

8) Compare Lm With Lm,max :

Lm ≤ Lm,max . (24)

9) Calculate Leakage Inductance and Stray Capacitance:
According to [22], the ratio of leakage inductance Lls and wind-
ings stray capacitance Cd can be varied by the mechanical di-
mensions of the transformer, meaning the distances, heights,
and the lengths of the windings. Basically, the leakage induc-
tance are calculated based on the stored energy in the magnetic

Fig. 10. Transformer leakage inductance versus magnetizing inductance.

and electric field

Llk = μ · Np
2 · lw · dw

hk
(25)

Cd =
1
3
· ε ·

(
Ns

Np

)2

·
(

lw · hw

dw

)
. (26)

where hk represents the core height, hw is the winding’s height,
dw is the distance between the primary and secondary winding,
and lw is the winding length. Design procedures regarding trans-
former leakage inductance, stray capacitance, and insulation are
investigated in [22] and [23].

Further on, as mentioned earlier, if the resonant inductor
should be incorporated in the transformer’s own leakage in-
ductance, one notices from Fig. 10, that for 1% ratio of im to
irp , the leakage inductance should not be higher than 0.55%
of Lm . In practice, transformers with 1% to 2% leakage induc-
tance are considered to be very good designs, so one could say it
would be challenging to incorporate the resonant inductor in the
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Fig. 11. Rectifier circuit with RC circuit for series connection of diodes.

transformer and have low turn-OFF losses. But, if a ratio of 5%
of im to irp is acceptable (meaning lower transformer volume
and weight, but higher turn-OFF losses on the IGBTs), the leak-
age inductance should not be higher than ≈2.8%. Determining
range of im and Lm,max is shown as follows:

im = kc · irp,pk , kc ε [1.0 − 5.0]% (27)

Lm,max =
Vin

4 · kc · Fsw · irp,pk
. (28)

Transformer core and windings arrangement for the specifi-
cations from Table IV, are shown in Fig. 9(c). Each leg has an
LV and HV winding. For both windings, copper foils are used.
For the primary winding, a layered construction of NP turns
is proposed, whereas the secondary winding is divided into a
number of layers, with a certain number of turns. Insulation
level is calculated with (29), where Eins is the dielectric strength
of the insulation material. Nomex paper is proposed for wind-
ings insulation and ester-based dielectric oil as main insulation
material and coolant, as mineral oils can be highly flammable,
due to their content of corrosive sulphur and poor moisture
tolerance. Voltage level and insulator dielectric strength deter-
mine the minimum distance between the primary and secondary
windings. According to [37], the insulation level is calculated
with (29), where λ is a safe margin parameter

Dins =
Vins

λ · Eins
. (29)

In this paper, dielectric losses are neglected, but it needs to
be mentioned that increasing the operating frequency and the
insulation requirements, the losses cannot be neglected in the
actual prototype.

E. Rectifier

1) Diode Selection: The medium voltage rectifier is imple-
mented in a full-bridge configuration, with series connected
diodes, as shown in Fig. 11. Line-frequency press pack diodes
(6.5 kV/750 A) [62] are initially chosen for this study, with the
particular challenge of 1-kHz operating frequency. Ester-based
dielectric oil is selected as the cooling and insulating environ-
ment. Design formula (from [35]) for the number of diodes
in series is shown in (30) and the parameters are described

TABLE V
DIODE VALVE PARAMETERS

in Table V

Ndiodes =
VTOV · KA

VRRM,max · KV · KD · KR
. (30)

High-voltage bipolar diodes are used in different converter ap-
plications, such as snubber, blocking, antiparallel, or rectifying
diodes. For applications requiring ratings of 3.3, 4.5, or 6.5 kV,
the silicon bipolar diodes suffer from high switching losses at
turn OFF due to the high reverse recovery current and recov-
ery duration. The diode losses limit the operating (fundamental)
frequency of the converter. On the other hand, the advantage of
using a series resonant topology is that the diodes will have a
natural turn-OFF at zero current, decreasing the reverse recovery
losses. This characteristic makes the choice of line frequency
diodes very attractive, as they are normally cheaper and more
robust than fast recovery diodes, being designed for lower con-
duction losses.

2) RC Circuit for Even Voltage Sharing: Due to very high
voltage specifications and series connection, voltage symmetry
needs to be guaranteed during turn-ON; turn-OFF; and block-
ing. Under quasi-static reverse voltage (blocking), the variation
of device leakage current (for example, due to manufacturing
variation), may lead the devices with the lowest leakage current
into avalanche mode. Therefore, it is common practice to con-
nect snubbers and grading resistors in parallel with the diodes,
where the resistors help mainly during the blocking state and
the capacitor during commutation [35]. Formulas to size the
resistance and the capacitor for series connection of n diodes,
specified reverse voltage Vr are, according to [35]

R ≤ nVr − Vm

(n − 1)ΔIrm
(31)

C ≥ (n − 1)ΔQRR

nVr − Vm
(32)

where Vm is the maximum series voltage, ΔIr is the maxi-
mum spread of leakage current in the diode, and ΔQrr is the
maximum variation of stored charge of the diodes. According
to the previous two equations, the current through the resistor
is approximately three to six times the leakage current in the
diode and the occurring charge will be up to twice the stored
charge of a single diode. Critical points of operation can occur
during the transients, due to different switching behavior of the
power diodes. In order to evaluate the optimal combination of R
and C parameters, different parameters that influence the volt-
age balancing should be taken into consideration: output load
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Fig. 12. Diode valve conceptual drawing.

current, dc-link voltage, dynamic characteristics of the diode,
and ambient temperature [44].

Based on the selected device package, cooling and insulat-
ing environment, a preliminary diode valve internal mechanical
layout is shown in Fig. 12, with the assumption that oil cooling
and insulation can fulfill the necessary functionalities.

F. DC Link Capacitor Banks

According to [17], the operation with variable frequency in
the DCM mode is not adversely affected by the wide range of
switching frequency variation, as the low-frequency operation
coincides with the low output current, where less filtering is
needed. Therefore, the output capacitor value is determined by
the maximum power points, which will occur at the highest
frequency. Output capacitor voltage and current waveforms for
two different frequencies are illustrated in Fig. 13. Compared
to the resonant tank values, the output filter has a large time
constant and the filter elements are comparably larger, as defined
in (33). Output capacitor Cout is determined as in (33). The
required input dc-link capacitance is obtained by simply scaling
the output value with the transformer turns ratio

Cout =
2 · Ecap

V 2
out

=
2 · Pout · τ

V 2
out

(33)

Cin = Cout · N 2 . (34)

Fig. 13. Voltage and current waveform of output capacitor Cout for 1000 and
500 Hz.

TABLE VI
DC-LINK CAPACITOR BANK AND OUTPUT REACTOR

In order to consider the output current and voltage ripple and
according to [46], output capacitance can be calculated with
(35), where Kr is the expected ripple

Cout =
√

2ir − Kr · iout

2piFr · Kr · Vout
. (35)

Output reactor value Lout is calculated with (36). The main
functionality of output reactor is to limit the short-circuit current

Lout =
2 · Eind

i2out
=

2 · Pout · τ

i2out
. (36)

DC-link capacitor bank and output reactor values are illus-
trated in Table VI. For input capacitor bank, medium-voltage
electrolytic capacitors are suggested, whereas for output side,
metallized polypropylene capacitors are a good choice. A sug-
gestion solution based on selected capacitor [59] is shown in
Fig. 14 and consists of 400 elements, with a total volume of
≈1.6 m3 . As in the case of resonant tank bank, the estimated
capacitor volume is preliminary, as the layout should respect the
insulation and air flow requirements.

G. Volume Comparison With 10-MVA 50-Hz Transformer

As shown in Fig. 15, if volumes of inverter, rectifier, medium-
frequency transformer, resonant capacitor bank, and output filter
are added, the total volume will be ≈3.55 m3 , which is seven
times lower than the volume of a classic, 10-MVA, three-phase,
oil-immersed transformer [55]. Therefore, implementing a high-
power, dc/dc converter will bring savings in iron and copper
materials. Further on, comparison of the approximate volume
of the dc/dc converter to a standard shipping container (6 ×
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Fig. 14. Output dc-link bank.

Fig. 15. Volume comparison between (a) a three-phase, oil-cooled, 50-Hz
transformer [55] and (b) the high-power, resonant dc/dc converter.

2.5 × 2.6 m) is illustrated in Fig. 16, whereas the estimated
sub-system volumes are shown in Table VII.

IV. LOSS ESTIMATION

1) Power Semiconductor Loss Model: Semiconductors
switching waveforms and loss model are presented in Figs. 17
and 18, respectively. The IGBTs T1 and T4 have both zero volt-
age switching (ZVS) at turn-ON and a low turn OFF current,
whereas rectifier diodes D5 and D8 exibit ZVS at turn ON and
ZCS at turn-OFF.

2) Conduction Losses: Methodology proposed in [39] and
[40] is used for conduction loss modeling for both IGBTs and
diodes. The current is multiplied with the according voltage di-
rectly from the datasheet for the highest acceptable temperature,
e.g., T = 125 ◦C to extract conduction power loss. Afterward,
the curve is approximated with second-order polynomial fitting
curves, as described in (37), which uses the current through the
ideal switch as input and outputs conduction loss of the device
during the simulation. The output is averaged for one switching
cycle

PCond = a · I + b · I2 (37)

PSw = c · I + d · I2 . (38)

3) Switching Losses: Switching losses are determined in
similar way like in [14] and [15]. Current dependent EON, EOFF,
and EREC are given in the device datasheet and are considered
for a maximum junction temperature of T = 125 ◦C. This de-
pendency is approximated with a second-order polynomial fit-
ting curve, as shown in (38) and multiplied with voltage factor
Vmes/Vnom where Vnom is the datasheet parameter and Vmes the
actual applied voltage. When a switching event occurs, losses
are calculated and then averaged for one switching cycle.

A. Transformer Loss Model

The simplified transformer loss model is presented in Fig. 19
and it estimates core and winding losses. Transformer loss model
parameters are shown in Table VIII.

1) Core Losses: Different methods have been compared in
[36]–[38], and [41] for core losses. In the present loss model,
the improved generalized steinmetz equation described in [36]
was used with Ki , α, and β determined from [43]

PCore = Ki · 2α+β · Fsw
α · Bβ · D1−α . (39)

2) Winding Losses: Foil winding losses are calculated, as ac-
cording to [10] and [11]. The expression from (40) is explained
in [36]. The overall losses are calculated by summing the effect
of every current harmonic. Skin effect losses are frequency de-
pendent (41), whereas proximity losses (42) are influenced by
the number of layers. D represents the foil thickness, whereas δ
is the skin depth and m is the number of layers

PWinding = RDC · D

δ
·
[
A +

2 · (m2 − 1)
3

+ B

]
· I2

rms (40)

A =
sinh

(
D
δ

)
+ sin

(
D
δ

)
cosh

(
D
δ

) − cos
(

D
δ

) (41)

B =
sinh

(
D
δ

) − sin
(

D
δ

)
cosh

(
D
δ

) − cos(D
δ )

. (42)

B. Resonant Tank Losses

To estimate the resonant tank losses, the simplest approach
is to predefine the tank quality factor Qs to a value of 200, and
from it calculate the tank equivalent resistance, as shown in (43),
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Fig. 16. Comparison of sub-systems’ preliminary volume estimation compared to a standard shipping container.

TABLE VII
SUB-SYSTEMS VOLUMES

Fig. 17. IGBT and rectifier diode switching waveforms.

Fig. 18. Power semiconductor loss model.

Fig. 19. Transformer loss model.

TABLE VIII
TRANSFORMER LOSS MODEL PARAMETERS

and multiply it with the square of load current

RLC =
Zc

Qs
(43)

LCloss = RLC · I2
out . (44)

To keep resonant tank losses low, the Qs should be higher
than 100, meaning very low inductor resistance and capacitor
ESR.
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Fig. 20. (a) SRC losses (with LC tank on primary side). (b) SRC# losses (proposed solution). (c) SRC# segregation of semiconductor losses.

TABLE IX
SRC AND SRC# COMPARISON OF RATINGS

C. Comparison of Ratings

Based on the previous design procedure, two variants are pro-
posed and compared with respect to ratings, transformer size,
and losses. Both variants have the same specifications and num-
ber of semiconductors as shown in Table I. First, a design variant
for a frequency controlled SRC [as shown in Fig. 1(b)] with res-
onant tank on the primary side is compared to a second design
variant, based on the SRC# concept with pulse removal and
tank on the secondary side [as shown in Fig. 1(c)]. A prelimi-
nary comparison of ratings is shown in Table IX. The first major
disadvantage of variant 1 is that the transformer needs to be de-
signed for the lowest operating frequency, which was selected
to be 200 Hz. This impacts the transformer windings weight,
increasing it to seven times that of the SRC#. The other disad-
vantage is that operation below 0.2 per unit (p.u.) is not possible,
as transformer saturation will occur. In order to compare losses
of the two variants, a semiconductor and transformer model has
been arranged. Dielectric and resonant tank losses have not been
considered in this comparison.

D. SRC Versus SRC# Loss Comparison

Comparing the ratings of the variants, it is noticed that
the SRC will pay a penalty on winding losses, as shown in

TABLE X
EXPERIMENTAL SRC# PARAMETERS

Fig. 20(a). Compared to Fig. 20(b), it is noticed that semi-
conductor losses are almost similar between SRC and SRC#,
but the difference in transformer designs plays a major role.
At elevated frequency, skin and proximity effects increase the
winding ac resistance, which impacts losses. For the frequency
controlled SRC, this means winding losses are proportional
to output power, going up to 6% at nominal power. Pulse
removal technique applied for the SRC# allows transformer
size reduction below 50% while circuit losses are kept below
1.5% and transformer losses below 0.3%.

V. EXPERIMENTAL VALIDATION

A. Experiment Setup and Diagram

In order to evaluate the validity of the loss model, a scaled
10-kW prototype was built with specifications as shown in
Table X, whereas future plans are to investigate the topology
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Fig. 21. Experimental setup for SRC#.

Fig. 22. Experiment diagram.

at megawatt and kilovolt level. The hypothesis was that if the
10-kW loss model (built in Plecs) is able to predict the scaled
setup losses with low error, then there is higher confidence it
will predict the losses also for the target 10-MW converter. The
experimental circuit is pictured in Fig. 21 and it’s diagram in
Fig. 22. The medium frequency transformer is designed for a
maximum switching frequency of 1000 Hz and a turns ratio
of 1:10. The transformer turns ratio was limited mainly by the
laboratory equipment. The rectifier is assembled with 24 line
frequency diodes, connected in series, each having a parallel RC
circuit for voltage balancing. Resonant capacitor bank consists
of ten series connected thin film capacitors, whereas the resonant
inductor was built around an amorphous core with round wires.
Output dc link consists of metallized polypropylene capacitors,
whereas on input side, electrolytic capacitors are employed. For
this study, the setup was operated in open-loop control up to
1.0 p.u. of nominal power. On the rectifier side, in order to emu-
late a medium voltage network, a 5-kV dc source is connected to
a resistor load through three series connected diodes. Observing
Fig. 23, Vout is ≈5.0 kV for both 1000- and 200-Hz operation.
At 1.0-p.u. operation, the prototype converter delivers 100% of
energy to the load and at 0.2-p.u. operation, only 20% of en-
ergy is delivered by the prototype, whereas the output dc source

covers the rest of 80%, maintaining thus a constant output volt-
age. The proposed setup emulates a constant MVdc network, as
long as the delivered power does not exceed the nominal power
of the output voltage source. For higher power and voltage rat-
ings, a setup able to circulate power would be preferred.

B. Characteristic Waveforms

The principal characteristic waveforms for the experimental
SRC# are presented in Fig. 23 for two different frequencies,
corresponding to 1.0 and 0.2 p.u. of maximum switching fre-
quency. As pulse removal technique is implemented, the dis-
tance between applied voltage pulses decreases with frequency,
ensuring that the magnetizing current im stays constant during
the zero voltage periods. Comparing the waveforms of primary
and secondary currents, it is noticed that the only differences
lay in the scaling factor and addition of magnetizing current
on primary side. Another noticeable difference is that at lower
frequency, the peak resonant current decreases as compared to
higher frequency.

C. Devices Waveforms

In order to understand how pulse removable technique is im-
plemented, inverter- and rectifier-side devices waveforms are
presented in Figs. 24 and 25 for two different operating fre-
quencies. The corresponding semiconductor losses are further
illustrated in Fig. 26(b) and (c), whereas their segregation in
turn-ON, turn-OFF and conduction losses is shown in Fig. 27(b).

1) Inverter IGBTs: Principle device waveforms for switches
S1 and S4 are shown in Fig. 24, for 1000 and 500 Hz, whereas
for S2 and S3, they are symmetrical. As expected, both devices
are experiencing ZVS at turn-ON and a low current at turn-OFF.
It is noticed that how the delay between S1 and S4 turn-ON is
increasing at lower frequencies. One big difference consists in
longer conduction duration of the magnetizing current for S1.
The same current will flow through D3 during positive intervals
and S2, D4 pair during negative intervals. An important aspect



6150 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

Fig. 23. SRC# characteristic waveforms at 1000 and 200 Hz: inverter voltage Vg , out voltage Vout , primary resonant current ir p , and secondary resonant
current ir s .

Fig. 24. S1 and S4 collector-emitter voltage and current at 1000 and 500 Hz.

Fig. 25. Rectifier diode forward voltage Vd and current Id .
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Fig. 26. (a) Measured total losses. (b) Inverter losses. (c) Rectifier losses.

Fig. 27. (a) Loss segregation of measured losses. Loss segregation on (b) measured and (c) simulated semiconductor losses.

is that the ratio between peak resonant current and magnetizing
current has to be kept high, preferably above 10, in order to limit
conduction and turn-OFF losses.

2) Rectifier Diodes: Characteristic diode waveforms are
shown in Fig. 25 for 1000 and 500 Hz. Each diode from the
series connection chain will experience ZVS at turn-ON and a
low reverse recovery loss. The parallel RC circuit will cause, on
the other hand, oscillations on Vd , but will not impact conduction
losses.

D. Loss Measurements

Total losses of the 10-kW prototype have been evaluated and
presented in Fig. 26(a) and they range from ≈6% at 0.15 p.u.
down to ≈4.5% at 1.0 p.u. of Pn . In Fig. 26(b) and (c), it
is noticed that the measured losses correspond with the sim-
ulated results, increasing the confidence in the semiconductor
loss model.

E. Loss Segregation

After measuring the total losses, a segregation was performed
and the results are shown in Fig. 27(a). It is noticed that the semi-

conductor losses are rather flat in the whole operating range. This
was expected mainly because the turn-ON and OFF energy losses
are the same, regardless of switching frequency and should have
the same percentage share. On the other hand, the remaining
losses are not possible to segregate at this power level as no
test facility was available for this (calorimeter setup or simi-
lar). Comparing Fig. 27(b) and (c), it is possible to understand
why the experimental results match with the semiconductor loss
models. It should be noted that the measured results are also sus-
ceptible to errors due to voltage and current probes accuracy,
ranging up to ±2% of reading.

F. Discussions

Some important aspects remain to be discussed, such as the
relative low efficiency of the experimental demonstrator. First
of all, looking only at the semiconductor losses, it is possible to
conclude that they remain rather constant in proportion to the
load. Further on, it is expected that at this specifications, the
transformer core losses have a higher percentage of total losses,
as initially expected. But, the percentage of these losses should
decrease as nominal power specifications will increase in the



6152 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

range of MWs. Next, the chosen semiconductors were only uti-
lized at ≈25% of their current ratings, as it was not possible
to find single IGBT power modules for the setup specifications.
Another topic of discussion is the high value of the resonant
inductance, which lead to a rather bulky component and a bad
quality factor. It is expected as the power and voltage level in-
crease, such as 10 MW and 1:10 turns ratio, even a leakage
inductance of 1% to 2% would be enough to replace the phys-
ical resonant inductor. As noticed in Fig. 23, the peak resonant
current is lower at lower frequencies. These could be the impact
of the RC parallel circuit, winding resistances, and the emulated
MVdc network. Other important subject to be discussed is the
position of the resonant inductor on the rectifier side. Ideally,
the transformer should be designed so the leakage inductance
equals to that of the target resonant inductor, meaning no ex-
tra component should be used. Realistically, there are practical
challenges in achieving consistency in delivering same leakage
inductance for high volume production. To alleviate this aspect,
high attention needs to be put on the geometry of the transformer
and limiting variations in windings and core dimensions. Fur-
ther on, assuming 5% to 10% variations in leakage inductance,
the resonant capacitor tank can have certain degrees of freedom
and can vary in the number of series connected components to
achieve the target resonant frequency. On the other hand, placing
the resonant inductor on the primary side will imply the design
of windings for high current and complexity in heat removal,
whereas controlling the resonant converter in sub-resonant mode
(with the attributes of soft-switching and high power density)
will no longer be valid.

VI. CONCLUSION

This paper has presented design steps, loss estimation, and
experimental validation of an SRC, with LC tank on the rectifier
side and operated with a novel method, as a highly efficient
solution for wind turbines connected to MVdc networks. The
proposed topology acts as a niche solution for high-power, high-
voltage gain, and -frequency dc/dc topologies. The topology was
originated from the classic SRC with LC tank on the primary
side and operated with frequency control in the sub-resonant
mode. This fact had a big disadvantage, mainly because the
transformer had to be designed for lower operating frequen-
cies, impacting size, weight, and mainly efficiency. The solution
presented in this paper promises a transformer with 50% less
weight and high efficiency in whole operating range. This paper
has addressed different design aspects for a 10-MW converter,
operated at 1000 Hz. Estimated volume for the LC tank, in-
verter, rectifier, transformer, and output dc-link bank have been
addressed. For the rectifier side, it is possible to employ line
frequency, press-pack diodes connected in series and operated
at elevated frequencies, without increasing the reverse recov-
ery losses. A loss model for the semiconductor and transformer
was used to estimate the efficiencies and discovered that the
proposed SRC# could have losses lower than 1.5% in whole
operating range. To validate the semiconductor loss model, a
scaled setup, rated for 10 kW, 500–5000 V, and operated up to

1000 Hz was assembled, with measured losses ranging between
6% and 4.5%. It was shown that the measured inverter and rec-
tifier losses correspond to that of the loss model and range from
2% to 1.5% of total losses. This builds confidence in the semi-
conductor loss model and the promises of the topology. On the
other hand, the transformer and LC tank losses have not been
evaluated independently and more work remains to be done in
the future to validate the magnetics loss model.
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