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Abstract— The paper presents the architecture of a modular
high-voltage DC—DC converter employing SiC-based switching
devices. The developed system consists of four 2 kW modules
(320 VDC/0-50 kV DC). A key component of the converter is
a multi-section high-voltage transformer with a proposed
3x(1P2S) configuration, incorporating a common-mode (CM)
filter on the primary side. Based on a simulation model, an
analytical model of the multi-section transformer, including the
impact of the CM filter, was developed. A frequency-domain
analysis was performed to identify the influence of the
transformer equivalent circuit parameters on the operating
conditions of the converter resonant circuit. The transformer
design analysis also considered, among other aspects, the need
to reduce the secondary-side winding capacitance. The validity
of the proposed model was verified through comparison
of analytical results with experimental measurements.
The conducted analysis demonstrated a significant influence
of the multi-section transformer winding structure on the

functional characteristics of the resonant converter,
particularly on the voltage gain characteristics.
Keywords—HYV  SiC  converter, parasitic capacitance

mitigation, multi-section transformer, transformer modelling

[. INTRODUCTION

The current development trend in high-voltage power
converters is strongly associated with the widespread
adoption of SiC transistors and diodes. The material

properties of 4H-SiC semiconductor devices provide
significant operational advantages over conventional
silicon-based components. High-voltage components

manufactured using SiC technology are characterized by
lower switching losses, which is directly related to their
superior dynamic performance [1], [2]. The high dielectric
strength of SiC semiconductors enables the implementation
of high-voltage structures while maintaining a relatively
smallactive area. At the same time, advances in SiC transistor
and power module manufacturing technologies have led to
the emergence of commercially available componentsin the
3.3kV,6.5kV,and 10 kV voltage classes [3], [4].

High-voltage power electronic converters are widely used
across numerous industrial sectors. Examples of their
applications include:

e surfacecorona treatment forimproving paint and coating
adhesion in the plastics and paper industries [5], [6],

e ion and electron beam lithography for semiconductor
structure fabrication in the electronics industry [7],

e plasma nitriding and plasma-assisted heat treatment
processes in the metallurgical industry [8],

e plasma-assisted chemical synthesis, ozone generation,
and capillary electrophoresis in the chemical industry
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e X-ray power supplies used in medical equipment and
industrial diagnostics [10],

e high-voltage test generators used in measurement
systems for testing transformers, cables, and other
high-voltage equipment [11],

e high-voltage direct current (HVDC)
systems in the power industry [12], [13],

e gsystems used as components of high-power microwave
(HPM) weapons in the defense industry [14].

The intended application of a power supply system
involved in the electrical energy conversion process
is of significant importance in the context of converter
topology selection, cooling method, insulation requirements,
and environmental as well as operating conditions.
The electrical insulation strength of HV transformers
is particularly important due to the stresses associated with
high du/d¢ values resulting from switching transitions
of power semiconductor devices. This leads to accelerated
degradation of insulation parameters related, among others,
to dielectric losses and the occurrence of partial discharges
[15]. This issue is particularly significant in hard-switching
topologies, where steep voltage transitions occur directly
across transformer windings and correspond to the voltage
transitions of converter semiconductor switches. In step-up
transformers, the amplitude of these stresses is additionally
increased due to the transformer turns ratio, while
maintaininga very short voltage rise time. This phenomenon

transmission

becomes even more critical when wide-bandgap
semiconductor devices, such as SiC-based switches
characterized by superior dynamic performance,

are employed. In dry-type transformers used in SST systems
and encapsulated in epoxy resin, dielectric losses may
account forup to 17% of the total transformer power losses.
In extreme cases, this may lead to thermal runaway and
consequently transformer failure. Significant reduction
of insulation stresses can be achieved through the application
of multilevel topologies and soft-switching converters, e.g.,
resonant converters [16].

The characteristics of the resonant DC—DC converter
analyzed in this paper require the application
ofa high-voltage transformer. The rated input voltage
ofa single convertermoduleis 320 V DC (MV side), with an
adjustable output voltage in the range of 0—12.5 kV DC.
The rated powerofa single moduleis 2 kW, with a maximum
high-voltage output current of 200 mA. Series connection
of four modules on the secondary side enables output voltage
regulation within the range of 0-50 kV DC (HV side).
The transformer test voltage is specified as 100 kV DC
for I min. Requirements related to transformer insulation
strength, symmetrical electrical parameters of individual
transformer sections, and reduction of secondary-side
parasitic capacitances significantly affect the magnetic



structure design process. Therefore, the development
ofa nonstandard transformer spatial arrangement and
a dedicated insulation system was required

II. MODULAR HIGH-VOLTAGE DC-DC CONVERTER

Due to the necessity of reducing du/df stresses imposed
on the transformerinsulation and the widespread availability
of 33 kV SiC diodes, a resonant topology with
a multi-section transformerwas selected. The design process
of the HV DC-DC converter was initiated with
the transformer design, which directly determined both
the modular and submodule-level converter structure.
The development of the insulation system
for the high-voltage section constituted one of the major
challenges in the converter design process. Based
on finite-element field analysis performed in Ansys and
frequency-domain measurements of two transformermodel,
the necessity of employing transformers with symmetrical
capacitance distribution between individual sections was
identified. This was found to be particularly important due to
discrepancies in the operating points of the resonant circuit
between individual sections. Fig. 1 presents the first
transformer prototype and the final transformer in the
proposed 3%(1P2S) configuration integrated into an insulated
PA12 polyamide enclosure. The primary reason for rejecting

the first transformer prototype was the nonuniform
interwinding capacitance observed between individual
submodules, particularly the capacitance between

the primary- and secondary-side windings.

Fig. 1. The first transformer prototype (left) and the final transformer in a
3x(1P2S) configuration integrated into a PA12 polyamide structure with
marked sections S1..6 (right)

The proposed converter structure is based on a modular
approach. A simplified schematic diagram of the considered
modular converter is shown in Fig. 2. The system consists
of four modules (M1..4) connected in parallel on the primary
side and in series on the secondary side. Each module consists
ofa full-bridge transistor inverter on the primary side and six
submodules (SM1..6) on the secondary side. The maximum
output voltage of each submodule is approximately 2.1 kV.
Due to the requirement for passive cooling, wide-bandgap
SiC semiconductor devices were selected in order to reduce
power losses and consequently improve overall converter
efficiency. The applied rectifier diodes are merged
pn-Schottky (MPS) diodes [17].
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Fig. 2. Modular resonant converter structure with a multi-section
transformer

Fig. 2 illustrates: C; — converter input capacitor,
S1.4— transistors in the full-bridge configuration, Cs — mamn
resonant circuit capacitor, 7i1.3 — sectional transformers
assigned to subsequent pairs of submodules SM1..6,
Cp1.6 — capacitors representing the secondary-side parasitic
capacitances of individual transformer sections,
D1 .4-1.6 — rectifier bridge diodes, Co1.6 — output capacitors
of submodules SM1..6, z, — number of primary-side turns,
zs— number of secondary-side turns of an individual section,
S1..6 — secondary-side sections of transformers 713
and 1P2S — a structure corresponding to two submodules
as well as transformers Tt1.3.

During experimental investigations of the converter,
challenges related to disturbances affecting the controller
operation were observed, particularly in the fiber-optic HV
voltage measurement interface. This issue occurred mainly
during step load transients. Therefore, additional methods
for reducing conducted and radiated emissions were required.
One of the key elements of the system was a six-winding
common-mode (CM) filter implemented between the main
resonant circuit capacitor Cs and the primary windings
oftransformers 7i1.3 (Fig. 3). According to the design
assumptions, the filter performs three primary functions:

e increasing the common-mode impedance within
a specified frequency range in order to reduce the impact
of the HV section on the microprocessor-based control
system located on the MV side,

e equalizing (balancing) currents in the three transfomer
submodules (7t1.3) connected to a common transistor
bridge,

e increasing the transformer leakage inductance, enabling
the main resonant frequency to be shifted toward lower
frequencies.



Fig. 3. Prototype of the toroidal six-winding CM filter (CM,)

The impact of the six-winding CM filter on the resonant
circuit characteristics is significant. The dominant influence
on the voltage gain characteristic of the resonant converter is
associated with the differential-mode (DM) component of the
CM filter corresponding to the leakage inductance [18].
Fig. 4 presents the resonant circuit extended with the CM
filter model. This circuit constitutes the basis for the further
analysis presented in this paper.

Fig. 4. Final resonant circuit of the modular converter extended with the
CM filter on the transformer primary side

ITI. FREQUENCY-DOMAIN ANALYSIS

The development of the equivalent model of the resonant
circuit, consisting of the resonant tank capacitor (RTK),
asix-winding common-mode choke (CMC), and the
transformer (TRR), was initiated by defining an expected
simplified equivalent circuit, shown in Fig. 5. The modelwas
subsequently extended to include parasitic elements.
Inparticular, the resonant capacitor was represented
by aseries RLC network (Rs, Ls, Cs). The CMC model was
introduced in a simplified two-winding form, primarily
representing the differential-mode (DM) components
(RacMm, Lacm), while also accounting for the parallel
capacitance Cpcm [19]. The transformer was also modeled
in a simplified form as a single 1P2S structure consisting
ofone primary winding and two secondary-side windings
(S1 andS2). The model, including the magnetizing
inductance (Lm) and leakage inductances (Loo, Lo1, Ls2), Was
further extended to incorporate interwinding capacitances
(Co1, Co2) and intrawinding capacitances (Cpo, Cp1, Cp2).
Resistances Ro, R1 and R represent the equivalent winding
resistances, whereas Rr is associated with transformer core
power losses. Parameters z, and zs denote the number of tums
of the primary and secondary windings, respectively.
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Fig. 5. Simplified equivalent circuit of the high-voltage converter resonant
tank

In the next stage of the investigation, a frequency-domain
analysis was conducted to align the frequency characteristics
of the fabricated transformer with those obtained from
the simulation model. The measurement results revealed that,
for frequencies above 1 MHz, the frequency response
is strongly affected by the secondary-side parasitic
capacitances and the interwinding capacitances between the
primary and secondary windings. The equivalent circuit that
demonstrated the best agreement with the measured
frequency characteristics is shown in Fig. 6.
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Fig. 6. Extendedequivalentcircuitof the resonant tank of thehigh-voltage
converter for a single 1P2S transformer

Transformer parameter identification was performed based
on the analysis of frequency characteristics determined
fortwo operating conditions, namely short-circuit
and open-circuit states,using measurements carried out with
avector network analyzer from both the primary-
and secondary-side terminals. Additional investigations were
conducted to assess the correctness of the identified
equivalent circuit parameters, including measurements
ofthe primary winding with the core installed but without
the secondary winding. To simplify the transformermodeling



process, symmetry of the transformer secondary side was
assumed, ie., the parameters of secondary-side windings S1
and S2 were considered identical (Ctu, Lon, Rn, Cptn, Cpn). The
equivalent circuit parameters were referred between the
secondary and primary sides using the relations given in (1)
and (2). The parameters denoted by a prime symbolin Fig. 6
represent secondary-side values referred to the primary side.

z ’ z : 4 ’
R\ =R (—"j L =L, (—PJ LC=C =1 (D)

Z Zp

2
z z
7' =7 P s u'x =u, P
x T4 (ZJ z, 2)
The key relations used for parameter identification under
short-circuit conditions, from the primary and secondary
sides, respectively, were given by (4) and (5). The analysis

was  further  supplemented by (6), associated
with the identification of the primary-side parameters
with the secondary winding removed. These relations

enabled an initial estimation of the leakage and magnetizing
inductances based on inductance measurements (Lpr=56 pH,
Lse =1761 uH, Lpws=1165 pH) performed usingthe analyzer

at a frequency of 10 kHz.
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Subsequently, iterative tuning of the equivalent circuit
parameters was carried outusing circuit simulations in order
to achieve the best possible agreement with the characteristics
of the experimental model. The values of the extended
equivalent circuit parameters referred to the secondary side
(Sn) are listed in Table I.

TABLE . SECONDARY-REFERRED
EQUIVALENT TRANSFORMER CIRCUIT PARAMETERS

Symbol Value
C'h 0.3 pF
L'y 1.688 mH
R 0.52 Q
R’; 1 MQ
L, 46.695 mH
c,=C,=C, 8 pF
Ly=L,=L, 1.208 mH
G =C =G, 0.5 pF
R =R,=R, 23Q
C,=C,=C, 14.5 pF
Co=Cp, =G, 0.5 pF
Coi =Coi =C,,, 1 pF
z,/z, 116/18

Using the parameters listed in Table I, transformer
impedance frequency characteristics were generated

for different operating conditions, including open-circuit
and short-circuit conditions (1P2S structure). Experimental
measurements were performed on the transformer prior
to silicone potting. Due to the low-voltage output signal
ofthe measurement analyzer, the value of the resistance Ry,
associated with transformer core losses, was assumed to be
1 MQ. In the model adjusted to the target converter supply
voltage (320 V DC), the value of Rrshould be approximately
33 kQ, corresponding to estimated hysteresis core losses
of approximately 3.1 W for each 1P2S structure. These core
losses correspond to a magnetic flux density amplitude
ofapproximately 105 mT atanoperating frequency
of 75.8 kHz.

Fig. 7 presents the transformer impedance frequency
characteristics under open-circuit conditions, determined
from the secondary-side winding terminals (S1), ie.,
with the primary winding and the winding of the second
secondary-side submodule left open. Good agreement can be
observed between the characteristics obtained from
the physical transformer and the simulation model based on
the extended equivalent circuit (Fig. 6). The most significant
discrepancies occur above 1 MHz and are associated
with the complex nature of the secondary-side parasitic
capacitances. The resonance observed around 2.5 MHz
is associated with the resonance formed by the secondary
winding section and its intrawinding capacitance (Ls1/2, Ctn).
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Fig. 7. Transformer impedance frequency characteristics under
open-circuit conditions at the secondary-side winding for the simulation
model and measurements performed on the fabricated transformer

The characteristics presented in Fig. 8 correspond
to the transformer short-circuit condition on the primary side
(MP) and at the terminals of secondary-side winding S2
(uo=0V, uz2=0YV), while the measurement was performed
from the terminals of secondary-side winding S1. Despite
the change in transformer operating conditions, the resonance
around 2.5 MHz remains visible, which may confirm
its association with the internal resonance of the secondary
winding. To further verify the validity of the model,
acomparison of the characteristics determined from
the primary-side  terminals was  performed. After
appropriately referring the equivalent circuit parameters from
Table I according to (1), and subsequently introducing them
into the simulation model, the characteristic shown in Fig. 9
was  generated.  This  characteristic =~ corresponds
to open-circuit conditions, i.e., with S1 and S2 windings left
open. Compared with the measurement results,
the characteristic obtained from the simulation model
exhibits stronger damping of the resonances below 1 MHz,
manifested by smootherand more flattened resonance peaks.
Above 1 MHz, the opposite tendency is observed.
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Fig. 8. Transformer impedance frequency characteristics under
short-circuit conditions (u =0 V, u, =0 V) at the secondary-side winding
(S1) for the simulation model and measurements performed on the fabricated
transformer
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Fig. 9. Transformer impedance frequency characteristics under
open-circuit conditions at the primary-side winding (MP) for the simulation
model and measurements performed on the fabricated transformer

As mentioned earlier, in the final experimental model,
the transformer chamber of the 3x(1P2S) structure (Fig. 1,
right) was filled with a silicone compound in order to ensure
an adequate transformerinsulation system. The ELASTOSIL
RT silicone potting material was selected due to its declared
dielectric strength of 23 kV/mm and low dielectric loss factor
(dissipation factor)tand. ELASTOSIL RT exhibits an almost
frequency-independent  tand  characteristic,  which
is advantageous for high-voltage power -electronics
applications[19]. Since anincrease in parasitic capacitances
was expected after potting, comparative frequency-response
measurements of the transformer before and after silicone
potting were performed (Fig. 10). The measurements were
carried out under open-circuit conditions, determined from
the secondary-side winding terminals (S1). An increase
in parasitic capacitances by approximately 1.64—1.73 times
was observed, resulting in a shift of the frequency
characteristics toward lower frequencies.
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Fig. 10. Transformer impedance frequency characteristics under
open-circuit conditions at the secondary-side winding (Sx) before and after
silicone potting

IV. ANALYTICAL MODEL OF THE TRANSFORMER

The analytical model development for the transformer
(1P2S structure) was initiated by introducing simplifying
assumptions. Due to the assumed operating frequency range
of the resonant converter, the analyticalmodel was intended
to accurately reproduce the system characteristics
up to 1 MHz. Consequently, the parasitic capacitances Con,
Cotn and Ci, were neglected in the subsequent analysis.
The development of the proposed analytical model
in thes-domain began with the formulation of impedance
expressions for the individual parts of the circuit. For this
purpose, the input impedances Zpo and Zp were defined
according to (7), the magnetizing impedance Zm accordingto
(8), and the output impedances Z'; and Z'p, referred to the
primary side according to (9).

1
Z,(s)= a s Zy(s) =R, +sL,, (7)
R.sL
Zm (S) = # (8)
R, +sL,
’ _ pt ' ! _ 1
Z,(s)=R, +sL,,, pn(s)_? ©)
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The general analytical model is described by the set
of relations given in (10)—(13).
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To compare the frequency characteristics obtained from
experimental measurements, the simulation model,
and the analytical model, the ratio u'/i"t corresponding
to the secondary-side measurements was determined

asanexample for two operating conditions: open-circuit,
described by (15), and short-circuit, described by (17).
For clarity, two magnetizing impedances were defined: Zm-oc
for the open-circuit condition (14) and Zmnesc
for the short-circuit condition (16). For the short-circuit
condition, with the measurement performed from the S2
terminals, uo=0 Vand u> =0 V were assumed.

Open-circuit condition, measurement from the S1:

Zm-OC (S) =
L, 1 1 (14)
Z,(s) Zy(s)+Z o(S) Z(s)+Z,,(s)

-1

u (s) 1 1

Z;ec—oc (S) 1( ) Zyin (s) * Zr,r (S)+ Zm-oc (S) (15)




Short-circuit condition, measurement from the S1:
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In the next step, the transformation to the frequency
domain was performed by substituting s = j2xf. This enabled
the generation of the analytical model frequency
characteristics up to 1 MHz. Fig. 11 presents three
characteristics: the simulation model, experimental
measurements, and the analytical model. These
characteristics were determined forthe open-circuit condition
from the S2 terminals. The proposed analytical model
provides good fitting to the characteristics obtained from the
simulation modeland the experimentalmeasurements within
the analyzed frequency range.
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Fig. 11. Transformer impedance frequency characteristics under
open-circuit conditions at the secondary-sidewinding (S») upto 1 MHz, for
the simulation model, the analytical model, and measurements performed on
the fabricated transformer

V. INTRAWINDING CAPACITANCE REDUCTION

The transformer employs a two-leg core structure.
Custom ferrite cores made of 3C94 material (Ferroxcube)
were used. The bobbins were manufactured using SLS
additive  manufacturing from  polyamide, which
is characterized by high dielectric strength [20]. Each
secondary winding (Sn) was sectioned to improve
the insulation operating conditions associated with a more
favorable electric field distribution between adjacent turns,
layers, and winding sections. The transformer winding
arrangement is presented in the longitudinal cross-section
of the 1P2S structure shown in Fig. 12.

secondary winding (Sn)
secondary-winding bobbin

A
H ]
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Fig. 12. Longitudinal cross-section of the transformer (single 1P2S
structure), showing the bobbins and the primary and secondary windings

Fig. 13 presents the longitudinal cross-section
of'the secondary-side winding (Sn) together with the bobbin.
A significant spacing between the secondary winding and
the core can be observed.
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Fig. 13. Cross-sectional view of the transformer secondary side showing
the winding arrangement with the windings offset from the core

During the simulation studies, the need to reduce
the secondary-side ~ (HV)  transformer intrawinding
capacitance was identified. This capacitance significantly
affects the RMS current of the bridge transistors on the MV
side. Itcauses additional energy circulation within
the system, which directly impacts converterefficiency [21].
To mitigate this effect, a reverse-turn winding method was
proposed, in which each subsequent winding layer starts
again from the beginning of the section after completion
ofthe previous layer. Fig. 14 presents the layered
arrangement of the secondary-side winding implementing
the reverse-turn winding method together with the indicated
winding sequence.

1st turn 29thtum  59th tum

DETAIL A

116th turn

30th tum 58th tum 88th tum

Fig. 14. Longitudinal cross-section of the transformer (DETAIL A) showing
the layered, sectional arrangement of the secondary-side winding; the
winding configuration characterized by higher secondary-side intrawinding
capacitance is indicated by gray labels in parentheses

An alternative (simplified) winding arrangement is also
indicated in Fig. 14 using gray labels in parentheses.
Frequency-domain measurements were performed for two
secondary-side winding arrangements. The measurements
were carried out without the core and using only
the secondary winding. The impedance frequency
characteristics for both winding arrangements are presented
in Fig. 15.

Impedance magnitude [(2]
Ew
T

—— Simplified winding

Reverse-turn winding

104 10° 10° 107
Frequency [Hz]

Fig. 15. Impedance frequency characteristics of the transformer secondary
winding Sn (without the core and primary winding) for the simplified and

reverse-turn winding



The intrawinding capacitance  measurements
of'the secondary-side winding confirmed the effectiveness
ofthe reverse-turn winding approach. At 4 MHz,
the measured capacitance decreased from 309 pF
for the simplified winding arrangement to 16.7 pF
for the reverse-turn winding, corresponding to a capacitance
reduction of approximately 46%.

A similar sectioned high-voltage transformer structure
was presented in [22]. In contrast to the transformer proposed
in this work, the reported design employs a three-leg
magnetic core assembled from U-shaped ferrite cores.
A single primary winding is placed on the centerleg, whereas
two secondary winding sections are wound on each outer leg.
Consequently,achievingthe same voltage gain requires twice
the number of secondary turns. The proposed 3x(1P2S)
configuration enables a reduction in the number of secondary
turns, which contributes to lower leakage inductance
and reduced secondary-side intrawinding capacitance.

VI. VOLTAGE GAIN CHARACTERISTIC

In addition to the transformer discussed previously,
the overall resonant tank comprises a resonant capacitorand
acommon-mode choke (CMC). To determine
the voltage-gain characteristics of the resonant converter,
the parameters of both components were identified. Fig. 16
presents the impedance frequency characteristics
of'the resonant capacitorandthe CMC responses for CM and
DM excitations. For the analyzed converter, and particularly
forthe voltage-gain characteristics, the DM response
ofthe CMC is of primary importance, as it is mainly
associated with the leakage inductance of the choke.
As reported in the literature, the DM response of a CMC
is governed by its leakage inductance, whereas the CM
response is associated with the magnetizing inductance [18].
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Fig. 16. Impedance frequency characteristics of the common-mode
choke (CMC) forCM and DM responses, and of the resonant capacitor

The  resonant capacitor has a  capacitance
ofapproximately 60 nF. In the experimental setup, it was
implemented using six polypropylene capacitors intended
for pulse applications, each rated at 10 nF and 1600 V DC.
It should be noted thatthe capacitance Cs indicated in Fig. 5
and Fig. 6 corresponds to a single 1P2S structure. Therefore,
for the analysis of a single structure, the value Cs = 20 nF
should be assumed. Only for the complete 3x(1P2S)
configuration should the total capacitance be considered
as 3C; (Fig. 4).

The determination of the resonant converter voltage-gain
characteristics requires the definition of appropriate
parameters describing the operation of the resonant tank.

The normalized frequency fu, defined by (18), is expressed
asthe ratio of the resonant tank operating frequency
to thebase frequency fo=151.5kHz. To simplify
the notation of the equations, an equivalent inductance value
Loey was introduced in (19). The value of fo was determined
using (20). The quality factor O was defined as the ratio
ofthe characteristic impedance of the resonant circuit
to thesecondary-side  load  resistance  Rpo.  [23]
The expression used to determine the quality factor Qis given
in (21). The expression describing the voltage gain M
is presented in (22).
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The voltage-gain characteristics for different quality
factor Q values as a function of the normalized frequency fu
are presented in Fig. 17. In the target system, the operating
range corresponds to frequencies from 0.5 fy to 0.85 f
(75.8 to 128.8 kHz). As can be observed, the converter is
capable of achievinghigh voltage-gain values for frequencies
above approximately 2 fn. However, it should be noted thatn
this operating region the amplitude of the primary-side
winding current increases again, also for high load-resistance
values, including no-load conditions (Fig. 18).
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Fig. 17. Voltage gain characteristics of the HV resonant converter for
different quality factor O values as a function of normalized frequency f;
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Fig. 18. Primary-side winding current amplitude characteristics of the HV
converter for different values of the quality factor O as a function of the
normalized frequency f,



The developed converter employs a hybrid control
method combining switching-frequency modulation and
duty-cycle control [24]. The adopted approach extends the
achievable regulation range while simultaneously reducing
the required switching-frequency span, which is particularly
beneficial for high-voltage resonant converter operation.

In the context of the need to reduce the capacitance Gy,
it is also important to consider the influence of the rectifier
diode junction capacitance Cjon the frequency characteristics
and voltage-gain characteristics of the converter. The applied
GCO05MPS33J diodes exhibit a junction capacitance C;
of 14 pF for blocking voltages above 1700 V.In the analyzed
bridge output stage (Fig. 2), the capacitance C;j is connected
in parallel with Cp,. Therefore, to simplify the analysis of its
impact on the converter functional characteristics, its effect
was considered together with the influence of
the intrawinding capacitance Cp,. The voltage-gain
characteristics illustrating the influence of Cpn are presented
in Fig. 18. It should be noted, however, that Cj is nonlinear
and increases with decreasing reverse voltage, which

significantly affects the converter characteristics [25].
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Fig. 19. Voltage gain characteristics of the HV resonant converter versus
normalized frequency f, for different values of the quality factor QO
and secondary-side intrawinding capacitance Cp,

VII. CONCLUSION

The design of high-voltage DC-DC converters with
a high voltage step-up ratio employing a transformer-based
intermediate circuit constitutes a significant engineering
challenge due to the need to ensure an adequate insulation
system while maintaining the required converter operating
performance. The design of transformers operating as part
ofa resonant circuit differs from typical commercial
solutions, mainly due to the need to implement measures
leading to increased leakage inductance, such as separation
of the primary and secondary windings onto separate core
legs, increased spacing between the windings and the core,
and winding sectioning. The conducted investigations
demonstrated a significant influence of the secondary-side
intrawinding capacitance on the converter operating
conditions. This capacitance causes additional energy
circulation within the system, directly affecting converter
efficiency. To mitigate this phenomenon, a reverse-turn
winding arrangement was proposed. Furthermore, each
secondary winding (Sn) was sectioned to improve the
dielectric insulation conditions associated with a more
favorable electric field distribution between adjacent turns,
layers, and winding sections. The proposed extended

equivalent circuit and the developed analyticalmodel showed
good agreement with experimental measurements.
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