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Abstract—The newly available Medium Voltage (MV) Silicon-
Carbide (SiC) devices enable a great extension of the design
space of MV inverters. This includes the utilization of unprece-
dented blocking voltages, higher switching frequencies, higher
commutation speeds, and high temperature operation. However,
all these factors considerably increase the insulation stress. This
paper details the computation of dielectric losses, which are
directly related to the insulation stress and can be used for the
insulation design and diagnostic. After a review of the method
used to compute dielectric losses, scalable analytical expressions
are derived for the losses produced by PWM waveforms of DC-
DC, DC-AC, and multilevel DC-AC inverters. Finally, a Medium-
Frequency (MF) transformer is analyzed and the impacts of
the insulation material and the operating temperature on the
dielectric losses are discussed. It is found that the insulation
losses can represent a significant share (17%) of the total
transformer losses.

Index Terms—Power Electronics, Dielectrics and Electrical
Insulation, Dielectric Losses, Medium-Frequency Transformers,
Medium-Voltage Transformers.

I. INTRODUCTION

The need to integrate renewable energy sources into the
MV grid, to supply large loads from the MV grid, or to control
the power flow, has led to a rapid growth of the research
and industry interest for MV connected power electronic
inverters, using MF energy conversion [1]-[3]. The design of
such converters is often examined at system level [3], [4] and
component level [5]-[8] while the insulation coordination is
often neglected [9], [10].

According to [11], insulation failures, for example in
connected magnetic components, are already challenging in
Low-Frequency (LF) systems. In [12]-[14], it is shown that the
fast voltage transients generated by power converters further
increase the stresses applied to a dry-type insulation system,
leading to increased failure rates. In this context, the usage of
new SiC switches, which achieve higher voltage capabilities,
higher switching frequencies, and higher switching speeds, is
particularly critical [1], [7]. Moreover, due to the high power
density, elevated operating temperatures usually apply to
power converters. For these reasons, the insulation used in
such inverters requires a careful examination in order to
obtain a reliable system but also for achieving good thermal
and EMI performances.

Literature related to the evaluation of insulation stresses
proposes the examination of partial discharges, breakdown

voltages, field distributions, dielectric losses, etc. [9], [13]-[15].

Among these methods, the inspection of dielectric losses is
of particular interest, since dielectric loss densities are found
to be related to the lifetime and the reliability of insulation
systems [14]-[17] and because the calculation of dielectric
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losses is easier than the computation of partial discharge
activities or breakdown voltages. Consequently, even if the
dielectric losses are usually small compared to the total losses
of a converter [9], their computation is still very useful for
classifying insulation stresses and materials. Moreover, the
online or offline monitoring of the insulation losses allows
the detection of insulation degradation and represents a
valuable diagnostic tool [16], [18], [19].

This paper examines in detail the computation of insula-
tion losses in converters. Fig. 1 presents a typical workflow
for the computation of the losses where the dependencies
between the different parameters are shown. The computa-
tion of dielectric losses considers the applied waveforms,
the geometry, the temperature distribution, the electric
field, and the material properties [15]-[17]. The temperature
distribution links the computation of the dielectric losses to
the other losses (induced currents, hysteresis, etc.) present
in the considered component.

This paper is organized as follows. After the definition
of the dielectric losses computation in Section II, simple
and scalable expressions are derived for the evaluation of
the losses for typical converter waveforms in Section III:
PWM with constant duty cycle, sinusoidal modulation, and
multilevel sinusoidal modulation. Finally, in Section 1V,
the presented analysis method is applied to a MV/MF
transformer in order to evaluate the insulation stress.

II. DIELECTRIC LOSSES COMPUTATION

The dielectric response of a solid insulation material
depends on various microphysical processes such as polar-
ization (e.g. electronic, atomic, dipolar), conduction, charge
trapping, etc. [15], [16]. In this paper, the polarization effects
are considered to be linear with respect to the electric field,
which holds approximately true for most of the materials used
for MV insulations [15], [17], [20]. With these assumptions, the
dielectric response of an isotropic material is fully described
in the frequency domain by the complex permittivity [15],
[17], [19]:

e(f, T)=eo(€' (£, T)-je" (£, 7)), o))

which is dependent on the frequency f and the operating
temperature T. This model is not applicable for modeling
the response of a material to a DC electric field. However,
the DC conduction losses can be neglected since the AC
losses are much larger at ME Furthermore, this model is not
able to predict the nonlinearities and the additional losses
appearing above the partial discharge inception voltage [12].
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Fig. 1.
can be adapted to busbars, semiconductor packages, filters, etc.

For practical applications, the real part of the permittivity
(¢') is often given together with the loss tangent (tand). An
equivalent circuit consisting of the series connection of a
capacitor (Cgsg) and a resistor (Rgsg) is also a common
model. The corresponding parameters are defined as:
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The loss tangent is a figure of merit for capacitors (losses
compared to the stored energy). Since energy storage is not a
desirable property of insulation materials, the loss tangent is
not a figure of merit for insulation materials. Models based
on the series equivalent circuit are frequency-dependent
even for a constant complex permittivity. This means that
these models cannot easily be used in the time domain and
lead to complex expressions for the dielectric losses. For
these reasons, the complex permittivity representation in the
frequency domain is used in this paper.

With the help of the complex permittivity, it is possible
to express the time-averaged losses of an insulation system
excited with a periodic electric field as:

P= f f f (}ieoe” (fn,T)(2nfn) E2 s |4V, (5)
Y=

where V is the insulation volume, f the fundamental
frequency, and E,rvs the RMS Fourier series coefficients
of the electric field norm. In case of a homogeneous and
isothermal dielectric placed between two electrodes, the
expression for the losses can be simplified to:

P=Y Py=Coy. & (fnT)(2nfn) Vi aus (6)
n=1 n=1

where Cj is the vacuum capacitance (computed with &)
associated with the geometry and V;, gms are the RMS Fourier
series coefficients of the applied voltage. This expression can
be extended to systems with more than two electrodes by
using the capacitance matrix.

Material Sample

Dielectric Losses
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Workflow for the computation of dielectric losses inside insulation systems. The procedure is here shown for a 4kV MV/MF transformer [1] but
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Fig. 2. (a) PWM signal with a constant duty cycle. (b) Two different

approximations of the switching transition (rise time #;): the ramp function
and the step response of a first order low-pass filter.

III. DIELECTRIC LOSSES WITH PWM VOLTAGES

Expression (6) facilitates the calculation of the dielectric
losses by means of numerical computations. It is, however,
very difficult to identify the influence of the different parame-
ters, since the frequency-dependent material parameter €” (f)
and the amplitude of the voltage harmonic components
appear in the product term of the infinite sum.

In order to find a closed-form solution, a constant value
of ¢”(f) is considered in Subsections III-A and III-B, which,
according to [20], [21] is an admissible assumption for
certain insulation materials (in the considered MF range),
especially low-loss materials. With this hypothesis, ¢”(f) can
be taken out of the sum (6), allowing the decoupling of the
impact of the material from the excitation. Afterwards, in
Subsection III-C, the impact of the frequency dependence
of the permittivity is analyzed.

A. PWM with Constant Duty Cycle

In steady state operation, typical DC-DC converters gen-
erate PWM voltages with a constant duty cycle, according to
Fig. 2(a) [1], [9]. Fig. 2(b) proposes two approximations for
the switching transition: the commonly used ramp function
and the step response of a first order low-pass filter. Since
the proposed calculation of the dielectric losses is conducted
in the frequency domain, the ramp function is found to be
less suitable since it generates a spectrum with side lobes.
For this reason, the step response of the following low-pass
filter is used:

) Q]
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(a) Voltage harmonics for PWM signal with a constant duty cycle, (b) envelope of the voltage harmonics (in dBygjiace), (¢) envelope of the power

losses harmonics (in dBpower), and (d) cumulative sum of the power harmonics. The following parameters are used: fs =1kHz, & =100ns, and D¢ =0.5.

With the chosen duty cycle, only the odd harmonics are non-zero.

where f; is the 10% —90% rise time, cf. Fig. 2(b). The
corresponding harmonic components (Fourier series) of the
PWM voltage can be computed as:

V2 |sin (mDcn)|

Vi rMS = | — —————— Vbe |Glp (sn)|, 8
7 n

where D, is the duty cycle, Vpc the amplitude, and f; the

switching frequency. From the voltage harmonics, the spectral

components of the losses (cf. (6)) can be expressed:

Py =(e"Co) (2m fsn ) n,RMS* 9)

The dielectric losses can be computed as the sum of the
spectral components:
n
P= r}LrIoloPn,c» Py = Z Py (10)
n'=1
where P, is the partial losses of the first n harmonics and
P the total losses.

Fig. 3 depicts the voltage harmonics (cf. (8)), the losses
spectral components (cf. (9)), and the cumulative sum of
the losses (cf. (10)). The voltage and power harmonics are
proportional to ~ 1/n for frequencies below the corner
frequency. Therefore, the sum (10) only converges after the
corner frequency of the low-pass filter. This implies that
an infinitesimally short switching transition would lead to
infinite losses. Therefore a model of the switching transition
is required (cf. (7)). Moreover, the sum P is much greater than
the fundamental harmonic P;, showing that a fundamental
frequency analysis is inappropriate.

The calculation of (10) is computationally intensive since
it requires the summation of many harmonics. Therefore, a
closed-form approximation is proposed (with the hypothesis
¢ (f) = const.):

= (£"CoVEo) P, an
P~ Z_fsl ( 'fe sin (nDC)) (12)
7 s

where y = 0.57 is the Euler-Mascheroni constant and P’ the
normalized losses. The derivation of (11) requires elaborate
calculations, which are given in Appendix A. The accuracy
of the approximation is evaluated in Appendix C and shows
that the approximation is valid (0.1% error). The error is also
small (2.5% error) if a ramp function is used in place of the
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Fig. 4. (a) Impact of the switching frequency, the rise time, and (b) the

duty cycle on the dielectric losses. The excitation is a PWM signal with a
constant duty cycle. All the power values are normalized with respect to
e"'Cy VSC while the used parameters are given in the figures.

TABLE 1
PWM wITH CONSTANT DUTY CYCLE.

Param. Impact on P

fs P ~ fsIn(const./ ;)
tr P ~In(const./ t;)
D¢ P ~ const.

Vbe P~V3.

E" P ~ E"

low-pass filter step response. This indicates that an exact
model of the switching transition is not necessarily required
and that the model presented in (7) is valid.

Fig. 4(a) depicts the results of (11) for different rise times
and switching frequencies. It can be seen that the impact
of the frequency is very strong while the losses increase
only logarithmically with respect to the reciprocal of the rise
time. Fig. 4(b) shows that the duty cycle has only a minor
impact on the dielectric losses. The impact of the different
parameters on the losses are summarized in Tab. L

B. PWM with Sinusoidal Modulation

Since many MV converters are connected to the grid, it
is also important to evaluate the insulation losses with LF
and MF excitations (mixed-frequency voltage stress) [3], [9],
[18]. Since the corner frequency (cf. (7)) is much greater
than the grid frequency, the numerical computation of the
dielectric losses requires a very high number of harmonics
(more than 10° for a grid frequency of 50Hz with rise times
below 100ns). This, especially, leads to a computationally



Full Bridge Inverter Multilevel Inverter

1.0 ‘@
= 0.5 fiHHR 14
=
g 0.0 \
= 1fs
£>-0.5 ViH—
1.0
0 5 10 15 20
Time [ms] (a) Time [ms] (b)
Fig. 5. (a) PWM waveform produced by a full-bridge inverter. (b) Multilevel

PWM waveform produced by nc cascaded full-bridges (shown for n¢ = 2).

intensive situation when a volume integration of the losses
is required (cf. (5)).

It has been found that the scope of application of (11)
can be extended to inverters with sinusoidal modulation
by means of local averaging. For the voltage waveforms
produced by a single-phase full-bridge inverter, cf. Fig. 5(a),
the following approximation is derived (with the hypothesis
¢ (f) = const.):

P =Py + Pharm = (€"CoVisc) (P + Piarrn)» (13)
M; 2
Py =(27fy) (E) = 7 fgM;, (14)
1-€
Y
Pl ~lim f (z—f" In (_Ze fe sin D, (5)))) de,  (15)
=0 T fe
0+e
. T
De(©=Misin(3¢),  fe=2f, (16)

where fg is the grid frequency, f; the switching frequency of
the semiconductors, f. the effective switching frequency of
the output AC signal, and M; the modulation index.

Due to the limited voltage capabilities of MV semiconduc-
tors, multilevel converter structures are often used [9], [22].
Fig. 5(b) shows a typical multilevel waveform produced by
n¢ cascaded full-bridges (with phase-shifted PWM carriers)
producing 2n;+1 levels. The local averaging of (11) is
also applicable to multilevel waveforms where the effective
switching frequency is f, = 2ncfs. The local duty cycle, D, (¢),
is a piecewise defined function. A case differentiation is
required due to the fact that, for low modulation indexes,
only a reduced set of the available voltage levels is used. For
this reason, a simple expression for D, () does not exist.

The accuracy of these approximations is evaluated in
Appendix C and shows that the local averaging of the duty
cycle is valid for both single and cascaded inverters (3.4%
error).

Figs. 6(a) and (b) depict the losses for different modulation
indexes. The losses at the grid frequency are proportional to
the square of the modulation index and independent of the
number of levels. The losses of the higher harmonics are not
strongly dependent on the modulation index. It has to be
noted that P[,  is much greater than P|. With n cascaded
full-bridges, Pl’1arm oscillates n. times when evaluated over
the modulation index. As explained above, this is due to the
piecewise definition of D (¢).

Fig. 6(c) shows that the dependence of the losses on
the switching frequency is similar to the case shown in
Fig. 4(a). The obtained results reveal that the dielectric
losses of the higher harmonics can be greatly reduced with

TABLE II
PWM WITH SINUSOIDAL MODULATION.

Param. Impact on P;  Impact on Py

fs P ~ const. P ~ fsIn(const./ fs)

fg P~ fg P ~ const.

tr P ~ const. P ~In(const./t;)

M; p~ M12 P ~ const.

ne (fs = const.) P ~ const. P ~ (1/n¢)In(const./ne)
ne (fe = const.) P ~ const. P~1/ n%

Vbe P~V3. P~V3.

8” P ~ 8" P ~ 8"

multilevel inverters. This is due to the reduction of the voltage
steps produced by multilevel waveforms, which is, however,
mitigated by the increase of the effective switching frequency.
If the number of levels is increased with a constant effective
switching frequency, an even greater reduction of the losses
results. This highlights one advantage of multilevel inverters
for MV applications [22].

The impact of the different parameters on the losses (P;
and Pp,m) are summarized in Tab. II for cascaded full-
bridges with phase-shifted PWM carriers.

C. PWM with Frequency-Dependent Materials

Until now, a constant ¢(f) has been assumed. This
assumption, however, may be inaccurate for some materials,
especially for epoxy resins which are frequently used for
MV insulations. In this paper, a typical MV insulation epoxy
resin has been chosen (Damisol 3418, with glass transition
temperature: Ty = 136°C [23]). Fig. 7 shows the measured e
and " for the chosen resin where the material parameters are
strongly frequency and temperature dependent. The losses
are particularly high for temperatures near the glass transition
temperature [24], [25]. The measurements are done with a
disc-shaped specimen using a Novocontrol Alpha-A Analyzer
(cf. Fig. 1) [26].

In Subsections III-A and III-B, it has been shown that the
influence of the duty cycle and the modulation index on the
losses is moderate. For this reason, a signal with a constant
duty cycle (D = 0.5) is chosen. With this assumption, a
closed-form approximation can be found:

P~ (CoVic) (Phaq + Phnt) (17)
Poga= % In(2e")e" (), (18)
In(fc)
;o 2fs "
Py=— | €' (f)d(In(f)). (19)
lfl(fs) 4

~
"
int

€
The derivation of (17) is given in Appendix B. The proposed
formula requires the measurement of ¢”(f), which is not
always available and difficult to measure (due to &' > £”) [16],
[24]. However, the real and imaginary parts of the permittivity
are linked by the Kramers-Kronig relations [25], [27]. These
relations can be locally expressed as:

" n 0¢'(f)
e (f) ~ T 20m(f)

It has to be noted that this relation is inaccurate for

. (20)
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approximation of ¢” (f), computed with the Kramers-Kronig relations, is
also shown (red curve). The area Eﬁxt (cf. (19)) and the difference E,diff
(cf. (23)) are figures of merit for the losses produced by a material.

quantifying the loss peak associated with the glass transition
temperature of the material (cf. Fig. 7). However, for the
chosen resin, the glass transition temperature is above the
typical operating temperature of power electronic compo-
nents such that the Kramers-Kronig relations can be used.
With (20), the approximation (17) can be rewritten as:

P~ (CoVise) (Phaa + Pind)» @1
0¢' (f)
Pl,q=—fsIn(2e") : (22)
dd dln(f) A
Po=fi(€(f) -€ (f5)). (23)
—_—

€aift

The area &/ (cf. (19)) and the difference eiﬁﬁ (cf. (23))
are figures of merit for the losses produced by a material
and are shown in Fig. 8. The measured imaginary part of

the permittivity is compared to the value obtained with (20),
showing that the Kramers-Kronig relations hold true.

The accuracy of the approximations (17) and (21) is
evaluated in Appendix C. Both expressions are found to
be valid for the chosen resin (7% error). If the frequency
dependence of the material parameters is neglected (cf. (11)),
the error is greater than 50%, indicating that the frequency
dependence of the permittivity must be considered for
accurate computations.

IV. CASE STUDY: MV/MF TRANSFORMER

With the help of the approximations proposed above, the
dielectric losses of different components can be examined.
Since it has been identified that the stresses are particularly
high for MV/MF transformers [8], [9], this component has
been chosen.

A. Transformer Design

The proposed method is applied to the 4kV/400V, 50kHz,
25kW MV/MF transformer of the single-stage MV SiC Solid-
State Transformer (SST) presented in [1]. The transformer
is used inside a Dual Active Bridge (DAB) DC-DC converter.
This transformer has been chosen since it is subject to all
identified critical aspects, i.e. in particular high frequency
and high voltage operation. The characteristic properties of
the transformer are summarized in Tab. III.

The voltage and current excitations of the transformer
are computed using phase shift modulation (30° at nominal
power) [28]. The switching transitions feature Zero Voltage
Switching (ZVS) and are modeled as presented in Subsec-
tion III-A. The current dependency of the switching speed
is considered according to [7].
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TABLE III

PARAMETERS OF THE MV/MF TRANSFORMER.
Power 25kW
Voltage +4kV / +400V
Frequency 50kHz
Rise time 1000ns @ 0kW / 170ns @ 25kW / ZVS
Winding 60:6 turns / litz wire / shell-type
Wire 3000 x 100pum / 380 x 71pum
Core type ferrite N87 / E-core / 2300 mm?

Core window 32 x 65mm

Volume 120 x 130 x 140mm / 2.2dm?>
Cooling conduction / forced convection / 50°C ambient
Insulation epoxy resin / Damisol 3418 / 4mm thickness

The transformer has been designed following the guide-
lines proposed in [6]. The magnetic field, the electric field,
and temperature are computed with a 2D Finite Element
Method (FEM), according to the workflow presented in Fig. 1.
The spatial dependence of the losses and the temperature
dependence of the material parameters are considered. An
iterative process is used in order to link the temperature
distribution with the losses. The winding losses (skin and
proximity effects) are computed according to [28], the core
losses (improved generalized Steinmetz equation) according
to [29], and the dielectric losses according to Subsection III-C.

B. Transformer Losses

The corresponding temperature, electric field, and loss
distributions are depicted in Fig. 9 at rated conditions (25kW).
The hot spot temperature (105°C) is clearly located inside the
windings due to the thermal resistance of the insulation. Due

to the inhomogeneous electrode configuration, the electric
field is mostly located near the MV winding. The maximal
RMS electric field is in a typical range for MV insulation
(2.5kV/mm) [9]. Since the insulation losses are proportional
to the square of the electric field (cf. (5)), the dielectric losses
are only significant near the surface of the medium voltages
winding. The maximum dielectric loss density is even larger
than the core and winding loss densities, which indicates
that insulation losses are critical.

In order to get a better insight on the transformer losses,
the loss densities depicted in Fig. 9 are integrated over
the transformer volume. Fig. 10(a) shows the obtained
losses for different load conditions and Fig. 10(b) depicts
the corresponding hot spot temperatures. As expected, the
voltage related losses (core, cooling, and insulation) are
approximately load independent. Only the winding losses,
which are related to the current, are strongly load depen-
dent. At rated conditions (25kW), the total losses are 82W
(efficiency of 99.65%).

C. Dielectric Losses

At rated conditions (25kW), the total dielectric losses
are 14W which represent 17% of the total losses. For the
computation of the dielectric losses the following remarks
should be considered:

. If the dielectric losses are neglected, an error of 17%
results for the total losses and 10°C for the hot spot
temperature. This means that the dielectric losses cannot
be neglected for an accurate transformer simulation.

. If the dielectric losses are computed with a fundamental
frequency analysis, an error of 9W (65%) results. There-
fore, the actual rectangular voltage waveforms must be
considered with a model of the switching transition.

. If the approximation of a frequency-independent per-
mittivity is done, an error of 4.5W (30%) results for the
insulation losses. If the dielectric losses are computed
without a thermal model, the error reaches 3.5W (25%).
This illustrates the importance of the temperature and
frequency dependence of the permittivity.

A closer look at the insulation losses (cf. Fig. 10(a)) shows a
moderate increase of these losses for loads between 0kW and
33kW. This is due to the temperature variation (cf. Fig. 10(b))
and to the increased switching speed of the semiconductors
(ZVS with increased current, cf. Tab. III).

For loads exceeding 33kW (33% overload), a thermal
runaway occurs. The mechanism of the thermal runaway



can be explained as follows. The hot spot temperature of the
transformer increases when evaluated over the load. This
temperature increase is mainly produced by the winding
losses which are strongly load dependent. When the hot
spot temperature reaches the glass transition temperature of
the insulation material (T =136°C for the chosen resin), a
massive increase of the dielectric losses occurs (cf. Fig. 7).
Due to the high density of insulation losses (cf. Fig. 9), this
leads to a thermal runaway.

According to these results, the considered epoxy resin,
which is a typical resin employed for low-frequency systems,
is less suitable at ME This is explained by the fact that
that the dielectric are non-negligible at MF and very high
for operating temperatures close to the glass transition
temperature. This will be the case for most epoxy resins
with typical glass transition temperatures ranging from 60°C
to 140°C [16], [21], [23].

For this reason, materials with significantly lower or higher
glass transition temperatures (compared to the operating
temperature) would be well-suited for the insulation of MF
transformers. For example, the glass transition temperature
of silicone elastomers is below 0°C, such that the loss peak
near the glass transition temperature is not critical [30].
Furthermore, silicone elastomers feature low dielectric losses
at MF and good thermal properties.

V. CONCLUSION

This paper derives closed-form analytical expressions for
calculating the dielectric losses of the materials used in
dry-type insulation systems. The proposed approach applies
to typical PWM voltages of DC-DC and AC-DC converters.
An extension for materials with frequency-dependent losses
is also derived. The proposed approximations are verified
with permittivity measurements conducted for a typical
MV insulation epoxy resin at different frequencies and
temperatures.

It is shown that fundamental frequency analysis inaccu-
rately determines the dielectric losses and that finite rise
and fall times of the excitation voltage limit the losses. A
detailed investigation reveals that the losses in the insulation
mainly depend on the voltage amplitude, the switching
frequency, and the material parameters. The duty cycle and
the modulation index of PWM waveforms have only a minor
impact on the insulation losses. Moreover, multilevel inverters
exhibit a significant reduction of the losses.

The described computation techniques are applied to a
4kv/400V, 50kHz SST MF transformer (single-stage con-
verter) with a frequency and temperature-dependent model.
At nominal operation, the insulation losses (epoxy resin)
reach 17% of the total transformer losses, which reveals
that an accurate computation of the dielectric losses is
required for MV/MF applications. Moreover, the dielectric
losses can lead to a thermal runaway of the transformer. It
is concluded that typical low-frequency insulation materials
are unsuitable for MF excitations. For this reason, future
research will investigate alternative insulation concepts and
materials, such as silicone elastomers, for MF transformers
in more detail.

APPENDIX
A. PWM with Constant Duty Cycle

This is the derivation of (11). From (10) and (9), the
normalized losses P’ can be written as (with the hypothesis
" (f) = const.):

P X 4fs sin? (1D n) 1
Pl S C
e"Cy V2 T n fi\2 (24)
0Vpc n=1 1+ (Tzn)

The infinite summation can be approximated by a finite
summation (until the corner frequency of the first order
low-pass filter, cf. (7)). The following summation is derived
(using the double angle trigonometric formula):

. [fel i 4f; 1—cos(2nDcn)

P'= 25
=1 T 2n (25)
which can be rewritten as:
oo 2 (ffc’fﬂ 1 ffifﬁ (=1)" cos (ZﬂDCn—nn)). o6
0 n=1 N n=1 n

An approximation exists for the partial sum of the first
term [31]. The second term converges quickly such that
the finite sum can be approximated with the infinite sum,
for which a closed-form solution exists [32]. This leads to:

P'z%ﬁ(ln(%)+y+%ln(2+2cos(2nDc—ﬂ))), 27
S

which is equivalent to the expression (11) (after using the
double angle trigonometric formula).

B. PWM with Frequency-Dependent Materials

This is the derivation of (17). From (10) and (9), the
normalized losses P’ can be written as (D = 0.5):

b P _iiﬁf”(ﬁn)-sinz(%n) 1 08)
CoVie m @ n 1+(%n)2

Only the odd harmonics are non-zero. Similar to Appendix A,
the summation is truncated at the corner frequency:

pro SET g (on)
n=1(odd) 7 n

(29)

This summation can be approximated with an integral [33].
The inaccuracy of this approximation near the fundamental
frequency is compensated by an additional term P; ad:

(30)

where the factor 1/2 results from the fact that only odd values
of n are considered. The term P!, is chosen such that the
approximation is equivalent to (11) for the special case of
a frequency-independent &” (f) (cf. (27) with D, =0.5). This

leads to:

2fs

1
—_— -In2+2
ﬂy+2n(+)

e (f), (31)

which, together with (30), is equal to the expression (17).
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TABLE IV
CONSIDERED PARAMETER COMBINATIONS.

PWM with Constant Duty Cycle

fs €11,100]kHz / t; € [10,1000]ns / D¢ € [0.1,0.9]
fstr <1%, in order to avoid quasi-triangular pulses
PWM with Sinusoidal Modulation

fg €[50,601Hz / n¢€[1,5]

fs €[1,100]kHz / # €[10,1000]ns / M;j € [0.1,1.0]
fstr <1%, in order to avoid quasi-triangular pulses

PWM with Frequency-Dependent Materials

fs €11,100]kHz / f; € [100,1000]ns / D¢ = 0.5

T € [20,120]°C / Damisol 3418 resin

fstr <1%, in order to avoid quasi-triangular pulses

TABLE V
ACCURACY OF THE APPROXIMATIONS.

PWM with Constant Duty Cycle

(11) vs. (6)  0.1% (low-pass)  2.5% (ramp)
PWM with Sinusoidal Modulation

(13) vs. (6)  0.8% (low-pass) 3.4% (ramp)
PWM with Frequency-Dependent Materials

(11) vs. (6) 53% (low-pass) 52% (ramp)
(17) vs. (6) 2% (low-pass) 4% (ramp)
(21) vs. (6) 7% (low-pass) 5% (ramp)

C. Accuracies of the Proposed Approximations

The accuracy of the following approximations is consid-
ered: PWM with constant duty cycle (cf. (11)), PWM with
sinusoidal modulation (cf. (13)), frequency-dependent &” ( f)
(cf. (17)), and frequency-dependent &' (cf. (21)). For these
approximations, the switching transitions are modeled with
the step response of a first order low-pass filter (cf. (7)).

The aforementioned approximations are compared to the
summation (6). For the summation, two approximations of
the switching transitions are used (cf. Fig. 2(b)): the ramp
function (“ramp”) and the step response of a first order
low-pass filter (“low-pass”).

The considered parameter combinations are shown in
Tab. IV and are based on typical values used for MV
converters. The obtained maximum relative errors are shown
in Tab. V.
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