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Abstract

Innovative test methods are required to keep up with the increased demand for insulation
materials which can withstand the high-frequency square-wave voltages generated by
power-electronic equipment. Test systems using high-voltage, high-frequency trans-
formers have proven versatile and easy to realise. The authors investigate the application
of amorphous cut cores in such transformers. Analytical and numerical models for the
transformer and its frequency response are developed, aiding the design process. An
amorphous core-based transformer is designed for 8 kV, output at 100 kHz and
compared to two previous designs based on ferrite cores. The frequency and pulse
response, as well as the high-voltage and thermal performance, are evaluated. The
comparison shows that while the low parasitics of the amorphous-based transformer
allow for superior frequency response, they are unsuitable for long-duration tests with
high pulse repetition frequencies (25-100 kHz) due to increased core losses. The partial
discharge inception and flashover voltage are comparable to the ferrite-based

transformers.

1 | INTRODUCTION

Medium and high-voltage insulations are increasingly exposed
to voltage waveforms with high-frequency (HF) content
generated by power electronics (PE), which results in the rapid
degradation of the insulation [1, 2].

Solid-state transformers (SST) are a critical component
enabling the energy transition. SSTs are controlled by power-
electronic converters and the major size advantage originates
from a high operating frequency. The electrical and thermal
aspects of SST insulation design must account for the effect of
non-sinusoidal HF voltage stresses [3]. The effect of high-
frequency stress was historically already appreciated in vari-
able frequency drives because long connecting cables caused
severe transient overvoltages. With the advent of wide-
bandgap semiconductors, shorter rise times and higher
switching frequencies enable more compact and efficient
electric vehicles. However, this comes at the cost of increased
HF voltage stress on the winding insulation [4, 5]. Finally, the
introduction of high-voltage semiconductor devices in PE
means that printed circuit boards will also be exposed to non-

sinusoidal HF high voltages. This introduces the risk of intense
PD activity and degradation at relatively low voltages [6, 7].

Therefore, novel methods must be established to test and
analyse the breakdown characteristics of insulation materials
under representative PE stresses. Using such methods, the
ageing mechanisms can be studied and translated to design
guidelines to ensure a reliable operation of the equipment over
its intended lifetime.

1.1 | Test methods

Several methods are being developed to test the breakdown of
insulation materials with non-sinusoidal voltage waveforms.
Those methods that allow for testing with square waves are of
particular interest since these resemble the waveforms
encountered in PE. The three critical parameters which must
be achieved are (i) high output voltage, (i) high frequency, and
(iii) short rise times. The following three methods atre used in
literature to generate high-frequency (HF) high-voltage (HV)
square waves.
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® Full- or half-bridge configurations with SiC MOSFETSs can
easily reach the desired frequency and rise time but are
severely limited in output voltage. As a result, this method
can only be used for testing low-voltage insulation. For
example, Agarwal et al. use 3.3 kV SiC switches to test
polyimide tape with 50 kHz and 60 kV/ps at a maximum
voltage of 2 kV [3].

® Full- or half-bridge configuration with high-voltage switches
allows for a higher output voltage but can typically not
switch very fast. Mirza et al. have investigated the break-
down strength of polyimide tape up to 5 kV and 4 kHz using
33 kV high-voltage switches [4].
New developments in this direction are made using seties/
parallel-connected SiC MOSFET. This approach has shown
promising results [8].

® High-frequency transformers can step up low-voltage pulses
generated by an inverter to the desired high voltage, which
allows for high-voltage, high-frequency output. Oil-
impregnated paper has been tested by Mathew [9, 10] and
Kaparapu [11] up to 10 kV at 50 kHz.

In this paper, the last method will be investigated. The
general architecture of an insulation test system with an HF
transformer is shown in Figure 1. The inverter generates low-
voltage pulses (using a full-bridge topology), which are
amplified by the transformer. Since insulation has predomi-
nantly capacitive behaviour, the load or device under test
(DUT) is represented by a capacitance Cpyr: The tise time and
overshoot can be tuned using R; and C,. Even a small amount
of overshoot can affect the measured insulation lifetime.
Therefore, this must be considered in the analysis.

1.2 | Contributions

The advantages and challenges of the HF transformer approach
are examined to determine its scalability to higher voltages and
frequencies. Most pulsed-power literature considers applications
with a low-pulse repetition rate and a resistive (e.g. klystron)
load, which are not representative of the intended usage.

From literature (e.g. [12]), it is found that the high leakage
inductance of ferrite-based transformers imposes a limit on the
achievable rise time when driving a capacitive load, which may
be improved by selecting a core material with higher saturation
induction By,,. Thetefore, the papet's primary goal is to present
such an improved transformer design and compare it against
ferrite-based transformers.
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FIGURE 1 Insulation breakdown test setup utilising an LV inverter
and HV HF transformer.

1.3 | Structure

First, an analytical analysis of HF transformer behaviour is
presented, and the properties of the two magnetic core ma-
terials are compared. Second, a design procedure is outlined
based on the presented analysis. An attempt is made to predict
the characteristics of the designed HF transformer. Three
transformer designs are presented, one of which is a new
design based on an amorphous magnetic core. Finally, mea-
surements are performed on the realised transformers to
validate the models and comparison is made between the
achievable performance with ferrite and amorphous cores.

2 | HF TRANSFORMER ANALYSIS

Although HF transformers allow for very high step-up ratios
and hence high output voltages, the output voltage waveform
can be severely distorted by its non-idealities. In this section,
the frequency response of a transformer is modelled analyti-
cally, and a parameter extraction procedure is presented.

2.1 | Equivalent circuit

The equivalent circuit in Figure 2 is defined by the IEEE 390
standard to model the response of an HF transformer. Sim-
plifications are recommended for three intervals: (i) rising
flank, (i) pulse top, and (iii) falling flank. These allow for
approximate computation of parameters such as rise time,
overshoot, and pulse droop.

The parasitic elements: leakage inductances L and Ly
and parasitic capacitances Cj; and C,; limit the bandwidth of
the transformer. Resonances between these elements can result
in overshoot and high-frequency ringing when driven by a
rectangular pulse.

2.2 | Frequency response modelling

Besides looking for approximate solutions in the time domain,
the transformer's frequency response can give valuable infor-
mation. The higher the bandwidth, the steeper the pulses that
can be recreated and the higher the repetition frequency. Peaks
in the frequency response also indicate ringing and overshoot
in the time domain.

Loy Roy
p——O
+
L]
Cyp—= U2

FIGURE 2 Equivalent circuit of a pulse transformer (IEEE 390 [13]).
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FIGURE 3 Simplified equivalent circuit of an HF transformer driving E=
a capacitive load Cpyr through a damping circuit composed of Ry, C. g
&

Using the simplified equivalent circuit in Figure 3, the
output voltage #pyr of a transformer driving a capacitive load
is derived. The third-order Equation (la) expresses the
response in terms of the transformer patasitics P (stray
inductance L, and capacitance C,), damping filter quality Q
(comptising load capacitance and damping tresistor R,), and
the coupling or ‘relational” parameter R.

”DUT(S) _ nPQ (1 )
u;(s) >+ 2R +sP+ PQ :

1

P =
L,C,

(1b)

1
@ RalCour + G "

1

R =
Rtz e

(1d)

If the parasitic capacitance C, is very small compated to
the load capacitance, it can be neglected to obtain a second-
order damped RLC circuit with natural frequency @, and
damping (.

1
o = (22)
Ls(Cpur + Cq)
R C +C
i: _ _d DUT d (Zb)

2 L,

Although it appears that increasing L, or C, would result
in a reduced bandwidth, a closer analysis of the PQR equation
in Figure 4 shows that some amount of parasitic capacitance
(up to 25-50% of Cpyr + C,) teduces the tise time. This
counter-intuitive fact is explained in the Appendix A.

2.3 | Parameter extraction

To evaluate the designs in this paper and compare them against
the simulations, it is important to extract the parameters of the
transformer through measurement. The method below is
based on the procedure of Candolfi et al. [14]. An example of
primary impedance measurement and simulation based on

0 200 400 600 800 1,000

Parasitic inductance L (uH)

FIGURE 4 Map of rise time versus L, and C, with R, tuned to give
¢~ 1/V/2 for a load of 68 pE.
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FIGURE 5 Primary impedance of PT2 measured with Bode 100
vector network analyser (VNA).

extracted parameters is shown in Figure 5. Transformer pa-
rameters are summarised in Section 5.1.

2.3.1 | Inductances

The magnetising inductance L,, can be measured using an
LCR metre connected to the primary winding and the sec-
ondary open-circuited. For the leakage inductance L., the
secondary should be short-circuited while measuring primary
inductance.

2.3.2 | Capacitances

The winding capacitances Cj; and C,, and inter-winding
capacitance Cj, must be measured using a vector network
analyser (VNA) or from the oscillations in the pulse response.
The resonance peaks in the primary impedance correlate to
C), and C}, (see Appendix).

1

= 3
2m\/L,,C, ®)

fi
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1

f= 2m/L.C,,

(4)

It is also possible to measure Cj, between the windings
using an LCR metre. In this case, the measured value must be
divided by 3 [15] to account for the linear voltage distribution,
which is not present during the capacitance measurement.

3 | MAGNETIC MATERIALS

The choice of magnetic core material will determine much of
the properties and limitations of the HF transformer. A trade-
off must be made between cost, volume, high-frequency per-
formance, and efficiency. This paper considers two materials:
ferrite and amorphous metal alloys.

3.1 | Ferrite
Ferrite is a ceramic material with small proportions of metallic
elements, which determine its

Manganese—zinc (MnZn) is commonly used below 5 MHz

magnetic  properties.
because it offers superior permeability and saturation level
compared to nickel-zinc (NiZn), which is used at higher
frequencies.

Ferrite is the go-to material for magnetic components used
in power electronic converters. It is cheap, has good high-
frequency performance, and is available in various shapes
and magnetic properties. MnZn cores have been used for HV
HF transformers on several occasions [11, 16]. However, these
typically have limited rise times in the order of 1-3 ps.

3.2 | Amorphous metals

Amorphous metals have a saturation level much higher than
ferrites but lower than silicon steel. However, they have good
high-frequency performance because of their high resistivity
and low coercivity. This combination of properties makes
investigating their application in HF transformers interesting,
mainly because it could reduce the number of turns and,
consequently, the leakage inductance and rise time.

Recently, amorphous alloys have been used successfully in
medium frequency (1-10 kHz) transformers for power levels
of 2—40 kW [17, 18]. However, there is no literature describing
their performance for frequencies between 10 and 100 kHz.
Toroidal amorphous cores have been applied in an HV pulse
transformer with a very low pulse repetition frequency for a
resistive load [19].

3.3 | Material properties

In this paper, cores made of two materials are investigated. The
ferrite cores are made of MnZn-based N87 ferrite with

dimensions UU93/152/30 and UU126/182/20. The amor-
phous cores are AMCC1000, made from an iron-based Met-
Glas alloy. The magnetic and electrical properties of these two
materials are summarised in Table 1. The saturation induction
B,,,, coetcivity H,, and relative permeability p, describe the
shape of the BH curve. The resistivity p affects the high-
frequency eddy current losses.

The core loss and BH curves are extracted from the
datasheet and presented in Figute 6. The higher p, and B, of
the amorphous metal are clearly visible in the BH curve. The
core losses are also much higher than that of the ferrite ma-
terial, as seen from the larger enclosed B H product. On a
material level, the majority of the losses are due to hysteresis.
After core processing, cuts and imperfections may lead to an
increase in core loss due to eddy currents.

TABLE 1 Magnetic core material properties.

MetGlas
Property Ferrite N87 2605SA1
B 05T 1.56 T
H, 20 A/m 15 A/m
Wy 2200 >10,000
P 10 Q m 1.3 pQ m

(@

0.5

€
Q
2
2 0
L
3
»
=
[
-0.5

Ferrite N87
——— MetGlas 2605SA1

| | 1 I 1 I
—-400 -200 0 200 400

Field strength H (A/m)

E f = a=s
w® 2 L .
£ 10 E E
E3 = &
- L i
L0 E
5 i
s 10 |
Q -
”u;‘ -
2] 10 Ferrite N87 3
15\&1 ——— MetGlas 2605SA1 |
1072 | | | | | 7777 I I I
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FIGURE 6 Properties of the N87 ferrite and MetGlas amorphous
core matetials. (2) BH characteristics at /= 10 kHz and (b) core loss curves
for = 25 kHz, 50 kHz, and 100 kHz.
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3.4 | Challenges with amorphous cut cores
Despite their relatively high resistivity (e.g. compared to
96 nQ m and 0.47 pQ m for pure iron and 3% silicon steel,
respectively), amorphous metals are manufactured as ribbons
of several 10 s of um thickness and laminated to reduce eddy
current losses. After winding the ribbons, the core is vacuum-
impregnated with epoxy and cut in half. Several challenges
arise due to the cutting of the core:

1. At the location of the cut, short circuits will be created
between laminations, resulting in large eddy currents,
increased core losses, and a reduced effective w,. The short
circuits are removed by etching the cut surfaces.

2. Because the surface of the cut will never be completely
smooth, a small air gap will exist, further reducing the
achievable effective p,.

3. The small air gap gives rise to a fringing flux which flows
orthogonally to the core ribbon, inducing eddy currents and
increasing core losses around the cut [20].

Because of this, typical values of effective p, ate compa-
rable to those of ferrite in the range of 1000-2000.

4 | DESIGN

In this section, the design procedure and considerations for
HV HF transformers are discussed. In particular, the design
focuses on reducing the transformer patasitics (L, and C,) to
achieve the fastest possible rise time while maintaining a high
output voltage. Other aspects, such as cost, weight, and size,
are not considered.

4.1 | Design considerations
The design of an HF transformer for HV applications requires
some additional attention. Most importantly, a trade-off must
be made between the electrical performance and the HV as-
pects of the design (summarised in Table 2).

Flashover may occur between the transformer's magnetic
core(s), low-voltage, and high-voltage winding, The designs

TABLE 2 Failure modes and mitigations.

Failure mode Mitigation

1 Core to LV discharges Grounding the core; insulation between

the core and LV winding

Sufficient clearance; insulation between
the core and HV winding

II HV to core discharges

I HV to LV discharges Sufficient clearance; insulation between

HV and LV winding

v Core to core discharges Sufficient conductive contact between

the core segments

below aim to minimise leakage inductance while ensuring no
high-voltage-related failures can occur.

4.2 | Dimensioning

A turns ratio is derived based on the required input and output
voltage. The minimum number of primary turns N, can be
calculated using the effective area A, of the selected core,
ptimary voltage U,, and frequency f. The induction By
should be chosen well below B, to limit the core loss and
prevent saturation.

U,
N>—"1 5
7= 4Bmaerf; ( )

Amorphous cotes with high B, can have fewer turns than
ferrite cores with the same area. However, note that the
magnetising inductance L,, should remain large enough to
prevent droop in the output waveform.

4.3 | Leakage inductance

The leakage inductance of the transformer can be estimated
for a concentric winding configuration using Equation (6) [21].

lml dl lmZdZ + lmgdg

L, = u,N; 6
HoiX o 3b1 3/?2 hg ’ ()

where g is the vacaum permittivity, dy, d, are the thicknesses
of the windings, dg is the dimension of the gap, by, by are the
heights of the windings, b, = (b + hy)/2 is the effective gap
height, and 1,1, L, and lmg are the mean lengths of the
windings and the gap. Fringing at the end of the windings can
be included by reducing the winding height » by a factor
Kz [21].
di +dy +d, b
Kr=1 B e |:1 —exp(—m>:| (7)

The leakage should be minimised to achieve the highest
possible bandwidth (see Section 2.2), which can be done by

® Reducing the number of turns N, since the leakage induc-
tance scales with N°.

® Reducing the turns ratio 7. Referring Ly, to the secondary
side scales with 7°.

® Reducing the volume between the windings, where most
leakage field energy is stored. This can be achieved by
making the windings the same height (increasing hg) or
bringing them closer together (decreasing dy).

® Using a symmetrical arrangement of cores and windings.

The parasitic capacitance was found to have no significant
detrimental effect on the rise time if it remains small compared
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to the capacitance of the DUT. Depending on the other re-
quirements, not all of these measures can be applied.

4.4 | Electric field modelling

FEM packages such as COMSOL have proven to be an
indispensable tool in evaluating different designs since they
allow prediction of the transformer parameters [7, 11]. The
transformer is modelled in 3D FEM to evaluate the electric
field distribution and parasitic capacitance. A linear voltage
distribution is applied to the secondary winding as shown in
Figure 7a.

According to the IEC 60664 standard, clearances on the
order of 10 mm can withstand inhomogeneous electric fields
up to 0.6-0.7 kV/mm (Table A.1 in [22]). Taking into account
approx. 15% derating for the high-frequency voltage, the
average electric field should be limited to approx. 0.5 kV/mm
to prevent discharges and flashover in air. The field distribution
shown in Figure 7b is on the border of meeting this criterion,
and HV tests are required to evaluate the PD inception and
withstand voltages (see Section 5.4).

(a)

kv

FIGURE 7 Potential distribution (a) and electric field (b) from 3D
FEM model of transformer PT3 with 8 kV, applied to the HV winding.

4.5 | Design procedure
The HF transformer can be designed and evaluated digitally
using the tools described in the previous section. Design pa-
rameters can be varied easily to reach a transformer with the
desired response. A physical prototype is realised and tested
afterwards to validate the performance of the transformer.

An HF transformer based on amorphous cut cores is
designed and compared to two ferrite-based designs [9, 11]
with the goal of reducing the rise time as much as possible
while keeping at least 8 kV, output voltage. The three trans-
former designs are summarised in Table 3. It is important to
note that the parameters for comparison are the output voltage
and rise time of the pulse response, irrespective of the size,
weight, and cost of the transformer.

The dimensions of PT1 and PT2 can be found in refs. [10,
11]. The geometry and dimensions of PT3 are presented in
Figure 8 and Table 4.

5 | EXPERIMENTAL RESULTS

This section presents the experimental results obtained from
the three transformers in Table 3. The models are validated
through measurements of the frequency response and output
pulses, and the differences between the core types are high-
lighted. The high-voltage performance is evaluated by
measuring the PD inception and flashover voltages. The three
transformers are shown in Figure 9.

TABLE 3 Transformer designs.

Design  Core Turns U, (V) £ (kHz)
PT1 4 x UU 93/152/30 (N87) 4:200 230 10-50
PT2 8 x UU 126/182/20 (N87)  4:200 200 10-50
PT3 2 x AMCC1000 3: 60 400 25-100
.
déC hw
hQ
d-
12 hy
l

FIGURE 8 Geometry definition of PT3. Core, bobbin, and windings
are indicated by grey, blue, and yellow, respectively.
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51 | Parameter extraction

First, the HF transformer parameters are extracted using the
procedure presented in Section 2.3. The parameters matched
well with those obtained from the FEM model (capacitances)
and through analytical calculation (inductance and resistance).
See the comparison in Table 5. The inductances are measured
at 10 kHz, whereas the resistances are measured at DC. The
secondary leakage inductance L, is larger than L,, because it is
referred to the secondary side, whetreas L,, is referred to the
primary.

Note that there is some deviation between the predicted
and measured parameters. The magnetising inductance shows a
large deviation because of variations in the core material and
the small air gap which is always present due to imperfections
in the mating surface. The capacitance, on the other hand, can
be modelled quite well based on the geometry, resulting in a
good match with the measurement.

The main reason L, is significantly larger than predicted is
the presence of the leads connecting to the primary winding,

TABLE 4 Parameters of design PT3.

Part Parameter Value
Core N, 2 x AMCC1000
L, 422 mm
A, 4600 mm?
Ly 40 mm
be 105 mm
Primary N; 3 turns (foil)
d, 0.5 mm
by 65 mm
dis 17 mm
Secondary N, 60 tutns (solid)
d, 1.0 mm
b, 65 mm
dy. 21 mm
d’Z’c 35 mm

which are not considered in the inductance calculation. The
increase can be estimated using the inductance of a thin wire in
free space, transformed to the secondary side.

La,lead = l’ﬂﬂonza (8)

whete £ is the total length of the connecting leads. For PT3,
for example, £ = 20 cm and L, s, ~ 100 uH, resulting in a
good agreement between the measurement and analytical
calculation. If the leads are twisted or shortened, this induc-
tance may be reduced somewhat.

5.2 | Frequency response

The frequency response of the HF transformers is presented in
Figure 10a. This measurement is done without any load (sec-
ondary open-circuited) but already provides an indication of
the bandwidth. The leakage inductance may be calculated using
the parasitic capacitance and resonance frequency.

In Figure 10Db, the frequency response of the test setup (HF
transformer and damping RC netwotk) is compated against
the prediction of the PQR equation. In the considered fre-
quency range, the frequency-dependence of the magnetising
inductance and winding resistances are negligible. The devia-
tion at high frequency is due to resonances in the measurement
system. The additional loading of the Bode 100 (%55 pF) and
the RG58 coaxial cable (=50 pF) reduces the achievable

TABLE 5 Extracted transformer parameters.

PT1 PT2 PT3
Parameter Calc. Meas. Calc. Meas. Calc. Meas.
L,, (uH) 315 217 375 280 185 200
L, (mH) 6.5 7.3 5.3 5.7 340 440
Ci2 (pP) 2.9 2.9 2.4 3.1 5.1 5.8
Cs (pP) 2.1 2.1 1.5 2.0 1.4 1.7
C, (pB) 5.0 4.9 3.9 5.1 6.5 7.5
Ry (mQ) 16 15 18 17 55 8.4
Ry (Q) 11.8 11.8 425 42.6 0.6 0.6

FIGURE 9 Photographs of three transformer designs. (a) Transformer PT1: A, = 3360 mm?, m = 6.0 kg [9]. (b) Transformer PT2: A, = 4480 mm?,

m = 104 kg [11]. () Transformer PT3: A, = 4600 mm’, m = 14.2 kg
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bandwidth. Nevertheless, this comparison demonstrates the
validity of the model and the extracted parameters.

5.3 | Pulse response

In Figure 11, the pulse response measured on PT3 is compared
to the response predicted by the PQR equation. There is good
agreement between measurement and the analytical model.
However, the measurement deviates a bit due to unmodelled
dynamics of the inverter (DC link oscillation).

(a) 60 T TTTIN T TTTH T TTTTT T TTTTIN
50 |~

40 -

30 [~

Gain (dB)

553
(=}
I

10+ pr
— P2
— PT3
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10° 10* 10° 10° 107

0
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(b) 30—
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FIGURE 10 Frequency response of HF transformers. (a) Open-
circuit response measured with Bode 100. Comparison between model and
measured response for PT3 with Cpyr = (68 4+ 105) pF and R, = 4 kQ,
(b) gain and (c) phase.

The rise times of the three transformers are compared in
Table 6 with Cpyr = 68 pF and R, tuned to give <5%
overshoot. The analytical model can predict the rise time with
an error of less than 5%.

5.4 | High-voltage withstand test

Because a flashover inside the transformer could destroy the
low-voltage PE, the high voltage performance is tested
through a 50 Hz AC withstand test. The secondary winding is
replaced by copper tape. This is only parttially representative
since the secondary winding should have a linear voltage dis-
tribution, but it indicates the worst case.

The PD inception and flashover voltages are presented in
Table 7. They are measured by increasing the voltage in steps
of 0.5 kV, maintaining the level for about 30 s to visually check
PD on the secondary winding from various angles at a distance
of 34 m. PD activity is measured optically using a Uvirco
CoroCAM 6HD, which has a sensitivity of about 3 pC at 20 m.

T T T

——— Measured | |

—— PQR eq.

Output voltage (kV)

Time (us)

FIGURE 11 Comparison of pulse response simulation and
measurements for PT3 with f; = 50 kHz, Cpgr = 68 pF and Ry = 4.6 kQ.

TABLE 6 Comparison of rise time.

t, PT1 PT2 PT3

Analytical model 1.76 ps 1.59 ps 465 ns
Measurement 1.70 ps 1.52 ps 480 ns
Error 3.5% 4.6% -3.1%

TABLE 7 High-voltage performance (withstand test).

Design Test voltage PDIV U; Flashover Ur  Location

PT1 50 Hz sine 10 kV, s 11 kVms HV to core
50 kHz square 7.0 kV, - -

PT2 50 Hz sine 9 kVims 16 kV,ms HYV to core
50 kHz square 6.5 kV,, - -

P13 50 Hz sine 11 k Vs 14 kV s HYV to core

50 kHz square 7.5 kV, - -
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54.1 | Relation to high-frequency PDIV

The inception voltages in Table 7. For PT3, the PDIV at
50 kHz was measured to be around 7.5 kV/,, meaning that the
PDIV is reduced by more than 50% under high-frequency
square wave excitation.

This is similar to Agarwal et al., who show that the PDIV is
decreased by 30% in the frequency range 10-50 kHz compared
to 50 Hz [3]. The leading theory for this phenomenon is based
on space charge. After a corona discharge takes place, space
charge is deposited in the gas surrounding the electrode. At
high frequencies, the space charge cannot fully dissipate before
the voltage polarity reversal which results in field enhancement
and a lowering of the PDIV compared to 50 Hz sinusoidal
voltages [6, 23].

542 | Window size

In all three cases, the PD activity is localised around the edges
of the HV winding (see Figure 12), where the field is
concentrated due to the small wire diameter. This effect
dominates the PDIV and might be improved by providing an
additional layer of insulation, for example, by impregnation of
the complete winding with epoxy.

On the other hand, the flashover voltage improves
significantly when a core with a larger window is used (see, e.g.
the improvement from PT1 to PT2). The highest flashover
voltage is obtained when the HV winding is placed in the
middle of the window. A trade-off must be made between Uy
and the leakage inductance L,.

5.4.3 | Amorphous cut cores

Amorphous cut cores (PT3) have no drawbacks regarding
high-voltage performance in the voltage range that could be
tested. The PDIV and flashover voltage are comparable to

10:2:49
2022/02/15

M| x.5 UV AF-

FIGURE 12 CoroCAM photograph showing discharges at the top of
the high-voltage winding at 13 kV. Under normal conditions (linear voltage
distribution), there would be no discharges at the bottom of the winding.

ferrite and mostly depend on the core and winding geometry.
The two main concerns were:

1. Sharp edges ate present due to the 25 um thick ribbons of
metal that make up the core. Field enhancement occurs at
these locations but is not significant enough to induce PD
before flashover.

2. Floating potentials and discharges could arise because the
layers of ribbons are insulated from each other. This has not
been observed because the core was grounded uniformly.

5.5 | Thermal petformance

The ferrite transformers (PT1, PT2) have a core loss of several
tens of watts. Given the large size of the transformer, this power
can be dissipated effectively to the environment with a negligible
temperature rise. On the other hand, the amorphous trans-
former (PT3) heats up significantly as shown in Figure 13. From
the core loss curves presented in Figure 6b, it can be calculated
thatlosses would be 1 kW at the rated output voltage and 25 kHz.

As expected, most of the temperature rise is concentrated
around the cut. Two potential explanations are (i) the high
conductivity of this area and (ii) the orthogonal flux due to
misalighment between the core halves [20].

An improved cooling solution is required to perform
insulation tests for an extended time. Short-term tests do not
cause a noticeable increase in core temperature because of the
large thermal mass of the transformer.

5.6 | Submersion in oil

To ensure that the transformer is discharge-free up to the
desired output voltage, it was submerged in Nynas transformer
oil. The AC flashover voltage increased to 34 kV, .

FIGURE 13 Thermal image of HF transformer 3 using an
amorphous cut core at f; = 50 kHz, U, = 200 V, and Upyr = 4 kV,,.
Estimated core losses P, = 280 W. The region around the cut is approx.

30°C hotter than the rest of the core.
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Output voltage (kV)

Time (us)

FIGURE 14 Comparison of the measured pulse response with and

without transformer oil.

TABLE 8 Rise time and overshoot of PT3 (Cpyr = 68 pF).

Parameter In air In oil In oil
Ry (kQ) 4.6 4.6 5.1
Rise time (ns) 480 420 520
Overshoot (%) 0.2 12.7 4.8

Because oil has a dielectric constant of &, &~ 2.4, the
parasitic capacitances will increase by this same factor. Addi-
tionally, longer leads ate required to supply the primary
voltage, increasing the leakage inductance. The impact of
these changes on the rise time and overshoot is shown in
Figure 14.

As predicted by the analytical model (Figure 4), the
increased parasitic capacitance does not degrade the frequency
response. The biggest impact is due to the increased parasitic
inductance in the primary leads connecting to the inverter. As a
result, the desired output voltage of £8 kV at 25-100 kHz
could be reached with a slight increase in rise time (Table 8).
The effect on the overshoot must be carefully considered,
since a non-zero overshoot may have a significant impact on
the measured lifetime.

Additionally, the oil improves the thermal performance of
the transformer by acting as a coolant and adding to the total
thermal mass.

5.7 | Limitations

It has been shown that the HF transformer-based setup can
achieve suitable square wave voltages with rise times much
shorter than the switching period. However, the DUT capac-
itance is the major limiting factor in the rise time.

With increasing capacitance, the rise time will drop
significantly. The damping resistance R, should be reduced to
increase it back to the desired level. This leads to considerable
primary current peaks. The peak primary cutrrent is calculated
using Equation (9), where Upyr is the voltage across
the DUT.

TABLE 9 Effect of varying load capacitance (16 kV,,,, 50 kHz).

pp>

Value

Cpur+ Cqa=68 Cpyr+ Cq=140 Cpyr+ Cq= 140
Parameter pF, Ry =51kQ pF, R;=51kQ pF R;=3.1kQ

t, 520 ns 1.1 us 750 ns

1 45 A 50 A 62 A

Pra 990 W 1.9 kW 1.9 kW
dUpyr

Iy =n(Cpur + Ca) — ©)
The power Pg, dissipated in R is independent of its value
and depends only on the peak-to-peak output voltage
(including overshoot), the load capacitance, and the repetition
frequency. Approximation (10) is valid for R, > 0.

Prq = f(Cpur + Ca) U3, (10)

Measurement and simulation data are presented in Table 9
for two values of capacitive load and an output voltage of
16 kVp, at 50 kHz.

Therefore, the DUT capacitance is limited by the pulse
current capability of the dtiving inverter and the losses in R.
For samples with higher capacitance, other high-frequency test
methods could be investigated. In some cases, HF sinusoidal
voltages (generated by, e.g, a resonant transformer) can be
used to evaluate lifetime [2].

6 | DISCUSSION

The main goal of the HF transformer design presented in this
paper was to reduce the parasitics of the transformer to ach-
ieve square voltage waveforms with short rise times and no
overshoot when driving an RC-damped capacitive load.

It has been found that reducing the size of the transformer
and inter-winding volume has only a limited effect (compare,
e.g, PT1 and PT2) and can impair the high-voltage perfor-
mance. The most significant improvements can be obtained by
reducing the number of turns and the turns ratio, since
L, « N°, n°. However, to achieve the same peak output
voltage, this results in increased volt-seconds applied to the
core, necessitating higher B,

This paper investigated the application of MetGlas amot-
phous cut cores with a saturation level of 1.56 T. As expected,
the number of turns and turns ratio could be reduced by
increasing the primary voltage, resulting in reduced parasitics
and a significantly increased bandwidth (1.1 MHz for PT3 vs.
300 kHz for PT2). However, the high losses (core losses and
dissipation in R) resulted in a thermal limit on the available
insulation test voltage, frequency, and duration.

These observations leave two angles of attack for future
research on HF transformers based on special magnetic
materials:
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1. Investigate the reduction of eddy current-induced losses in
(amorphous) cut cores. If these losses can be eliminated,
thermal performance similar to ferrite cores may be feasible.

2. Nanocrystalline metals have a core loss much lower than
amorphous metals while sdll offering high By, and p,.
Considering the high pulse repetition frequency, this could
make nanocrystalline cores more suitable for this application.

Regardless of the core material, using more advanced
transformer configurations could help achieve lower leakage
inductance. For example, the cascade, fractional, and adder
configurations discussed by Mangalvedekar et al. [16, 19].

7 | CONCLUSION

In this paper, the application of amorphous cut cores in HV
HF transformers has been investigated. High bandwidth and
low rise times are achievable because of the low parasitics of
the transformer. This improvement over ferrite-based trans-
formers was made possible by the high saturation induction of
amorphous metals, enabling a reduction in the number of turns
and turns ratio.

The use of amorphous magnetic cores for high-voltage
applications has been validated through an AC withstand
test. The transformer showed similar PDIV and flashover
voltages as the ferrite-based transformers. The high-frequency
PDIV can be 50% lower than that measured at 50 Hz, which is
resolved by placing the transformer in oil. Short-term tests can
be performed with faster rise times than previously demon-
strated. However, the amorphous core had excessive core
losses, which limited the usable test voltage and duration due
to heating of the core.

These results show that, while using high-B,,, magnetic
cores is advantageous for the frequency response, several
challenges must be resolved before they can reach the same
level as comparable ferrite-based transformers.
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APPENDIX A

Al |
In Figure 4, it was noted that the rise time shows a dependence
on C, when L, is kept fixed. An example for PT3 is shown in
Figure Al. At a specific value C::, the rise time attains a

Transformer rise time

minimum, after which it increases again. This may be under-
stood by considering the delicate interaction between the
transformer (L,C,) and load (RyC,,).

If C, = 0, the equivalent circuit is a damped seties RLC
circuit, and the rise time is determined by its natural frequency.
When introducing C,, two critical parametets to consider are
(i) the characteristic impedance of the transformer circuit and
(i) the natural frequency of the transformer compared to that
of the load. Energy is transferred from C, to the output
capacitor.

When C, is small compared to C,,, the natural frequency
of the transformer is much larger than that of the damping
filter. A small amount of energy is transferred to C,, every
oscillation period. When C, increases, the amount of energy
that can be transferred becomes larger, leading to a shorter rise
time. If C, increases further than this sweet spot, the natural

100
800
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Rise time (ns)
Overshoot (%)
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400

0
107! 10° 10! 102 10°

Parasitic capacitance C (pF)

FIGURE A1 Rise time and overshoot versus C, for L, = 440 uH,
C.y = 90 pF and Ry = 4 kQ.

frequency of the transformer becomes similar to or smaller
than that of the filter, resulting in an increasing rise time. The
transformer parasitics then dominate the rise time. Under
conditions different from those described in this paper, such as
excess damping or operation with very large or small capacitive
loads, the described relations may change. No analytical
equation has yet been found relating the rise time to C, in a
form that is amenable to analysis.

A.2 | PQR equivalent circuit
The equivalent circuit shown in Figure 2 can be transformed
into the one shown in Figure 3 by referring the components to
the secondary side. Additionally, Ry and R, are typically small
and do not contribute significantly to the frequency response.
The leakage inductance L, is the sum of the primary and
secondary leakage inductances as shown in Equation (Al).
Quantities with a double prime are referred to the secondary
side.

L,,- = Lllll + L21 == ﬂzL“ + L21 (Al)

Furthermore, the parasitic capacitances can be referred to
the secondary side using the conservation of electrostatic en-
ergy [14], which yields

1 1—n
"o
11— EC“ + n2 C12 (AZa)
" n—1
2 = C22 + ” C12 (A2b)
1
= Ciz (A2¢)

Next, C, = C/zlz + C/{2 = Cy + Cy; because experiments
have shown that Cj; has a negligible influence on the fre-
quency response. This result is similar to that of Biela et al.
[24]. This choice of C, gives good results for rise time and
overshoot.

A3 | Parameter extraction

Similarly, the primary-referred capacitances derived from the
parameter extraction procedure can be transformed to the
equivalent circuit of Figure 2. Quantities with a single prime are

referred to the primary.

C11 = C/ll + (ﬂ - 1)C12 (A3a)
1, 1

CZZ = ECZZ + ; -1 C12 (A3b)
1~

C= ;Clz (A3c)
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